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Abstract
This dissertation was motivated by the ongoing opioid epidemic and the substantial impact of opioids on sleep health. While opioids are well-documented sleep disruptors, their effects on sleep have been understudied. Sleep plays a key role in overall health, and is closely interrelated to many other physiological systems, including motor activity control and body temperature regulation.
The chapters of this dissertation investigate the dose-dependent effects of morphine and fentanyl on sleep amount and architecture. Given that sleep homeostasis is a tightly regulated and multifactorial process, this work also examines the dose-dependent effects of opioids on EEG power, motor activity, and body temperature. Although the dependent variables observed here have been studied previously, they are often studied independently. This dissertation adopts an integrative approach to investigate the interaction among the effects of opioids on sleep, motor activity, and body temperature. To address these objectives, male B6 mice were used to simultaneously record sleep/wake states, motor activity  and subcutaneous body temperature. The interactions among the dependent variables were evaluated through mediation analysis, a statistical approach based on structural equation modeling.
Chapters 2 and 3 detail the effects of antinociceptive doses of opioids on sleep and EEG. Chapter 3 expands on this by exploring the dose-dependent effects and depicting four-point logarithmic dose-response curves of the effects of fentanyl and morphine on sleep, EEG power, motor activity and body temperature.
The findings presented in this dissertation offer novel insights into the mechanisms underlying opioid-induced sleep disruption, suggesting that in B6 mice this disruption is at least partially secondary to the opioid-induced increases in motor activity.  Taken together, this work provides a new perspective through an integrative approach commonly used in systems physiology. The results shown here also underscore the importance of evaluating together opioid-induced adverse effects to better inform new strategies for the management of opioid-induced sleep disruption, pain management, addiction and overall opioid use.
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[bookmark: _Toc162911538][bookmark: _Toc175061190][bookmark: _Toc187236891]Opioids and Sleep: Societal relevance and risks.  
The goal of this introduction is to provide a context for research described in this dissertation.  There is a long history of confusion regarding sleep and opioids. The term opioids refers to a large class of medications that share a chemical structure that is similar to the plant alkaloids derived from the opium poppy (Papaver somniferum) (Vadhel et al., 2023).  Opium  consists of various secondary constituents such as morphine, codeine, papaverine, and noscapine (Hayat et al., 2023; Morimoto et al., 2001; Wheeler, 2019). Alkaloids are secondary metabolites present in higher plants that have important functions in plant growth, morphology and development (Mohnen, 2008; Morimoto et al., 2001). Plant alkaloid concentrations increase with stress and serve as a defense mechanism against herbivores and microorganisms such as viruses, fungi and bacteria (Wink, 2018; Yeshi et al., 2022). Opiates derived from the opium produced by the plant are potent modulators of specialized G-protein-coupled receptors (GPCRs) that are largely inhibitory in metabolic, developmental and behavioral functions (Karnib et al., 2023). One function regulated by GPCRs is hunger. It has been hypothesized that plants developed alkaloids to increase satiety in herbivores that intend to feed on the plant’s seeds, therefore reducing the damage that herbivores cause to the plants and ensuring survival (Karnib et al., 2023; Wink, 2018). 
Drosophila express GPCRs that appear to have evolved from common ancestors with mammals. Moreover, there is evidence that Drosophila, similar to mammals, are sensitive to the locomotor and feeding effects of opioids (Hewes & Taghert, 2001; Karnib et al., 2023).  Poppies evolved to produce opium as a defense mechanism. The similarity of GPCRs between mammals and insects renders mammals susceptible to these compounds.
Opioids have been used for thousands of years and across many cultures to relieve pain (Brownstein, 1993; Vadhel et al., 2023). The Latin genus and species (binomial) names translate in English to “sleep-bringing poppy”.  This misnomer came into use hundreds of years before neuroscience demonstrated that in all mammals, opioids produce a diminished level of electroencephalographic (EEG) and behavioral arousal while disrupting the temporal organization of sleep (de Andres et al., 1984; Greenwald & Roehrs, 2005; Lutz & Kieffer, 2013; Osman et al., 2005; Pickworth & Sharpe, 1979). The naming of Papaver somniferum is clear to anyone who has personally experienced or worked to help diminish extreme pain in another organism.  In human and non-human animals, extreme pain is sometimes described as “writhing pain”.  Administering opioids in such cases can decrease pain and quiet the vocalization and body contortions evoked by extreme pain. Also relevant to understanding the inappropriate description of opioids as causing somniferum is that opioids have been used for more than 1000 years BCE to treat pain (Brownstein, 1993). In contrast, electrophysiologically identified states of sleep were reported in 1953 (Aserinsky & Kleitman, 1953).  The foregoing explains, in part, how the confusion between the obtunded state produced by opioids and physiological sleep arose.
Opioids act on endogenous opioid receptors which are comprised of three major families, mu, delta, and kappa.  Different opioids bind either fully or partially to these receptors. The studies described in this dissertation provide novel quantification of sleep disruption in mice caused by the mu opioid receptor agonists morphine and fentanyl.
Morphine is one of the oldest and most used opioids in medical care. Morphine is considered a prototype or gold standard opioid and is commonly used clinically to estimate analgesic and adverse effects through an overall daily opioid-dose equivalency (Bhatnagar & Pruskowski, 2022).  This tool for managing the dose and timing of opioid administration across many species is referred to as morphine milligram equivalents, or MME (www.cdc.gov/drugoverdose/training/dosing/accessible/index.html).  Fentanyl is a synthetic opioid that is fast acting, highly potent (50- to 300-fold more potent than morphine), and one of the most widely used drugs for pain management (Joranson et al., 2000). 
Multimodal analgesia is also used to help clinicians pharmacologically manage pain. Nonetheless, opioids remain one of the main and most powerful tools for pain management (Benyamin et al., 2008; Bhatia & Buvanendran, 2019), despite the known adverse effects of tolerance and the potential for physical dependence and addiction (Benyamin et al., 2008). 
The high opioid prescription rate in the United States has contributed to an epidemic of misuse, addiction, and overdose deaths (National Center for Drug Abuse Statistics, 2023; Rummans et al., 2018; Volkow & McLellan, 2016) that has developed into a public health crisis (Srivastava & Gold, 2018).  During 2019 while in the middle of an opioid epidemic, the COVID-19 pandemic worsened the opioid epidemic. The COVID-19  pandemic was estimated to increase the total deaths from opioid overdose by 31% from 2019 to 2020 (Ghose et al., 2022; Hedegaard et al., 2021).
[bookmark: _Toc187236892]Sleep
Sleep is a reversible behavioral state during which the subject is disengaged from and unresponsive to external surroundings (Carskadon & Dement, 2011). Sleep in vertebrate mammals is manifest as two distinct states comprised of different physiological and behavioral traits. The distinct sleep states are referred to as rapid eye movement (REM) sleep, named for the physiological trait of eye movements, and non-REM (NREM) sleep.  Given that both NREM and REM sleep exist in virtually all mammals and birds it can inferred that sleep plays a vital role in the maintenance of health (Siegel, 2008).  
My previous training in veterinary medicine gives me an appreciation of the fact that states of sleep are widely observed across animal phyla (Bódizs et al., 2020; Gaviraghi Mussoi et al., 2022; Greening et al., 2021). Dream reports recorded in the Egyptian Book of the Dead (Andrews, 1985) indicate that humans of 3,000 years ago understood in some way that perceptions during sleep were very different than during wakefulness. In 1957 it was discovered that REM sleep also occurs in non-human animals as a distinct physiological state (Dement & Kleitman, 1957).  Human sleep disorders have likely been present throughout the epoch of modern homo sapiens but was it not until 1993 that the U.S. National Institutes of Health included a Center for Sleep Medicine (Shepard Jr et al., 2005). 
Currently, there is a nosology listing 81 sleep specific disorders (Sateia & Thorpy, 2017). An estimate of 50 to 70 million people in the United States chronically suffer from some kind of sleep disorder, which adversely affects the daily lives, health, and longevity of these individuals (Weir, 2022). Normal sleep is disrupted by pain and approximately 51.6 million people in the U.S. experience chronic pain (Rikard et al., 2023). As reviewed recently (Lydic et al., 2022), the relevance of the association between sleep and opioid use also relates to the fact that there is a bi-directional relationship between sleep disruption and addiction (Tripathi et al., 2020).  Sleep disruption is considered one of the risk factors for relapse in people recovering from addiction to psychoactive substances (Brower & Perron, 2010; Moore & Dimsdale, 2002). Furthermore, withdrawal from addiction to a range of drugs is associated with severe sleep disruption (Brower & Perron, 2010; López-Muciño et al., 2022; Reid-Varley et al., 2020). Additionally, decreased sleep promotes hyperalgesia and lowers pain thresholds, thereby perpetuating a vicious cycle. The research presented in this dissertation quantifying the effects of opiates on sleep is therefore also relevant to substance abuse disorder. 
[bookmark: _Toc187236893]Using mice to advance understanding of adverse effects of opioids.
Preclinical biomedical studies using mice make common use of the phrase “mouse models” reflecting an intent to derive information relevant to human health.  This is an important goal for publicly funded research of course, but “mouse model” can be misread as illustrated by an opinion piece from the Editor-in-Chief of the Journal of the American Association for Laboratory Animal Science.  That editorial raised the question for investigators to consider: “Laboratory animals, animal models, or just animals?”  (Toth, 2023).  Companion animals, our dogs or cats, are not merely “dog models” or “cat models” of loyal and affectionate beings.  One alternative is the now established evolutionary connection between all vertebrate mammals as reflected in the One Health concept (Evans & Leighton, 2014).  The fact of ongoing climate change illustrates that the One Health model is also a valuable tool for disease prediction (Rabinowitz et al., 2013) and food security (King, 2012).
Additional justifications for the use of mice in the present series of experiments are provided by genetics and ethics.  The C57BL/6J (B6) mice used in this dissertation (Figure 1.1) were derived in the 1920s from a selective breeding program by Clarence Cook Little at the Jackson Laboratory (Spencer, 2012).  The initial sequencing of the B6 mouse genome was published in December 2002 issue of Nature (Consortium, 2002).  The B6 genome has an approximately 96% homology to the human euchromatic sequence, encouraging the use of B6 mice for One Health-related research (Benyamin et al., 2008; Chen et al., 2021; Consortium, 2002; Gordon, 2017; Gunter, 2003).  
From an ethical perspective the studies reported in this dissertation can only be conducted using non-human animals.  The independent variables used in the present study were eight concentrations of morphine and fentanyl systemically administered to mice before obtaining 4-h recordings of electroencephalogram (EEG), electromyogram (EMG), motor activity, and body temperature that were then compared to 4-h recordings after saline (control) injections.  Morphine and fentanyl each have high abuse potential and a sigmoidal relationship between respiratory depression and the concentration of administered opioid.  All experiments reported in this dissertation were reviewed and approved by The University of Tennessee, Institutional Animal Care and Use Committee (IACUC).
The following subsections of this Introduction focus on each of the four dependent measures quantified by this dissertation research.  These sections include morphine and fentanyl-induced alterations in 1) sleep wake states, 2) EEG frequency and power, control of 3) movement and 4) body temperature.  The goal of each subsection is to provide a brief historical and conceptual context for the dependent measures reported in this dissertation.  After this overview, the remaining chapters of this dissertation include detailed analyses comprising the published results and the results currently undergoing pre-publication peer review.  
Mouse studies of sleep wake states before and after receiving opioids
Measures of the human electroencephalogram (EEG) across the sleep/wake cycle began in 1935 (Loomis et al., 1935).  Continuing advances in microelectronics eventually made it possible to record the EEG of mice across the sleep/wake cycle.  These technical advances made it possible for my research to objectively quantify states of wakefulness, NREM sleep, and REM sleep via recordings of EEG, EMG, motor activity, and body temperature.  This was accomplished by linking the EEG and EMG electrodes to a subcutaneously implanted telemeter which also recorded body temperature and mouse movement.  Additionally, the implanted telemeter signaled to an antenna placed under the mouse home cage which enabled studies of freely behaving mice (see Fig. 1.1) not encumbered by a wire cable attached to an electrode headcap.     
To establish mice as a viable model for sleep research, NREM sleep and REM sleep had to be characterized in these nocturnal rodents (Valatx & Bugat, 1974). Those studies and others, conducted across the 12:12 light:dark cycle determined that predominant sleep activity in mice occurs during the light phase but some episodes of NREM and REM sleep occur during the dark phase (Mitler et al., 1977). Additionally, it was observed that tongue movements in mice during REM sleep can be considered analogous to ocular movements in humans (Faradji et al., 1980). Similar to humans, mice also express a ~24 h circadian pattern that modulates the physiological responses and sensitivity to drugs such as morphine (Oliverio et al., 1982). This intrinsic circadian rhythm, along with the drive for sleep provided evidence that NREM sleep, REM sleep, and wakefulness activity comprise an endogenous biological rhythm (Richardson et al., 1985; Welsh et al., 1986).  These early studies presaged the 2017 Nobel Prize winning discoveries of the molecular biology underlying circadian biology (Huang, 2018). Further studies in mice have explored genetic (Franken et al., 1999) and age-dependent (Panagiotou et al., 2017) factors that affect states of sleep and the traits characteristics of NREM and REM sleep. Such findings serve to strengthen the statement that although mice are nocturnal animals, the resemblance of their sleep patterns to those observed in humans renders them a valuable model for the study of sleep-related research.
Mice long have been used to investigate the impact of opioids on sleep and have been key to confirm the role of mu receptors in the effect of morphine on sleep (Eacret et al., 2022), pain, and physical dependence (Becker et al., 2000; Matthes et al., 1996). The present derivation of opioid dose-response curves in mice was an essential step for opioid research seeking a more detailed understanding of pharmacology, antinociceptive actions, and changes in serum and brain tissue concentrations of opioids (Kalvass et al., 2007). 
Studies of opioid actions across the sleep/wake cycle have established that opioids disrupt sleep (Cronin et al., 1995; Lydic et al., 2022) by decreasing NREM sleep and suppressing REM sleep in humans (Dimsdale et al., 2007; Lydic et al., 2017), rats (Gauthier et al., 2011; Montandon & Horner, 2019), and mice (Zebadúa Unzaga et al., 2021).  Additionally opioids have been found to prolong the latency to sleep onset (Mehtry et al., 2014) and disrupt sleep architecture by inducing sleep fragmentation in humans (Greenwald et al., 2021). As part of this dissertation research, antinociceptive doses of morphine, fentanyl, and buprenorphine were shown to significantly decrease  EEG power at specific frequency bands and disrupt the normal temporal organization of states of wakefulness, NREM sleep, and REM sleep (O’Brien et al., 2021). The results of my dissertation research add novel findings concerning the dose-dependent effects of morphine and fentanyl on opioid naïve, freely behaving B6 mice.  Measures of sleep quantified the amount of sleep and temporal organization of states of wakefulness, NREM sleep and REM sleep.  The results reported in this dissertation support and expand upon my preliminary findings (Zebadúa Unzaga et al., 2021; Zebadúa Unzaga et al., 2023; Zebadúa Unzaga et al., 2022).
Opioid-induced alterations of EEG frequency and power in B6 mice
For many decades, there was a lack of electronic circuits that could selectively record different electroencephalogram (EEG) frequencies.  During the development of basic and clinical neuroscience, the recordings of EEG have provided an objective measure of sleep/wake states. EEG recordings have shown that mice (Valatx et al., 1972) homologous to humans, have qualitative and quantitative differences in EEG patterns that change depending on the states of consciousness (Adamantidis et al., 2019; Herrmann et al., 2016). 
EEG studies have also enabled standardization and naming of EEG frequencies (Nuwer, 1988). This standardization has been used to selectively evaluate the effect of opioids on frequencies (Hz) corresponding the following nomenclature: delta (0.5 to 4Hz); theta (4 to 8Hz); alpha (8 to 12Hz); sigma (12 to 16Hz) and beta (13 to 30Hz) (Nayak & Anilkumar, 2024; Prerau et al., 2017). Using that nomenclature, studies have provided mouse age (Panagiotou et al., 2017), strain (Franken et al., 1998, 1999; Siegfried et al., 1980), and brain region-specific (Huber et al., 2000) descriptions of the EEG. The descriptions show noticeable state-specific EEG power variations observed consistently across all mammals. These include high theta power dominating exploratory behavior during wakefulness (Franken et al., 1998; Scheffzük et al., 2011; Welsh et al., 1985), increased delta power during SWS and increased theta power during REM sleep (Franken et al., 1998, 1999; Welsh et al., 1985).  
My research on the EEG effects of opioids on mice found that fentanyl administered during wakefulness increased delta power and reduced theta, alpha, and beta power, thus creating dissociated states of consciousness (O’Brien et al., 2021). Studies of male Wistar rats have found positive correlations between fentanyl-induced respiratory depression, high EEG theta power (Montandon & Horner, 2019), and elevated delta power with increased neuropathic pain (Li et al., 2020).  EEG power long has been known to be altered by opioids. However, the studies comprising this dissertation quantified, for the first time in B6 mice, the dose-dependent nature of EEG changes caused by fentanyl and morphine. 
Opioid-induced changes in mouse motor activity
For decades opioids have been used for pain management. However, these medications can disrupt motor control, leading to undesired effects such as gastrointestinal smooth muscle depression, which can result in ileus and constipation (Kurz & Sessler, 2003).  With the ability to record bioelectric potential of nerves, neurons, and muscle units it became clear that opioids hyperpolarize neurons resulting in the desired effects of anti-nociception, and undesired effects of electromyographic (EMG) activity reduction in the upper airway (Freire et al., 2022; Hajiha et al., 2009) intercostal (Wanke et al., 1993) and diaphragmatic muscles (Torralva & Janowsky, 2019). Respiratory depression or hypoventilation is without a doubt the most concerning adverse effect of opioids and the leading cause of opioid misuse deaths (Bateman et al., 2021; Freire et al., 2022). Considering that the effects of opioids on breathing are related to the motor control of respiration, evaluation of the effect of opioids on motor activity is essential.
The effect of opioids on motor activity in mice has long been recognized (Goldstein & Sheehan, 1969; Haouzi et al., 2021). Initially, locomotion was used as a gauge for assessing the effects of opioids in mice (Goldstein & Sheehan, 1969).  Research through the years has demonstrated that opioid-induced motor activity changes are species (Kuschinsky & Hornykiewicz, 1974), strain (Judson & Goldstein, 1978; Oliverio & Castellano, 1974), age (Hofford et al., 2012; Hoskins et al., 1986; Koek, 2014), and sex dependent (Hámor et al., 2023). 
In mice, unlike humans, the opioid-induced effects on locomotor activity are excitatory.  The hyperlocomotion pattern has been described as “continuous, unidirectional and thigmotactic” (Santos et al., 2022). In mice, the thigmotactic response refers to mice avoiding the open region of an enclosure and exhibiting a preference for the periphery of any environment.  Opioid effects on motor activity have been shown to be drug, dose, and time specific.  A brief report from 1980 noted that in CFLP mice morphine caused a biphasic effect on locomotion with an initial locomotor depression followed by hyperactivity (Miglécz & Rónai, 1980). The initial decrease in motor activity occurred at lower doses of 3 mg/kg of morphine and was followed by an increase in motor activity (Miglécz & Rónai, 1980; Patti et al., 2005; Zebadúa Unzaga et al., 2023). Higher doses (10 - 30 mg/kg) of morphine increased motor activity beginning within 10 min after drug administration (Patti et al., 2005; Zebadúa Unzaga et al., 2023). In rats (Gaulden et al., 2021; Zhang & Kong, 2017) and mice (Varshneya et al., 2019, 2021) increased locomotor activity has been observed for morphine, fentanyl, and several fentanyl-related substances. The effect of opioids on motor activity in mice usually reaches a peak shortly after administration, with a duration of about 2 h, then returns gradually to baseline (Kitanaka et al., 2023). 
Although the mechanisms by which opioids alter motor activity are incompletely understood, motor control is known to involve multiple neuronal networks. For example, opioid activation of locomotion involves enhancement of the mesolimbic dopamine system (Santos et al., 2022). The mesolimbic structures are among the areas with the highest opioid receptor concentration and have also been shown to regulate motor functions (Pert et al., 1979; Serafini et al., 2020). In contrast to opioid effects in mice, humans administered opioids do not commonly show an increase in locomotor activity. As noted above, opioids administered to humans cause states of blunted wakefulness characterized as drowsiness and/ or lethargy with decreased motor activity (Benyamin et al., 2008; Paul et al., 2021; Raffaeli et al., 2006). This species-specific difference in motor activity caused by opioids encouraged me to quantify the extent to which morphine and fentanyl induced sleep disruption is caused by increased locomotor activity. 
Opioid-induced changes in subcutaneous body temperature
Body temperature is one of the most tightly regulated parameters among physiological processes. Although an in-depth discussion of thermoregulation is not the scope of this dissertation, some background on temperature regulation and its relationship to sleep is necessary to understand how opioids alter the relationship between body temperature and sleep/wake states. 
Body temperature regulation involves multiple mechanisms to maintain homeostasis by balancing heat production and heat dissipation. Mammals maintain a nearly constant core body temperature based on a target single reference value that the body tries to preserve to achieve optimal function. The target reference value is called a set point and does not change more than a few tenths of a degree (Romanovsky, 2018). However, slight variations in the set point can be expected due to the circadian rhythm and cyclic hormonal variations (Kurz, 2008). Behaviors such as feeding and energy expenditure are important aspects of thermoregulation (Belknap, 1989; Cintron-Colon et al., 2019). In healthy mammals the relationship between sleep and body temperature can be observed during NREM sleep, when core body temperature is lower than during wakefulness. A decrease in body temperature is often considered a signal for the onset of NREM sleep (Harding et al., 2019; Harding et al., 2020; Heller, 1988). During REM sleep in rodents body temperature is not regulated (Harding et al., 2020), thus body temperature is highly sensitive to ambient temperature. Lower room temperatures decrease the occurrence of REM sleep bouts.  Therefore, in order to have restorative REM sleep, thermoneutrality is needed (Amici et al., 2008; Harding et al., 2019). Thermoneutrality is the state in which the ambient temperature does not require an organism to lose or gain heat (Gordon, 2012). In humans, temperature changes are so important for sleep that the fluctuations in temperature that normally occur prior to sleep onset synchronize with our daily rhythms. This means that there is a change in body temperature when sleep is expected or needed, even if sleep is delayed (Gilbert et al., 2004). Any condition that affects temperature regulation can also affect the ability to initiate or maintain sleep and can alter sleep architecture (Okamoto-Mizuno & Mizuno, 2012). Sleep/wake states are considered the primary drivers of temperature regulation, whereas circadian phase and physical activity are secondary drivers (Harding et al., 2020).
Changes in body temperature can also be drug induced. Typically, these changes result from a shift in the hypothalamic regulated temperature set point (Belknap, 1989). When a drug changes the set point, the body still maintains temperature within a narrow range. Conversely, if the drug alters thermoregulatory mechanisms such as feeding, shivering, or sweating, then the drug is impairing or diminishing the body’s ability to maintain the set temperature by altering the balance between heat production and dissipation (Adler et al., 1988).
Opioids have long been known to alter mammalian thermoregulation. The endogenous opioid system serves several physiological functions in the body, including thermoregulation (Kozak et al., 1995; Rosow et al., 1980). Consequently, exogenous opioid administration can cause temperature changes such as hypo- and hyperthermia in mice (Baker & Meert, 2002; Belknap, 1989; Zebadúa Unzaga et al., 2023), humans (Ikeda et al., 1997), and rats (Pert et al., 1979; Savić Vujović et al., 2013). The available data indicate that although all opioid-induced changes in body temperature have a similar trend to cause hypothermia, variations are dependent on the species (Gaulden et al., 2021; Ikeda et al., 1997; Rosow et al., 1980), strain (Rawls & Benamar, 2011), sex (Craft, 2003; Kest et al., 2000), age (Koek et al., 2012), environmental temperature (Sadowski et al., 1996), dose (Geller et al., 1983; Rosow et al., 1982), and the specific opioid used (Baker & Meert, 2002).
The anteroventral preoptic region (POA) in the hypothalamus is key in the regulation of heat production and dissipation. The POA controls thermoregulatory mechanisms such as vasodilation and brown adipose tissue thermogenesis (Rothhaas & Chung, 2021). Ther foregoing data suggest that opioid-induced decreases in body temperature are at least partially mediated by mu opioid receptors located in the POA (da Silveira Scarpellini et al., 2009).  
In adult humans, opioids affect thermoregulatory mechanisms by increasing sweating, decreasing vasoconstriction, and decreasing shivering (Ikeda et al., 1997) . These effects can lead to hypothermia and cause awakenings or difficulty staying asleep. These awakenings lead to fragmented sleep or sleep that is not restorative, therefore reducing the sleep efficiency and quality (Stepanski, 2002; Wesensten et al., 1999).
Despite numerous studies examining the effect of opioids on body temperature, the specific mechanisms by which opioids alter thermoregulation and the impact of said temperature changes on sleep remain incompletely understood. This gap in the literature encouraged the present studies designed to quantify the extent to which the morphine- and fentanyl-induced hypo- and hyperthermia causes sleep disruption. 
Summary 
Opioids are a well-established treatment for pain. However, the benefits of opioids are accompanied by several adverse effects (Benyamin et al., 2008; Bhatia & Buvanendran, 2019) that include sleep disruption. The homology and similarity of sleep patterns of the B6 mouse to humans (Consortium, 2002) make the B6 mice a valuable model for the study of sleep-related effects of opioids.
Normal sleep has been shown to be disrupted by pain (Finan et al., 2013) and it is now clearer than ever that there is a bidirectional relationship between sleep disruption and addiction (Brower & Perron, 2010; Lydic et al., 2022; Tripathi et al., 2020). Disturbed sleep decreases pain threshold, patient increases opioid intake, worsening sleep and consequently pain, therefore creating a vicious cycle that increases the probability of addiction (Roehrs et al., 2021).
Sleep is intrinsically related to other physiological processes such as EEG power, motor activity and body temperature. The studies completed for this dissertation present novel data from mice quantifying the dose-dependent effects of morphine and fentanyl on the amount and temporal organization of states of wakefulness, NREM sleep and REM sleep.  The research presented here also shows new data simultaneously quantifying, for the first time, the dose-dependent effects of fentanyl and morphine on EEG power, motor activity, and subcutaneous body temperature. Additionally, this dissertation explores the relationship between sleep and opioid-induced altered states of consciousness, and considers interactions among sleep, motor activity and body temperature.
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The electroencephalogram (EEG) provides an objective, neural correlate of consciousness.  Opioid receptors modulate mammalian neuronal excitability, and this fact was used to characterize how opioids administered to mice alter EEG power and states of consciousness.  The present study tested the hypothesis that antinociceptive doses of fentanyl, morphine, or buprenorphine differentially alter the EEG and states of sleep and wakefulness in adult, male C57BL/6J mice.  Mice were anesthetized and implanted with telemeters that enabled wireless recordings of cortical EEG and electromyogram (EMG).  After surgical recovery, EEG and EMG were used to objectively score states of consciousness as wakefulness, rapid eye movement (REM) sleep, or non-REM (NREM) sleep.  Measures of EEG power (dB) were quantified as delta (0.5 to 4 Hz), theta (4 to 8 Hz), alpha (8 to 13 Hz), sigma (12 to 15 Hz), beta (13 to 30 Hz), and gamma (30 to 60 Hz).  Compared to saline (control), fentanyl and morphine decreased NREM sleep, morphine eliminated REM sleep, and buprenorphine eliminated NREM sleep and REM sleep.  Opioids significantly and differentially disrupted the temporal organization of sleep/wake states, altered specific EEG frequency bands, and caused dissociated states of consciousness.  The results are discussed relative to the fact that opioids, pain, and sleep modulate interacting states of consciousness.
[bookmark: _Toc187236898]Introduction
An unresolved challenge for consciousness studies is understanding how subjective phenomenology relates to empiric neurophysiology.  In contrast, physiology, pharmacology, and pathology that significantly change brain function are universally understood to alter states of consciousness.  An association between states of consciousness and the electroencephalogram (EEG) was demonstrated in 1935 by the first human EEG recording during sleep (Loomis et al., 1935).  Two decades later the EEG was used to identify heterogenous sleep states (Aserinsky & Kleitman, 1953) that were subsequently related to different subjective measures of consciousness (Dement & Kleitman, 1957).  The discovery of remarkable homology between human and cat EEG (Dement, 1958) supported the interpretation that EEG-based studies of non-human animals can provide novel insights into the neurophysiology underlying states of consciousness.  Today, that inference seems obvious relative to evidence that approximately 90 percent of the human genome has similar genes shared by cat (Pontius et al., 2007) and mouse (Monaco et al., 2015).  
Long before derivation of the mouse genome (Mouse Genome Sequencing Consortium, 2002), prescient investigators recognized the potential for studies of mice to provide insights into the genetic and pharmacogenetic modulation of EEG activity during sleep and wakefulness (Franken et al., 1998; Mitler et al., 1977; Richardson et al., 1985; Valatx et al., 1972; Wimer et al., 1969).  Contemporary efforts to better understand opioid use disorder and opioid-induced respiratory depression are being advanced by studies of wild type, congenic, and transgenic mice (Angel et al., 2018; Charbogne et al., 2014; Lydic & Baghdoyan, 2021; Ramirez et al., 2021; Varga et al., 2020).
Opioids alter states of consciousness and, by disrupting sleep, contribute to cognitive dysfunction (Lutz & Kieffer, 2013) and the perpetuation of addiction (Valentino & Volkow, 2020).  No previous studies have quantified how different opioids alter EEG defined states of consciousness in wild type mice.  To address this gap in knowledge, the present study tested the hypothesis that antinociceptive doses of fentanyl, morphine, and buprenorphine differentially alter the EEG, sleep, and wakefulness in C57BL/6J mice.
[bookmark: _Toc187236899]Methods
Animals and Animal Care
All procedures in this study that involved animals were reviewed and approved by the University of Tennessee Institutional Animal Care and Use Committee and adhered to the Guide for the Care and Use of Laboratory Animals (The National Academies Press, 8th ed., Washington, DC, 2011). Adult, male, C57BL/6J (B6; Stock# 000664; n = 10) mice were purchased from the Jackson Laboratory (Bar Harbor, ME).  Mean ± SD age of the mice was 36.4 ± 10.9 weeks and mean ± SD body weight was 36.2 ± 4.5 g.  Upon arrival, mice were housed in standard cages (19 x 29 x 13 cm) with no more than 5 littermates per cage and were given at least one week for adaptation to the laboratory environment.  Enrichment included Igloos and a rotation between nestlets and cones.
Cage size and enrichment permitted digging, nest building, and mouse-specific sleep postures.  The housing facility provided a temperature (average 23°C) and humidity (average 45%) controlled environment with 10 to 15 complete air changes per h and a 12-h light:12-h dark cycle.  Wi-Fi connections between mouse room sensors and investigator cell phones provided 24-h monitoring of environmental conditions.  Mice had ad libitum access to water and food (Teklad 8640 rodent chow, Envigo, Madison, WI).  All mice were checked daily by the investigators and regularly by University of Tennessee Office of Laboratory Animal Care staff.  Harlan Soft Cob Enrichment Bedding was replaced weekly.  After surgical implantation of recording electrodes, mice were housed individually to prevent them from removing sutures and/or wound clips from cage mates.  
Surgical Implantation of Electrodes and Telemeters
Using surgical procedures described previously (O’Brien et al., 2019; Zhang et al., 2020), mice were deeply anesthetized with 2% isoflurane (Henry Schein, Melville, NY) delivered in 100% oxygen at a flow rate of 1 L/min.  Loss of righting reflex was used as a surrogate measure to confirm loss of consciousness (Vanini et al., 2014).  When unconsciousness was achieved, mice were removed from the induction chamber and isoflurane delivery was continued via a nose cone.  Ketoprofen (5 mg/kg) was administered subcutaneously, and mice were shaved and scrubbed for surgery.  Mice were then stabilized in a stereotaxic frame (David Kopf Instruments, Tujunga CA; model 962) fitted with a mouse adaptor (model 921) and a mouse anesthesia mask (model 907).  Delivered isoflurane concentration was maintained at 1.5% by spectrophotometry (Cardiocap/5; Datex-Ohmeda Inc., Madison WI).  Core body temperature was maintained at 36-37°C by placing mice on a heating pad filled with circulating hot water (Gaymar TP400 T/Pump heath therapy system).  Respiratory rate, core body temperature, and delivered isoflurane concentration were recorded every 10 min.  Paw withdrawal in response to pinch of a hind paw was used to confirm antinociception.
A dorsal skin incision was made from the top of the skull to the midpoint between the scapulae, and a subcutaneous pocket was made on the dorsal flank.  Bipolar electrodes for recording the EEG were placed under the skull at stereotaxic coordinates 3.0 mm posterior to bregma and 3.0 mm lateral to the midline, and 1 mm anterior to bregma and 1 mm lateral to the midline (Paxinos & Franklin, 2019).  A pair of electrodes for recording the electromyogram (EMG) were implanted in a dorsal neck muscle.  EEG and EMG electrodes were connected to a telemeter (HD-X02, Data Sciences International, DSI, New Brighton, MN) that was implanted subcutaneously in the dorsal flank.  Each mouse received a subcutaneous radio-frequency identification chip (ID-100B 1.4, MICROCHIPID, Lake Zurich, IL) for unique alphanumeric identification.  The incision was closed using wound clips and sutures (Prolene 6-0; Henry Schein) and isoflurane was discontinued.  Mice were placed in a heated cage and monitored continuously.  When they ambulated normally, mice were returned to their home cages and had a minimum of seven days to recover from surgery.  The recovery period included time to adapt to being individually housed.
Data Acquisition and Signal Processing
Before every recording session, the home cage of each mouse was placed on a pad containing an antenna that received EEG and EMG signals from the telemeter.  The receiver pads were connected to a DSI Matrix 2.0 (MX2) allowing for communication between the telemetry implants and the data acquisition computer, which was outside of the recording room.  The EEG and EMG signals were digitized using Ponemah software (v6.33, DSI) and acquired at a sampling frequency of 500 Hz.  Raw recorded data were imported into Neuroscore (v3.3.1, DSI) for manual scoring of states of consciousness.  For scoring, bandpass filters were applied to the EEG (0.3 to 30 Hz) and EMG (10 to 100 Hz) signals.  A notch filter (60 Hz) was applied to both signals to reduce electrical noise.
Assessing States of Consciousness
EEG and EMG signals were used to objectively score states of wakefulness, rapid eye movement (REM) sleep, and non-REM (NREM) sleep for every 10-s epoch of recording.  Scoring criteria for each state of consciousness have been described (Flint et al., 2010).  Briefly, wakefulness was characterized by low amplitude EEG and the presence of maximal EMG signal.  NREM sleep was identified by increased EEG delta (0.5 to 4 Hz) activity and reduced muscle tone.  Epochs of REM sleep showed increased theta (4 to 8 Hz) EEG frequency content and muscle atonia.  Figure 2.7 shows EEG and EMG signals that illustrate visualizable differences among wakefulness, NREM sleep, and REM sleep (https://doi.org/10.6084/m9.figshare.15094251).  For an epoch to be scored as a certain state of consciousness, greater than half of the 10-s epoch must have comprised that state.  Each recording was scored by two individuals, and one scorer was blinded to the treatment condition.  The state scoring between two experimenters was required to achieve ≥90% concordance.  Recording duration was 4 h or 24 h.
Experimental Procedure and Design
All experiments began approximately 1.5 h after light onset.  States of sleep and wakefulness were recorded immediately following intraperitoneal injection (0.3 mL) of saline (vehicle control) or a mouse antinociceptive dose of fentanyl (0.4 mg/kg) (Fechtner et al., 2015), morphine (10 mg/kg) (Gades et al., 2000), or buprenorphine (0.3 mg/kg) (Lutfy et al., 2003).  The 4-h effects of opioids were studied in 10 mice, and 24-h effects were quantified using 6 of the 10 mice.  Sample sizes were chosen based on analysis of preliminary data (Locklear et al., 2019; O’Brien et al., 2021; Zebadúa Unzaga et al., 2021).  A within-subjects design was used such that each mouse received at least one injection of saline and each opioid.  The order of opioid administration was randomized, and seven days without drug treatment were given between opioid injections into the same mouse.  At the end of the study, mice were deeply anesthetized with isoflurane then euthanized by decapitation.


Spectral Analysis of EEG Data
Cortical EEG signals are comprised of differing oscillations, and drugs can cause changes in EEG frequency, amplitude, and power.  Opioid-induced changes in EEG were analyzed using multitaper spectral estimation and by dividing the signals into previously established power bands (Prerau et al., 2017).  Multitaper spectral estimation is a branch of Fourier analysis and is useful for examining time domain signals.  
Unfiltered EEG data were exported as European Data Format files from the Neuroscore program.  Data were analyzed in MATLAB (R2020b, MathWorks) using customs scripts (O’Brien et al., 2019) and the Chronux toolbox (http://chronux.org).  Spectral analysis involved examining EEG content ranging from 0 to 60 Hz, using a 3-s window that advanced in 0.1-s steps, a time-bandwidth product of 2, and 3 discrete prolate spheroidal sequence tapers.  EEG power (dB) was averaged and quantified in six frequency bands: delta (0.5 to 4 Hz), theta (4 to 8 Hz), alpha (8 to 13 Hz), sigma (12 to 15 Hz), beta (13 to 30 Hz), and gamma (30 to 60 Hz) (Prerau et al., 2017). 
Statistical Analyses
Prism (v8.2.1, GraphPad, San Diego, CA) was used to perform all statistics.  Dependent variables evaluated included the percent of time spent in each state of consciousness, number of episodes for each state, duration of the state episodes, and latency to onset of NREM sleep and REM sleep.  Sleep latencies were calculated from the time of injection.  The effects of opioids on the foregoing measures were analyzed using repeated measures, one-way or two-way ANOVA.  Post-hoc comparisons were performed using Tukey’s multiple comparisons test.  The same analyses were applied to measures of EEG spectral power.  Effect sizes were determined using the Eta squared statistic.  For all comparisons, a probability (P) value < 0.05 was considered statistically significant.  Data are expressed as median with interquartile range (IQR).  Radar plots were constructed using MATLAB (https://github.com/NewGuy012/spider_plot).
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Opioids Disrupted the Temporal Organization of Sleep and Wakefulness
Figure 2.1 shows data from one representative mouse to illustrate opioid-induced changes in sleep/wake architecture (left column) and EEG power (right column) relative to control (Fig. 2.1A).  Figure 2.8 shows EEG and EMG signals from the Fig. 2.1 mouse during wakefulness 10 min after administration, on different days, of saline and each of the opioids.  For 4 h after injection, fentanyl (Fig. 2.1B) and morphine (Fig. 2.1C), decreased NREM sleep and eliminated REM sleep.  Buprenorphine (Fig. 2.1D) eliminated NREM sleep and REM sleep.  The spectrograms illustrate that each opioid produced unique changes in EEG power. 
Figure 2.2 summarizes the effects of opioids on the percent of time mice spent in each state, number of sleep/wake episodes, and episode duration during the 4-h recording period.  Each opioid significantly increased wakefulness relative to saline (Fig. 2.2A).  NREM sleep (Fig. 2.2B) was significantly reduced by fentanyl and morphine, and eliminated by buprenorphine.  REM sleep (Fig. 2.2C) was decreased by fentanyl and eliminated by morphine and buprenorphine.  Opioids decreased the number of episodes of wakefulness (Fig. 2.2D), NREM sleep (Fig. 2.2E), and REM sleep (Fig. 2.2F).  Opioids increased the duration of wakefulness (Fig. 2.2G) and decreased the duration of NREM sleep (Fig. 2.2H) and REM sleep (Fig. 2.2I).  Descriptive statistics for all data in Fig. 2.2 are provided in Supplemental Table S2.1.  F-values, numerator (n) and denominator (d) degrees of freedom (DF), P-values, and effect sizes (Eta squared) for the Fig. 2.2 results are reported in Supplemental Table S2.2.
Opioids Disrupted States of Consciousness for 24 Hours
Figure 2.3 histograms plot the 24-h distribution of wakefulness, NREM sleep, and REM sleep from one representative mouse.  The histograms illustrate the temporal organization for these states of consciousness after injection (hour 0) of saline (Fig. 2.3A), fentanyl (Fig. 2.3B), morphine (Fig. 2.3C), and buprenorphine (Fig. 2.3D).  The gray screen indicates the dark phase of the light:dark cycle. 
Figure 2.4 illustrates the effects of opioids on states of consciousness across the 24-h light:dark cycle.  The three rows plot different dependent measures for wakefulness (Fig. 2.4 A, D, G), NREM sleep (Fig. 2.4 B, E, H), and REM sleep (Fig. 2.4 C, F, I).  Columns show measures acquired during the light phase (no gray screen) and dark phase (gray screen).  Descriptive statistics for the Fig. 2.4 data are available in Supplemental Table S2.3.  F-values, numerator (n) and denominator (d) degrees of freedom (DF), P-values, and measures of effect size (Eta squared) for the Fig. 2.4 data are provided in Supplemental Table S2.4.  
Figure 2.4A shows that, relative to saline, each of the three opioids increased time spent awake during the light period when mice normally sleep, and decreased wakefulness during the dark phase when mice are normally most active.  Corresponding opioid-induced decreases in NREM sleep (Fig. 2.4B) and REM sleep (Fig. 2.4C) occurred during the light phase, followed by rebound increases in both stages of sleep during the dark phase.  
The effects of opioids on the number of episodes of wakefulness, NREM sleep, and REM sleep during one light:dark cycle are represented in the middle row of Fig. 2.4.  The number of waking episodes was decreased by all opioids during the light phase (Fig. 2.4D) and was not different from control during the dark phase (Fig. 2.4D, gray screen).  Similarly, the number of NREM sleep episodes was decreased during the light phase and not significantly altered during the dark period (Fig. 2.4E).  The number of REM sleep episodes during the light phase was significantly decreased by all opioids (Fig. 2.4F).  The number of REM sleep episodes significantly increased during the dark period (Fig. 2.4F).  
Fig. 2.4G – I plots episode duration and shows that buprenorphine significantly increased the duration of wakefulness only during the light phase.  NREM sleep episode duration was significantly increased by fentanyl and morphine and decreased by buprenorphine during the light phase (Fig. 2.4H).  Relative to saline, REM sleep episode duration was increased by fentanyl and morphine and decreased by buprenorphine during the light phase (Fig. 2.4I).  There was no effect of opioids on REM sleep duration during the dark phase (Fig. 2.4I).
Time Course of Opioid-Induced Sleep Disruption
The Figure 2.5 radar plots illustrate the time course of opioid effects on percent of time spent in wakefulness (Fig. 2.5A), NREM sleep (Fig. 2.5B), and REM sleep (Fig. 2.5C).  Numbers around the circumference of each radar plot indicate time (h) after injection.  Mean values are shown for percent state after injection of saline (black), fentanyl (red), morphine (green), and buprenorphine (blue).  Injection of saline and opioids occurred during the light phase at time 0.  EEG recordings began immediately after injection.  Reading in a clockwise direction, the light phase ended 10.5 h after injection (radial point 10.5).  The thick black line around the left half of each plot indicates the dark phase.  The dark phase ended 12 h later at 22.5 h after injection.  The gray fill indicates the control values.  
The functions plotted in colors show that opioids caused a prolonged increase in wakefulness during the light phase (Fig. 2.5A) when mice typically sleep.  Morphine and fentanyl increased wakefulness for 5 to 6 h, respectively, whereas buprenorphine increased wakefulness for 11 h.  The concomitant opioid-induced decrease in NREM sleep (Fig. 2.5B) can be seen by comparing the red, green, and blue lines with the gray filled area (saline).  Morphine and fentanyl decreased NREM sleep for 5 to 6 h, respectively, whereas buprenorphine decreased NREM sleep for 10 h.  The rebound increase in NREM sleep and REM sleep plotted as a function of opioid (Fig. 2.4B - C) is shown in Fig. 2.5B - C as a function of time after opioid administration.  The time course plots show that opioids caused NREM sleep (Fig. 2.5B) and REM sleep (Fig. 2.5C) to be shifted to the dark phase, a time when mice are normally most active.
Opioids also increased the latency from time of injection to onset of both NREM sleep (Fig. 2.5D) and REM sleep (Fig. 2.5E).  Differential effects among opioids were due to buprenorphine, which caused a significantly greater increase in latency than fentanyl or morphine.  Descriptive statistics for Figs. 2.5A – C are in Supplemental Table S2.5.1.  Descriptive statistics for Figs. 2.5D and E are reported in Supplemental Table S2.5.2.  F-values, numerator (n) and denominator (d) degrees of freedom (DF), P-values, and effect size (Eta squared) for the Fig. 2.5 results are in Supplemental Table S2.6.
EEG Power was Differentially Altered by Fentanyl, Morphine, and Buprenorphine
EEG power was analyzed during the first 30 min after each treatment condition when all mice were awake.  Figures 2.6A – D plot spectral power across frequencies ranging from 0 to 60 Hz as median (solid line) and interquartile range (shaded area).  EEG spectral power was most dissimilar among treatments for the frequency range from 5 to 15 Hz (Fig. 2.6A – D).  The radar plot (Fig. 2.6E) shows average EEG power in six frequency bands as percent change from saline (gray fill).  Fentanyl (red) significantly (red asterisks) decreased EEG power in the theta, alpha, and sigma frequency ranges.  Morphine (green) caused a significant (green asterisks) decrease in EEG power in the alpha and sigma frequencies.  Descriptive statistics for Fig. 2.6 are in Supplemental Table S2.7.  F-values, numerator (n) and denominator (d) degrees of freedom (DF), P-values, and effect sizes (Eta squared) for the Fig. 2.6 results are reported in Supplemental Table S2.8.
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Three points shape the following discussion.  First is the discovery that antinociceptive doses of fentanyl, morphine, and buprenorphine significantly and differentially disrupt the temporal organization of sleep and wakefulness.  Such data from B6 mice were heretofore not available in the literature or in the Mouse Phenome Database (https://phenome.jax.org/).  The present results contribute to community phenotyping efforts by making publicly available all descriptive and inferential statistics from this study (Supplemental Tables S2.1 through S2.8).  Second, opioids cause state dissociations by producing EEG slow waves during wakefulness that normally occur during NREM sleep.  The final section highlights the relevance of these novel data for consciousness studies.
Opioids Disrupt the Temporal Organization of Sleep and Wakefulness
Opioid receptors modulate neuronal excitability by triggering a series of intracellular events that inhibit neuronal firing.  Neuronal hyperpolarization occurs via inhibition of adenylyl cyclase, activation of potassium conductance out of neurons, and inhibition of calcium conductance into neurons which decreases presynaptic neurotransmitter release (James & Williams, 2020).  All three opioids tested in this study modulate neuronal excitability by activating mu opioid receptors.  However, there are pharmacokinetic and pharmacodynamic differences among these opioids, which led us to hypothesize differential effects of these opioids on sleep and EEG power.  Fentanyl is highly lipid soluble, enters the brain rapidly, and has no active metabolites.  Morphine has lower lipid solubility, resulting in slower uptake than fentanyl.  Morphine has an active metabolite that is potent and long lasting.  Fentanyl and morphine are full agonists at mu opioid receptors (Yaksh & Wallace, 2018).  Fentanyl, but not morphine, also blocks alpha-1 adrenergic receptors and dopamine D4.4 and D1 receptors, and blocks reuptake of neurotransmitters by the vesicular monoamine transporter2 (Torralva et al., 2020).  Buprenorphine is highly lipid soluble and has long lasting metabolites with pharmacological activity.  In contrast to fentanyl and morphine, buprenorphine is a partial mu opioid receptor agonist and a partial kappa opioid receptor agonist with low efficacy, thus acts as an antagonist at kappa opioid receptors (Huang et al., 2001).
The fact that opioid receptors modulate neuronal excitability (Winters et al., 2017) was used by the present study to characterize how systemically administered opioids alter the architecture of sleep and wakefulness.  All three opioids disrupted the percent of time spent in each state of consciousness, the number of episodes, and episode duration (Fig. 2.2).  These 4-h results led to a second series of experiments showing that the temporal organization of sleep and wakefulness was disrupted for up to 24 h after acute opioid administration (Figs. 2.3 and 2.4).  Administering opioids during the initial hours of the light period caused a reduction in wakefulness during the mouse subjective night and increased sleep during the mouse subjective day.  The number and duration of state episodes also varied as a function of the light:dark cycle and the specific opioid administered.  Examining the time course of opioid effects (Fig. 2.5) showed wakefulness was shifted into the light phase, and that NREM sleep and REM sleep were shifted into the dark phase.  Relative to fentanyl and morphine, buprenorphine caused the most severe disruption in the temporal organization of sleep and wakefulness, which is likely due, at least in part, to actions of the high affinity, long lasting metabolite, norbuprenorphine (Huang et al., 2001).  
Opioids Cause a Dissociated State of Wakefulness and Alter EEG power 
A practical way to define a behavioral state, or a state of consciousness, was put forth by Steriade and McCarley (Steriade & McCarley, 2005):  “A state is a recurring, temporally enduring constellation of values of a set of indicator variables of the organism.”  States of sleep and wakefulness are defined by a set of physiological values, or traits, that include EEG and EMG.  Dissociated states of consciousness occur when a trait characteristic of one state (e.g., skeletal muscle tone during wakefulness) intrudes into another state (e.g., REM sleep).  Dissociated states of consciousness are not rare in humans.  NREM sleep parasomnias involve sleep intruding into wakefulness, as exemplified by confusional arousals, sleep terrors, sleepwalking, and sleep-related eating disorders (Castelnovo et al., 2018).  REM sleep parasomnias, such as REM sleep behavior disorder, involve waking behaviors (e.g., speaking, complex motor activity) that intrude into sleep (Holtbernd et al., 2021; Schenck & Mahowald, 2002).  In clinical sleep medicine, these types of parasomnias are classified as state dissociation disorders (Avidon, 2017).  
Although EEG slow waves are normally associated with NREM sleep (Adamantidis et al., 2019), previous studies consistently show that opioids cause dissociated states of consciousness in which EEG slow waves appear during wakefulness.  Opioid-induced wakefulness with EEG delta activity has been found in dog (Pickworth & Sharpe, 1979), cat (de Andres et al., 1984), rat (Osman et al., 2005), and human (Greenwald & Roehrs, 2005).  The present results show that across 4 h of recording, fentanyl, morphine, and buprenorphine caused EEG delta activity during wakefulness.  After saline administration during the light phase, sleep in mice is normally punctuated by brief episodes of wakefulness.  EEG spectrograms (Fig. 2.1, right) show bouts of wakefulness as brief disruptions in the dark red band.  In contrast, fentanyl, morphine, and buprenorphine each caused prolonged intervals of wakefulness with continuous EEG slow-wave activity.  The presence of EEG slow-wave activity during wakefulness indicates that opioids cause a dissociated state of wakefulness in B6 mice.  The results are limited by having tested only one dose of each opioid.  Doses previously shown to be antinociceptive in mice were selected for this study.  The results encourage ongoing experiments to derive concentration-response data characterizing the effects of opioids on EEG power and states of consciousness (O'Brien et al., 2021; Zebadúa Unzaga et al., 2021).  Future studies using female mice also are needed.
Measures of total EEG power that combine all frequency bands during wakefulness (Fig. 2.6A-D) showed that each opioid decreased total power within the 0 to 60 Hz range.  Analyzing EEG by distinct frequency bands (Fig. 2.6E) revealed that fentanyl significantly decreased EEG power in the theta band.  Previous studies of mice show that EEG theta is prominent during NREM sleep and REM sleep (Franken et al., 1998).  During wakefulness, when EEG theta is also prominent (Vyazovskiy et al., 2009), fentanyl significantly decreased EEG theta.  In B6 mice EEG frequency can be coupled to respiratory frequency (Tort et al., 2018).  Fentanyl causes a dose-dependent decrease in respiratory rate in B6 mice (Fechtner et al., 2015).  The present results and previous data from rat (Montandon & Horner, 2019) encourage studies in mice designed to quantify the extent to which respiratory rhythm modulated the fentanyl-induced decrease in EEG theta.
EEG power in alpha and sigma bands was significantly decreased by both morphine and fentanyl.  In humans, EEG alpha activity occurs during the transition from a state of quiet wakefulness with eyes closed, to the state of NREM sleep (Carskadon & Dement, 2017).  In mice, EEG alpha activity is pronounced during epochs of quiet wakefulness (Franken et al., 1998).  The finding that fentanyl and morphine decreased alpha power during active wakefulness is consistent with evidence that opioids cause a blunting of wakefulness (Lydic et al., 2021).  EEG sigma activity in B6 mice occurs during NREM sleep and sigma power increases before the onset of REM sleep (Vyazovskity et al., 2004).  Consistent with the opioid-induced enhancement of wakefulness and decrease in NREM sleep, EEG sigma power was significantly decreased by both morphine and fentanyl.  Considered together, the results shown in Figs. 2.2-2.6 are limited to opioids administered at a single time point during the light phase.  The results encourage derivation of opioid-specific, phase-response curves for EEG power in B6 mice.  Previous studies have shown that hamster wheel running activity is phase-shifted by fentanyl (Meijer et al., 2000).  
Mechanistic studies (Adamantidis et al., 2019; Gent et al., 2018; Vyazovskiy et al., 2009) have extended to mice the classic findings of Steriade and colleagues (Steriade et al., 1993) that relate oscillating thalamo-cortical neuronal activity to the temporal distribution of sleep and wakefulness.  The fundamental importance of rhythmic network excitability is emphasized by the in utero expression of respiratory movements (Niblock et al., 2020) and EEG rhythms (Rurak, 2016).  Fetal human EEG underlies the construct of protoconsciousness, which is a proposed starting point for the development of adult consciousness (Hobson, 2009).  In mice, measures of neonatal EEG across development show that rhythmic changes in brain excitability underlie the future expression of wakefulness, NREM sleep, and REM sleep (Rensing et al., 2018).  
Opioids, Sleep, and Consciousness Studies
Sleep as a platform for consciousness studies is indisputable from philosophical (Windt, 2021), biological (Vyazovskiy et al., 2009), and healthcare (Kryger et al., 2021) perspectives.  The fact that the phenomenology of consciousness is produced by the brain (Revonsuo, 2006) is further illustrated by this journal’s invitation of papers on consciousness.  An abundance of studies show that the neural correlates of consciousness are measurable entities, indicating that consciousness is not limited to being defined by its disruption or eradication.  Regarding the biology of consciousness, the genomic homology between human and non-human animals supports a widely shared view that studies of non-humans can contribute to understanding consciousness in humans.  Proponents of affective neuroscience note that genomic homology supports the interpretation that non-human animals possess some form of primary-process consciousness (Panksepp, 2005).  Finally, from a healthcare perspective, the buprenorphine-induced sleep disruption in B6 mice is homologous to human sleep disruption caused by buprenorphine used in medication assisted therapy for opioid use disorder (Dunn et al., 2018; Farney et al., 2013; Garnaat et al., 2017).  Pain is also an altered state of consciousness (Garcia-Larrea & Bastuji, 2018) and sleep disruption increases pain sensitivity in humans (Roehrs et al., 2006), rats (Vanini et al., 2014), and mice (Alexandre et al., 2017).  Thus, opioids, pain, and sleep modulate interacting states of consciousness.  The potential clinical significance of this interaction is instantiated by evidence that disordered sleep in humans is a risk factor for addiction relapse (Brower & Perron, 2010; Valentino & Volkow, 2020).
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[bookmark: _Toc178946781][bookmark: _Toc179388182][bookmark: _Toc187064081][bookmark: _Toc187228802][bookmark: _Toc187233940]Figure 2.1.  Opioids disrupt the temporal organization of sleep and wakefulness and alter EEG power.  
Representative time-course plots show sleep architecture (left column) and corresponding multi-taper spectrograms show EEG frequency (Hz) and EEG power (dB) (right column).  These 4-h recordings are from the same mouse after systemic administration on different days of saline (A), fentanyl (B), morphine (C), and buprenorphine (D).
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[bookmark: _Toc187228803][bookmark: _Toc187233941]Figure 2.2.    Systemic administration of opioids significantly disrupted sleep in B6 mice (n = 10).  
For each injection condition (abscissa) the graphs summarize median and interquartile range of dependent measures during states of wakefulness (left column), NREM sleep (middle column), and REM sleep (right column).  The top row shows percent of 4-h recordings in each state (A-C). The middle row plots the number of episodes for each state (D-F).  The bottom row illustrates episode duration (G-I). In every panel, each dot represents data from one mouse.  Data were analyzed by repeated measures one-way ANOVA and Tukey’s multiple comparisons test. Asterisks indicate significant differences from saline, and number signs with brackets indicate significant differences between opioid effects.  All 27 opioid-by-state measures were significantly different from saline.  Significant differences between opioid effects were found for all dependent measures of wakefulness (A, D, and G) and NREM sleep (B, E, and H), and only for duration of REM sleep (I).


[bookmark: _Toc178946783][bookmark: _Toc179388184][bookmark: _Toc187064083][bookmark: _Toc187228804][bookmark: _Toc187233942]Figure 2.3. The temporal organization of sleep and wakefulness was disrupted for up to 24 h after systemic opioid administration (time 0).  
These histograms from a single mouse are representative of the group data.  The gray screen represents the 12-h dark period of the 12-h:12-h light:dark cycle during which sleep and wakefulness were recorded.
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[bookmark: _Toc178946784][bookmark: _Toc179388185][bookmark: _Toc187064084][bookmark: _Toc187228805][bookmark: _Toc187233943]Figure 2.4. A single opioid injection significantly altered percent of time spent in wakefulness, NREM sleep, and REM sleep and sleep architecture.
A single opioid injection significantly altered the percent of time spent in wakefulness, NREM sleep, and REM sleep (top row), as well as the number (middle row) and duration (bottom row) of sleep and waking episodes for 24 h.  The results from 6 mice recorded during the light period (no screen) and dark period (gray screen) are expressed as median and interquartile range.  Each dot represents data from one mouse.  Data were analyzed by repeated measures, two-way ANOVAs and Tukey’s multiple comparisons tests.  Asterisks indicate significant, opioid-induced changes from saline.  Number signs and brackets summarize statistically significant differences between opioid effects.
[bookmark: _Toc178946785][bookmark: _Toc179388186][bookmark: _Toc187064085][bookmark: _Toc187228806][bookmark: _Toc187233944]







Figure 2.5. Time course of differential opioid effects on states of consciousness.  
Radar plots show the percent of time spent in wakefulness (A), NREM sleep (B), and REM sleep (C) averaged for 6 mice across 24 h.  Key at top right identifies injection of saline (black), fentanyl (red), morphine (green), and buprenorphine (blue).  Time after injection (hour 0) advances radially in a clockwise manner.  The percent of time spent in each state (%) is plotted for each injection condition from high to low along the vertical line below hour 1.  The saline (control) condition is illustrated by a gray fill.  The dark phase of the light:dark cycle is designated by the black C-shaped bar on each radar plot.  Note that at hour 1, all mice spent 100 percent of the time in a state of wakefulness (A), and zero percent time in NREM (B) or REM (C) sleep after opioid administration.  Two-way ANOVAs and Tukey’s multiple comparison tests revealed significant state main effects, time main effects, and a time-by-state interactions.  For latency to onset of NREM sleep (D) and REM sleep (E), one-way ANOVAs revealed significant differences between saline and opioids (asterisks).  Tukey’s post-hoc comparisons indicated a significant difference between opioids (number signs above brackets).
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[bookmark: _Toc178946786][bookmark: _Toc179388187][bookmark: _Toc187064086][bookmark: _Toc187228807][bookmark: _Toc187233945][bookmark: _Toc178946787][bookmark: _Toc179388188][bookmark: _Toc187064087]Figure 2.6. EEG power was differentially altered by opioids during waking consciousness. 
EEG power was evaluated during the first 30 min after injection of saline (A), fentanyl (B), morphine (C) and buprenorphine (D).  A – D plot spectral power (dB) as median (solid line) and interquartile range (shaded area) across frequencies ranging from 0 to 60 Hz.  The radar plot (E) depicts opioid-specific EEG power as percent change from saline (gray fill).  The key at top right of E shows the color code used for saline and each opioid.  The 6 radial arms of the radar plot represent 6 different EEG frequency bands: delta (0.5 to 4 Hz), theta (4 to 8 Hz), alpha (8 to 13 Hz), sigma (12 to 15 Hz), beta (13 to 30 Hz), and gamma (30 to 60 Hz).  Data from 10 mice were analyzed by repeated measures one-way ANOVAs and Tukey’s multiple comparisons tests.  Asterisks indicate significant differences from saline and are color coded according to which opioid caused a significant effect.
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[bookmark: _Toc187228808][bookmark: _Toc187233946]Figure 2.7. Representative, control recordings of the EEG and EMG.
Representative, control recordings of the cortical electroencephalogram (EEG) and electromyogram (EMG) illustrate signals used to visually identify and quantify states of wakefulness (A. Wake), non-rapid eye movement sleep (B. NREM), and rapid eye movement sleep (C. REM) in adult, C57BL/6J (B6) mice. These recordings are from the same mouse used for the Fig. 2.1A histograms and Fig. 2.1B spectrograms, obtained after saline administration. Signals were filtered at 0.3 to 30 Hz for EEG, and at 10 to 100 Hz for EMG, with a 60 Hz notch filter used to reduce electrical noise.
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Figure 2.8. Representative, recordings of the EEG and EMG during wakefulness 10 min post-injection.
Representative recordings of the cortical electroencephalogram (EEG) and electromyogram (EMG) were obtained during wakefulness, 10 min after intraperitoneal injection of (A) saline (vehicle control), (B) fentanyl, (C) morphine, and (D) buprenorphine. Saline and each of the opioids were administered on different days, with a minimum of one week between injections. Signals are from the same mouse shown Fig. 2.1 and Fig. 2.7. Comparison with the Fig. 2.7 recordings illustrates that wakefulness after opioid administration can be clearly identified by visual inspection of the EEG and EMG signals and cannot be mistaken for either stage of sleep. Signals were filtered at 0.3 to 30 Hz for EEG, and at 10 to 100 Hz for EMG, with a 60 Hz notch 
filter used to reduce electrical noise. 
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[bookmark: _Toc182312892][bookmark: _Toc187064094][bookmark: _Toc187232196]Supplemental Table S 2.1. Descriptive statistics for Fig. 2.2. 
Table values describe effects of treatment (saline, fentanyl, morphine, and buprenorphine) for 4 h (n = 10 mice).
	Dependent Measure (corresponding fig.)
	Treatment
	Mean
	Median
	Minimum
	Maximum
	SD
	%CV

	%Wake (Fig. 2.2A)
	Saline
	37.6
	38.8
	27.5
	48.0
	7.4
	19.7

	
	Fentanyl
	81.6
	83.8
	56.4
	97.4
	12.7
	15.6

	
	Morphine
	97.1
	96.8
	94.7
	100.0
	2.3
	2.4

	
	Buprenorphine
	100.0
	100.0
	100.0
	100.0
	0.0
	0.0

	%NREM (Fig. 2.2B)
	Saline
	56.1
	56.0
	47.0
	65.0
	6.6
	11.8

	
	Fentanyl
	17.7
	15.3
	2.6
	40.3
	11.8
	66.6

	
	Morphine
	2.9
	3.2
	0.0
	5.3
	2.3
	80.3

	
	Buprenorphine
	0.0
	0.0
	0.0
	0.0
	0.0
	N/A

	%REM (Fig. 2.2C)
	Saline
	6.3
	6.2
	4.2
	8.1
	1.2
	19.3

	
	Fentanyl
	0.7
	0.3
	0.0
	3.2
	1.0
	142.9

	
	Morphine
	0.0
	0.0
	0.0
	0.0
	0.0
	N/A

	
	Buprenorphine
	0.0
	0.0
	0.0
	0.0
	0.0
	N/A

	# Wake Episodes
(Fig. 2.2D)
	Saline
	35.4
	38.5
	16.0
	46.0
	10.5
	29.6

	
	Fentanyl
	14.9
	14.5
	6.0
	32.7
	8.2
	54.8

	
	Morphine
	5.8
	4.7
	1.0
	12.0
	4.5
	78.8

	
	Buprenorphine
	1.0
	1.0
	1.0
	1.0
	0.0
	0.0

	# NREM Episodes
(Fig. 2.2E)
	Saline
	36.2
	37.5
	17.0
	46.0
	10.1
	28.0

	
	Fentanyl
	15.7
	15.4
	6.0
	32.7
	8.0
	50.9

	
	Morphine
	5.9
	6.7
	0.0
	11.3
	4.4
	74.8

	
	Buprenorphine
	0.0
	0.0
	0.0
	0.0
	0.0
	N/A

	# REM Episodes
(Fig. 2.2F)
	Saline
	12.4
	12.5
	7.0
	18.0
	3.4
	27.0

	
	Fentanyl
	1.3
	0.5
	0.0
	6.0
	1.9
	148.8

	
	Morphine
	0.0
	0.0
	0.0
	0.0
	0.0
	N/A

	
	Buprenorphine
	0.0
	0.0
	0.0
	0.0
	0.0
	N/A

	Duration (min) of
Wake Episodes
(Fig. 2.2G)
	Saline
	2.5
	2.4
	1.7
	3.4
	0.6
	24.9

	
	Fentanyl
	28.2
	25.3
	2.5
	84.6
	23.8
	84.2

	
	Morphine
	115.4
	85.5
	18.9
	240.0
	90.9
	78.7

	
	Buprenorphine
	240.0
	240.0
	240.0
	240.0
	0.0
	0.0

	Duration (min) of NREM episodes
(Fig. 2.2H)
	Saline
	4.1
	3.7
	2.6
	6.6
	1.4
	33.7

	
	Fentanyl
	15.7
	15.4
	6.0
	32.7
	8.0
	50.9

	
	Morphine
	5.9
	6.7
	0.0
	11.3
	4.4
	74.8

	
	Buprenorphine
	0.0
	0.0
	0.0
	0.0
	0.0
	N/A

	Duration (min) of REM Episodes

(Fig. 2.4I)
	Saline
	1.3
	1.3
	0.8
	1.6
	0.2
	18.4

	
	Fentanyl
	0.5
	0.2
	0.0
	1.5
	0.6
	123.1

	
	Morphine
	0.0
	0.0
	0.0
	0.0
	0.0
	N/A

	
	Buprenorphine
	0.0
	0.0
	0.0
	0.0
	0.0
	N/A




[bookmark: _Toc182312893][bookmark: _Toc187064095][bookmark: _Toc187232197]Supplemental Table S 2.2. Inferential statistics and effect size for Fig. 2.2.
Results from one-way, repeated measures ANOVA are reported for effects of treatment (saline, fentanyl, morphine, and buprenorphine) and mouse (n = 10) for 4 h. 

	Dependent Measure
(corresponding fig.)
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared

	%Wake 
(Fig. 2.2A)
	Treatment main effect
	F3, 27 = 165.9
	< 0.0001
	24898
	0.92599

	
	Mouse main effect
	F9, 27 = 1.419
	= 0.2292
	638.9
	0.02376

	
	Residual
	
	
	1351
	0.05025

	%NREM
(Fig. 2.2B)
	Treatment main effect
	F3, 27 = 156.5
	< 0.0001
	20015
	0.92205

	
	Mouse main effect
	F9, 27 = 1.409
	= 0.2332
	540.5
	0.02490

	
	Residual
	
	
	1151
	0.05302

	%REM 
(Fig. 2.2C)
	Treatment main effect
	F3, 27 = 139.3
	< 0.0001
	275.4
	0.92323

	
	Mouse main effect
	F9, 27 = 0.865
	= 0.5664
	5.131
	0.01720

	
	Residual
	
	
	17.79
	0.05964

	# Wake Episodes
(Fig. 2.2D)
	Treatment main effect
	F3, 27 = 60.23
	< 0.0001
	6966
	0.79730

	
	Mouse main effect
	F9, 27 = 2.105
	= 0.0654
	730.2
	0.08358

	
	Residual
	
	
	1041
	0.11915

	# NREM Episodes
(Fig. 2.2E)
	Treatment main effect
	F3, 27 = 59.82
	< 0.0001
	7559
	0.81852

	
	Mouse main effect
	F9, 27 = 1.421
	= 0.2284
	538.6
	0.05832

	
	Residual
	
	
	1137
	0.12312

	# REM Episodes
(Fig. 2.2F)
	Treatment main effect
	F3, 27 = 91.90
	< 0.0001
	1091
	0.88989

	
	Mouse main effect
	F9, 27 = 0.800
	= 0.6195
	28.49
	0.02324

	
	Residual
	
	
	106.8
	0.08711

	Duration (min) 
of Wake 
Episodes
(Fig. 2.2G)
	Treatment main effect
	F3, 27 = 52.04
	< 0.0001
	344565
	0.81267

	
	Mouse main effect
	F9, 27 = 0.999
	= 0.4644
	19838
	0.04679

	
	Residual
	
	
	59586
	0.14054

	Duration (min) 
of NREM 
Episodes 
(Fig. 2.2H)
	Treatment main effect
	F3, 27 = 26.65
	< 0.0001
	97.11
	0.67344

	
	Mouse main effect
	F9, 27 = 1.311
	= 0.2772
	14.32
	0.09931

	
	Residual
	
	
	32.79
	0.22739



Supplemental Table S 2.2 Continued
		Dependent Measure
(corresponding fig.)
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared



		Dependent Measure
(corresponding fig.)
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared



		Dependent Measure
(corresponding fig.)
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared



		Dependent Measure
(corresponding fig.)
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared



		Dependent Measure
(corresponding fig.)
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared



		Dependent Measure
(corresponding fig.)
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared




	Duration (min) 
of REM 
Episodes
(Fig. 2.2I)
	Treatment main effect
	F3, 27 = 34.67
	< 0.0001
	11.27
	0.76667

	
	Mouse main effect
	F9, 27 = 0.521
	= 0.8461
	0.5082
	0.03457

	
	Residual
	
	
	2.924
	0.19891




[bookmark: _Toc182312894][bookmark: _Toc187064096][bookmark: _Toc187232198]
Supplemental Table S 2.3.  Descriptive statistics for Fig. 2.4.  
Table values describe effects of treatment (saline, fentanyl, morphine, and buprenorphine) across one light/dark cycle (n = 6 mice).

	
	
	Light Phase

	Dependent Measure
(corresponding figure)
	Treatment
	Mean
	Median
	Min
	Max
	SD
	%CV

	%Wake
(Fig. 2.4A)
	Saline
	34.5
	34.1
	31.8
	37.1
	1.9
	5.6

	
	Fentanyl
	58.7
	60.3
	42.8
	68.1
	9.5
	16.2

	
	Morphine
	49.5
	52.3
	40.3
	54.8
	6.0
	12.1

	
	Buprenorphine
	49.5
	52.3
	40.3
	54.8
	6.0
	12.1

	%NREM
(Fig. 2.4B)
	Saline
	59.3
	59.3
	56.6
	61.2
	1.7
	2.8

	
	Fentanyl
	38.0
	36.3
	28.9
	53.2
	9.0
	23.7

	
	Morphine
	45.8
	44.1
	40.1
	54.2
	5.3
	11.6

	
	Buprenorphine
	7.2
	5.9
	0.6
	19.2
	6.7
	92.9

	%REM
(Fig. 2.4C)
	Saline
	6.2
	6.4
	4.5
	7.1
	0.9
	15.3

	
	Fentanyl
	3.1
	3.3
	2.1
	3.9
	0.7
	24.1

	
	Morphine
	4.7
	4.7
	3.0
	6.3
	1.2
	24.7

	
	Buprenorphine
	0.1
	0.0
	0.0
	0.3
	0.1
	244.9

	# Wake Episodes
(Fig. 2.4D)
	Saline
	113.3
	115.0
	84.0
	130.0
	16.3
	14.4

	
	Fentanyl
	55.2
	54.5
	38.0
	68.0
	11.4
	20.7

	
	Morphine
	70.3
	60.5
	51.0
	115.0
	23.5
	33.4

	
	Buprenorphine
	26.3
	27.0
	8.0
	48.0
	14.6
	55.5

	# NREM Episodes
(Fig. 2.4E)
	Saline
	114.2
	116.5
	85.0
	130.0
	16.5
	14.4

	
	Fentanyl
	53.8
	50.5
	38.0
	68.0
	11.6
	21.5

	
	Morphine
	70.7
	60.5
	52.0
	116.0
	23.6
	33.3

	
	Buprenorphine
	26.3
	27.5
	7.0
	48.0
	14.8
	56.3

	# REM Episodes
(Fig. 2.4F)
	Saline
	35.2
	35.0
	28.0
	42.0
	5.0
	14.2

	
	Fentanyl
	13.5
	12.5
	8.0
	20.0
	4.3
	32.0

	
	Morphine
	22.0
	19.0
	14.0
	33.0
	7.7
	34.9

	
	Buprenorphine
	0.5
	0.0
	0.0
	3.0
	1.2
	244.9

	Duration (min) Wake Episodes (Fig. 2.4G)
	Saline
	1.7
	1.7
	1.5
	1.9
	0.2
	8.8

	
	Fentanyl
	5.6
	6.1
	2.2
	9.1
	3.0
	52.6

	
	Morphine
	4.1
	4.4
	2.2
	5.7
	1.6
	39.7

	
	Buprenorphine
	26.0
	16.2
	12.0
	77.7
	25.5
	98.0

	Duration (min)
NREM Episodes
(Fig. 2.4H)
	Saline
	3.3
	3.1
	2.8
	4.4
	0.6
	18.7

	
	Fentanyl
	53.8
	50.5
	38.0
	68.0
	11.6
	21.5

	
	Morphine
	70.7
	60.5
	52.0
	116.0
	23.6
	33.3

	
	Buprenorphine
	26.3
	27.5
	7.0
	48.0
	14.8
	56.3

	Duration (min)
REM Episodes
(Fig. 2.4I)
	Saline
	1.1
	1.1
	1.0
	1.2
	0.1
	5.4

	
	Fentanyl
	1.5
	1.4
	1.2
	1.8
	0.2
	15.4

	
	Morphine
	1.4
	1.4
	1.0
	1.6
	0.2
	14.9

	
	Buprenorphine
	0.1
	0.0
	0.0
	0.7
	0.3
	244.9



Supplemental Table S 2.3. Continued
	
	
	Dark Phase

	Dependent Measure
(corresponding figure)
	Treatment
	Mean
	Median
	Min
	Max
	SD
	%CV

	%Wake
(Fig. 2.4A)
	Saline
	58.0
	57.8
	51.5
	65.6
	5.6
	9.6

	
	Fentanyl
	43.4
	45.0
	35.1
	49.9
	5.5
	12.6

	
	Morphine
	44.7
	43.3
	38.3
	53.5
	6.3
	14.0

	
	Buprenorphine
	44.7
	43.3
	38.3
	53.5
	6.3
	14.0

	%NREM
(Fig. 2.4B)
	Saline
	39.7
	39.3
	33.1
	45.9
	4.9
	12.4

	
	Fentanyl
	51.2
	50.2
	44.8
	58.7
	5.1
	9.9

	
	Morphine
	50.6
	51.9
	42.6
	56.9
	6.0
	11.9

	
	Buprenorphine
	55.5
	55.9
	47.2
	60.2
	4.8
	8.6

	%REM
(Fig. 2.4C)
	Saline
	2.4
	2.3
	1.3
	4.1
	1.1
	44.3

	
	Fentanyl
	5.4
	5.4
	4.2
	6.2
	0.7
	12.2

	
	Morphine
	4.4
	4.2
	3.9
	5.7
	0.7
	16.0

	
	Buprenorphine
	5.9
	5.8
	4.8
	6.9
	0.7
	12.4

	# Wake Episodes
(Fig. 2.4D)
	Saline
	125.7
	134.5
	81.0
	169.0
	33.2
	26.4

	
	Fentanyl
	123.0
	124.0
	105.0
	138.0
	10.7
	8.7

	
	Morphine
	130.5
	128.0
	116.0
	146.0
	12.7
	9.7

	
	Buprenorphine
	135.3
	130.5
	88.0
	199.0
	40.9
	30.3

	# NREM Episodes
(Fig. 2.4E)
	Saline
	134.2
	137.5
	92.0
	168.0
	24.7
	18.4

	
	Fentanyl
	122.3
	123.5
	104.0
	138.0
	11.0
	9.0

	
	Morphine
	129.3
	127.5
	115.0
	145.0
	13.5
	10.4

	
	Buprenorphine
	134.8
	130.0
	86.0
	198.0
	41.9
	31.1

	# REM Episodes
(Fig. 2.4F)
	Saline
	19.3
	19.0
	9.0
	29.0
	8.3
	43.1

	
	Fentanyl
	32.3
	32.0
	26.0
	42.0
	6.2
	19.0

	
	Morphine
	29.2
	28.0
	24.0
	39.0
	5.6
	19.1

	
	Buprenorphine
	36.0
	36.0
	30.0
	40.0
	3.6
	9.9

	Duration (min) Wake Episodes (Fig. 2.4G)
	Saline
	3.2
	3.1
	2.2
	5.1
	1.0
	31.4

	
	Fentanyl
	2.5
	2.5
	2.0
	3.1
	0.4
	15.4

	
	Morphine
	2.5
	2.5
	1.9
	3.1
	0.5
	20.0

	
	Buprenorphine
	2.0
	1.9
	1.2
	2.9
	0.6
	29.4

	Duration (min)
NREM Episodes
(Fig. 2.4H)
	Saline
	2.1
	2.1
	1.9
	2.5
	0.2
	10.3

	
	Fentanyl
	3.0
	3.1
	2.5
	3.4
	0.4
	13.6

	
	Morphine
	2.8
	2.8
	2.3
	3.3
	0.3
	12.0

	
	Buprenorphine
	3.1
	3.2
	2.2
	4.0
	0.7
	23.2

	Duration (min)
REM Episodes
(Fig. 2.4I)
	Saline
	0.9
	0.9
	0.7
	1.3
	0.3
	28.6

	
	Fentanyl
	1.1
	1.2
	0.5
	1.5
	0.3
	30.3

	
	Morphine
	1.1
	1.1
	0.9
	1.2
	0.1
	10.0

	
	Buprenorphine
	1.2
	1.2
	1.0
	1.4
	0.1
	12.1




[bookmark: _Toc182312895][bookmark: _Toc187064097][bookmark: _Toc187232199]Supplemental Table S 2.4.  Inferential statistics and effect size for Fig. 2.4.  
Results from two-way, repeated measures ANOVA are reported for effects of treatment (saline, fentanyl, morphine, and buprenorphine), phase (light or dark), and treatment by phase interaction (n = 6 mice). 

	Dependent Measure
(corresponding fig.)
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared

	%Wake 
(Fig. 2.4A)
	Treatment main effect
	F3, 30 = 23.21
	< 0.0001
	2960
	0.19173

	
	Phase main effect
	F1, 10 = 89.60
	< 0.0001
	1928
	0.12489

	
	Treatment x phase interaction
	F3, 30 = 72.74
	< 0.0001
	9275
	0.60079

	
	Residual
	
	
	1275
	0.08259

	%NREM 
(Fig. 2.4B)
	Treatment main effect
	F3, 30 = 22.73
	< 0.0001
	2482
	0.18882

	
	Phase main effect
	F1, 10 = 70.69
	< 0.0001
	1645
	0.12514

	
	Treatment x phase interaction
	F3, 30 = 65.14
	< 0.0001
	7116
	0.54135

	
	Residual
	
	
	1092
	0.14469

	%REM 
(Fig. 2.4C)
	Treatment main effect
	F3, 30 = 10.93
	< 0.0001
	18.17
	0.09328

	
	Phase main effect
	F1, 10 = 11.25
	= 0.0073
	11.60
	0.05955

	
	Treatment x phase interaction
	F3, 30 = 89.30
	= 0.0001
	148.4
	0.76185

	
	Residual
	
	
	16.62
	0.08532

	# Wake 
Episodes
(Fig. 2.4D)
	Treatment main effect
	F3, 30 = 5.767
	= 0.0031
	10093
	0.11423

	
	Phase main effect
	F1, 10 = 130.8
	< 0.0001
	46625
	0.52769

	
	Treatment x phase interaction
	F3, 30 = 8.079
	= 0.0004
	14138
	0.16001

	
	Residual
	
	
	17501
	0.19807

	# NREM Episodes
(Fig. 2.4E)
	Treatment main effect
	F3, 30 = 8.808
	= 0.0002
	13082
	0.14723

	
	Phase main effect
	F1, 10 = 111.6
	< 0.0001
	49024
	0.55174

	
	Treatment x phase interaction
	F3, 30 = 8.808
	= 0.0005
	11895
	0.13387

	
	Residual
	
	
	14853
	0.16716

	# REM 
Episodes
(Fig. 2.4F)
	Treatment main effect
	F3, 30 = 5.809
	< 0.0001
	555.7
	0.07841

	
	Phase main effect
	F1, 10 = 49.06
	< 0.0001
	1564
	0.22068

	
	Treatment x phase interaction
	F3, 30 = 43.77
	= 0.0022
	4187
	0.59079

	
	Residual
	
	
	780.4
	0.11012




Supplemental Table S 2.4. Continued
	Dependent Measure
(corresponding fig.)
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared

	Duration (min) 
of Wake 
Episodes
(Fig. 2.4G)
	Treatment main effect
	F3, 30 = 3.949
	= 0.0174
	1043
	0.19111

	
	Phase main effect
	F1, 10 = 8.370
	= 0.0160
	554.7
	0.10164

	
	Treatment x phase interaction
	F3, 30 = 4.610
	= 0.0091
	1218
	0.22317

	
	Residual
	
	
	2642
	0.48409

	Duration (min) 
of NREM Episodes 
(Fig. 2.4H)
	Treatment main effect
	F3, 30 = 16.58
	< 0.0001
	15.71
	0.32416

	
	Phase main effect
	F1, 10 = 3.443
	= 0.0932
	4.284
	0.08840

	
	Treatment x phase interaction
	F3, 30 = 20.03
	< 0.0001
	18.99
	0.39184

	
	Residual
	
	
	9.480
	0.19561

	Duration (min)
of REM 
Episodes
(Fig. 2.4I)
	Treatment main effect
	F3, 30 = 27.05
	< 0.0001
	3.031
	0.36364

	
	Phase main effect
	F1, 10 = 0.509
	= 0.4918
	0.04006
	0.00481

	
	Treatment x phase interaction
	F3, 30 = 36.99
	< 0.0001
	4.144
	0.49718

	
	Residual
	
	
	1.120
	0.13437





[bookmark: _Toc182312896][bookmark: _Toc187064098][bookmark: _Toc187232200]Supplemental Table S 2.5. Descriptive statistics for Figs. 2.5A-C.  
Table values describe effects of treatment (saline, fentanyl, morphine, and buprenorphine) for 24 h (n= 6 mice).
	Dependent Measure
(corresponding figure)
	Time (h)
	Treatment

	
	
	Saline
	Fentanyl
	Morphine
	Buprenorphine

	
	
	Mean
	SD
	Mean
	SD
	Mean
	SD
	Mean
	SD

	% Wake
(Fig. 2.5A)
	1
	73.33
	37.43
	100.00
	0.00
	98.52
	3.63
	100.00
	0.00

	
	2
	29.49
	24.84
	98.56
	3.52
	96.25
	9.19
	100.00
	0.00

	
	3
	32.41
	17.04
	92.69
	17.92
	87.45
	30.73
	100.00
	0.00

	
	4
	38.43
	16.22
	83.33
	35.90
	68.10
	41.47
	100.00
	0.00

	
	5
	22.64
	28.41
	62.59
	37.61
	38.52
	11.07
	100.00
	0.00

	
	6
	32.31
	23.76
	43.47
	29.81
	13.24
	8.93
	100.00
	0.00

	
	7
	28.89
	20.17
	31.20
	19.43
	26.11
	17.22
	97.96
	4.99

	
	8
	51.99
	12.11
	20.51
	8.82
	24.63
	9.69
	88.56
	20.46

	
	9
	33.10
	19.48
	31.11
	12.04
	18.61
	14.95
	77.73
	26.02

	
	10
	44.91
	17.01
	30.51
	16.52
	25.60
	8.10
	76.20
	25.05

	
	11
	51.67
	13.63
	38.61
	14.85
	47.36
	16.23
	66.71
	25.66

	
	12
	61.85
	34.14
	61.44
	16.14
	51.71
	13.06
	67.78
	21.83

	
	13
	44.35
	22.36
	27.27
	8.38
	40.74
	12.61
	57.82
	25.44

	
	14
	53.19
	11.93
	36.16
	11.10
	35.83
	11.77
	37.50
	13.53

	
	15
	58.47
	31.41
	46.02
	17.66
	46.30
	13.08
	33.94
	18.23

	
	16
	53.75
	27.94
	48.33
	26.10
	37.13
	22.61
	25.32
	9.66

	
	17
	43.84
	21.61
	54.07
	23.95
	39.17
	6.86
	20.93
	9.59

	
	18
	42.31
	30.17
	39.49
	13.04
	37.92
	11.86
	27.27
	7.98

	
	19
	35.32
	15.49
	26.90
	14.66
	30.97
	11.72
	24.81
	12.37

	
	20
	43.33
	9.29
	29.58
	7.61
	37.73
	14.68
	21.30
	14.56

	
	21
	54.68
	20.51
	39.35
	12.38
	50.23
	13.15
	34.72
	13.28

	
	22
	74.49
	12.74
	64.81
	26.05
	62.22
	17.61
	53.19
	22.37

	
	23
	51.16
	15.85
	66.11
	14.70
	71.94
	27.10
	44.03
	21.07

	
	24
	32.18
	12.14
	37.36
	19.44
	42.73
	27.07
	53.70
	33.81

	% NREM
(Fig. 2.5B)
	1
	9.72
	11.25
	0.00
	0.00
	1.48
	3.63
	0.00
	0.00

	
	2
	75.00
	4.57
	1.44
	3.52
	3.75
	9.19
	0.00
	0.00

	
	3
	64.91
	7.96
	7.31
	17.92
	11.67
	28.58
	0.00
	0.00

	
	4
	55.09
	14.90
	15.65
	33.43
	29.58
	38.01
	0.00
	0.00

	
	5
	79.91
	3.80
	36.30
	36.65
	57.92
	10.40
	0.00
	0.00

	
	6
	69.86
	11.48
	51.81
	26.16
	78.15
	8.91
	0.00
	0.00

	
	7
	70.00
	6.10
	64.58
	18.79
	63.94
	14.61
	2.04
	4.99

	
	8
	49.35
	13.43
	71.02
	8.72
	68.19
	7.95
	11.44
	20.46

	
	9
	64.58
	8.80
	62.22
	10.28
	71.71
	12.99
	22.27
	26.02

	
	10
	57.36
	11.91
	63.01
	14.56
	67.55
	7.45
	23.84
	24.65

	
	11
	40.69
	10.16
	55.09
	10.91
	47.96
	16.44
	31.85
	22.73

	
	12
	21.16
	18.31
	36.48
	15.47
	44.63
	11.12
	30.46
	19.70
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	Dependent Measure
(corresponding figure)
	Time (h)
	Treatment

	
	
	Saline
	Fentanyl
	Morphine
	Buprenorphine

	
	
	Mean
	SD
	Mean
	SD
	Mean
	SD
	Mean
	SD

	% NREM
(Fig. 2.5B)
	13
	40.23
	19.78
	65.28
	7.36
	55.37
	11.07
	39.40
	22.75

	
	14
	40.14
	6.71
	55.88
	9.31
	57.36
	9.34
	58.24
	12.91

	
	15
	29.21
	22.86
	47.92
	13.99
	48.24
	12.41
	58.29
	14.82

	
	16
	42.87
	26.35
	46.81
	22.09
	57.41
	20.36
	65.19
	7.51

	
	17
	39.12
	18.93
	42.96
	22.60
	55.56
	5.47
	70.14
	9.85

	
	18
	51.39
	26.98
	54.35
	10.64
	55.93
	11.05
	66.16
	7.02

	
	19
	61.48
	13.12
	64.95
	12.62
	62.18
	10.75
	65.88
	11.59

	
	20
	54.68
	5.92
	64.81
	8.14
	55.56
	14.00
	70.88
	11.98

	
	21
	35.42
	13.43
	56.30
	10.30
	48.01
	11.36
	58.61
	11.28

	
	22
	26.57
	16.47
	33.33
	23.76
	36.57
	16.72
	43.15
	20.22

	
	23
	43.38
	13.40
	32.41
	14.54
	26.81
	25.69
	53.66
	19.90

	
	24
	51.34
	19.66
	58.70
	16.83
	47.04
	27.54
	43.06
	31.77

	% REM
(Fig. 2.5C)
	1
	0.28
	0.68
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	2
	6.53
	1.11
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	3
	8.47
	0.97
	0.00
	0.00
	0.88
	2.15
	0.00
	0.00

	
	4
	5.79
	2.53
	1.02
	2.49
	2.31
	3.65
	0.00
	0.00

	
	5
	9.07
	1.65
	0.97
	2.25
	3.43
	3.56
	0.00
	0.00

	
	6
	6.16
	2.21
	4.12
	4.73
	6.62
	3.16
	0.00
	0.00

	
	7
	7.82
	2.19
	3.84
	2.58
	9.95
	4.13
	0.00
	0.00

	
	8
	6.06
	1.31
	8.33
	3.37
	6.99
	2.80
	0.00
	0.00

	
	9
	6.67
	3.58
	6.57
	2.45
	9.68
	3.51
	0.00
	0.00

	
	10
	5.56
	2.22
	6.76
	2.87
	7.13
	2.43
	0.23
	0.57

	
	11
	2.73
	2.02
	6.30
	4.26
	4.63
	1.17
	1.44
	3.52

	
	12
	0.32
	0.79
	2.08
	1.75
	3.29
	1.64
	1.71
	2.69

	
	13
	1.62
	2.20
	7.45
	2.26
	3.89
	2.18
	2.45
	3.64

	
	14
	1.67
	2.11
	7.96
	2.23
	6.81
	2.83
	4.26
	3.94

	
	15
	2.59
	4.31
	6.06
	4.00
	5.46
	2.77
	7.78
	3.75

	
	16
	1.34
	1.39
	4.86
	4.51
	5.46
	2.92
	9.49
	2.33

	
	17
	3.06
	2.98
	2.96
	3.24
	5.19
	1.88
	8.94
	1.73

	
	18
	4.95
	4.41
	6.16
	2.54
	5.51
	1.59
	6.57
	2.71

	
	19
	5.32
	1.91
	8.15
	3.71
	6.57
	1.53
	9.31
	2.27

	
	20
	3.19
	2.53
	5.60
	1.40
	4.68
	2.13
	7.82
	3.58

	
	21
	0.56
	1.36
	4.35
	2.75
	1.76
	2.40
	6.57
	3.14

	
	22
	1.30
	1.32
	1.85
	2.48
	1.20
	1.90
	3.66
	2.95

	
	23
	2.78
	2.43
	1.48
	0.89
	1.25
	1.45
	2.31
	1.66

	
	24
	4.26
	3.34
	3.89
	2.94
	3.24
	3.30
	3.19
	2.59




[bookmark: _Toc182312897][bookmark: _Toc187064099][bookmark: _Toc187232201]Supplemental Table S 2.6. Inferential statistics and effect size for Fig. 2.5.  
Results from two-way, repeated measures ANOVA (Figs. 2.5A – C) are reported for effects of treatment (saline, fentanyl, morphine, and buprenorphine), time (24 h of recording), and treatment by time interaction (n = 6 mice).  Results from one-way, repeated measures ANOVA (Fig. 2.5D and E) are reported for treatment effects on latency to onset of NREM sleep and REM sleep (n = 6 mice).

	Dependent Measure
(corresponding fig.)
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared

	%Wake 
(Fig. 5A)
	Treatment main effect
	F3, 15 = 40.11
	< 0.0001
	27200
	0.05396

	
	Time main effect
	F23, 115 = 19.30
	< 0.0001
	143125
	0.28395

	
	Treatment x time interaction
	F69, 345 = 5.956
	< 0.0001
	158774
	0.31500

	
	Subject
	
	
	1189
	0.00236

	
	Residual
	
	
	133295
	0.26445

	%NREM 
(Fig. 5B)
	Treatment main effect
	F3, 15 = 24.49
	< 0.0001
	20621
	0.05038

	
	Time main effect
	F23, 115 = 19.03
	< 0.0001
	117341
	0.28670

	
	Treatment x time interaction
	F69, 345 = 7.995
	< 0.0001
	144762
	0.35370

	
	Subject
	
	
	990.4
	0.00242

	
	Residual
	
	
	90529
	0.22119

	%REM 
(Fig. 5C)
	Treatment main effect
	F3, 15 = 12.88
	= 0.0002
	133.3
	0.01678

	
	Time main effect
	F23, 115 = 9.242
	< 0.0001
	1697
	0.21362

	
	Treatment x time interaction
	F69, 345 = 8.018
	< 0.0001
	3111
	0.39161

	
	Subject
	
	
	93.16
	0.01173

	
	Residual
	
	
	1940
	0.24421

	NREM Latency 
(min) (Fig. 5D)
	Treatment main effect
	F3, 15 = 38.50
	< 0.0001
	160.9
	0.87020

	
	Mouse main effect
	F5, 15 = 0.4349
	= 0.8173
	3.03
	0.01639

	
	Residual
	
	
	20.9
	0.11303

	REM Latency (min)
(Fig. 5E)
	Treatment main effect
	F3, 15 = 59.10
	< 0.0001
	405.8
	0.90925

	
	Mouse main effect
	F5, 15 = 0.5320
	= 0.7489
	6.089
	0.01364

	
	Residual
	
	
	34.34
	0.07694




[bookmark: _Toc182312898][bookmark: _Toc187064100][bookmark: _Toc187232202]Supplemental Table S 2.7. Descriptive statistics for Fig. 2.6.  
Table values describe effects of treatment (saline, fentanyl, morphine, and buprenorphine) on EEG power (dB) during the first 30 min after injection, when all mice (n = 10) were awake. 

	Dependent  Measure
	Treatment
	Mean
	Median 
	Minimum
	Maximum
	SD
	%CV

	Total Power
(0 – 60 Hz)
	Saline
	1095.6
	1138.7
	731.8
	1415.5
	234.0
	21.4

	
	Fentanyl
	945.2
	977.3
	412.4
	1451.3
	359.3
	38.0

	
	Morphine
	953.6
	991.8
	398.4
	1341.5
	279.3
	29.3

	
	Buprenorphine
	1075.1
	1073.3
	701.6
	1405.2
	229.3
	21.3

	Delta
(0.5 – 4 Hz)
	Saline
	143.6
	150.1
	107.9
	184.8
	23.1
	16.1

	
	Fentanyl
	134.8
	135.2
	98.7
	168.4
	22.4
	16.6

	
	Morphine
	132.1
	135.6
	95.1
	158.9
	22.5
	17.0

	
	Buprenorphine
	137.8
	137.5
	109.8
	167.6
	19.1
	13.9

	Theta
(4 – 8 Hz)
	Saline
	147.6
	156.7
	109.5
	170.9
	20.5
	13.9

	
	Fentanyl
	123.2
	115.6
	76.1
	168.5
	32.7
	26.5

	
	Morphine
	128.3
	136.8
	82.7
	152.3
	23.4
	18.2

	
	Buprenorphine
	139.9
	140.2
	102.6
	172.2
	22.3
	16.0

	Alpha
(8 – 13 Hz)
	Saline
	144.7
	150.3
	107.5
	174.3
	23.7
	16.4

	
	Fentanyl
	107.4
	105.4
	40.4
	166.5
	45.2
	42.1

	
	Morphine
	112.2
	118.0
	45.5
	156.0
	30.8
	27.4

	
	Buprenorphine
	133.5
	141.2
	97.7
	163.5
	26.1
	19.5

	Sigma
(12 – 15 Hz)
	Saline
	64.7
	66.4
	46.5
	85.7
	12.5
	19.3

	
	Fentanyl
	49.4
	49.7
	13.7
	83.2
	22.9
	46.4

	
	Morphine
	49.7
	53.3
	17.9
	67.7
	15.2
	30.6

	
	Buprenorphine
	58.5
	58.2
	40.1
	75.0
	11.9
	20.3

	Beta
(13-30 Hz)
	Saline
	278.8
	275.6
	168.9
	397.2
	74.2
	26.6

	
	Fentanyl
	232.2
	256.5
	63.2
	412.1
	110.9
	47.7

	
	Morphine
	231.9
	229.2
	71.4
	357.6
	84.9
	36.6

	
	Buprenorphine
	262.8
	255.5
	161.8
	373.1
	69.2
	26.3

	Gamma 
30 – 60 Hz)
	Saline
	144.7
	150.3
	107.5
	174.3
	23.7
	16.4

	
	Fentanyl
	107.4
	105.4
	40.4
	166.5
	45.2
	42.1

	
	Morphine
	112.2
	118.0
	45.5
	156.0
	30.8
	27.4

	
	Buprenorphine
	133.5
	141.2
	97.7
	163.5
	26.1
	19.5




[bookmark: _Toc182312899][bookmark: _Toc187064101][bookmark: _Toc187232203]Supplemental Table S 2.8. Inferential statistics and effect size for Fig. 2.6.  
Results from one-way, repeated measures ANOVA are reported for effects of treatment (saline, fentanyl, morphine, and buprenorphine) and mouse (n = 10) on EEG power (percent change from saline). 

	Dependent       Measure
	ANOVA Table
	FDFn, DFd
	P
	Sum of Squares
	Eta Squared

	Total Power
(0 – 60 Hz)
	Treatment main effect
	F3, 27 = 9.550
	= 0.0002
	6178
	0.27370

	
	Mouse main effect
	F9, 27 = 5.448
	= 0.0003
	10572
	0.46837

	
	Residual
	
	
	5822
	0.25793

	Delta
(0.5 – 4 Hz)
	Treatment main effect
	F3, 27 = 0.6231
	= 0.6062
	301.7
	0.04464

	
	Mouse main effect
	F9, 27 = 1.445
	= 0.2188
	2098
	0.31045

	
	Residual
	
	
	4358
	0.64487

	Theta
(4 – 8 Hz)
	Treatment main effect
	F3, 27 = 4.668
	= 0.0094
	1796
	0.22743

	
	Mouse main effect
	F9, 27 =2.288
	= 0.0467
	2640
	0.33430

	
	Residual
	
	
	3462
	0.43839

	Alpha
(8 – 13 Hz)
	Treatment main effect
	F3, 27 = 7.198
	= 0.0011
	5032
	0.28405

	
	Mouse main effect
	F9, 27 = 3.048
	= 0.0119
	6392
	0.36082

	
	Residual
	
	
	6292
	0.35518

	Sigma
(12 – 15 Hz)
	Treatment main effect
	F3, 27 = 6.527
	= 0.0018
	4724
	0.24999

	
	Mouse main effect
	F9, 27 = 3.527
	= 0.0053
	7658
	0.40525

	
	Residual
	
	
	6514
	0.34471

	Beta
(13-30 Hz)
	Treatment main effect
	F3, 27 = 2.365
	= 0.0932
	2667
	0.11677

	
	Mouse main effect
	F9, 27 = 2.962
	= 0.0139
	10023
	0.43884

	
	Residual
	
	
	10150
	0.44440

	Gamma 
(30 – 60 Hz)
	Treatment main effect
	F3, 27 = 0.7923
	= 0.5088
	2453
	0.04488

	
	Mouse main effect
	F9, 27 = 2.621
	= 0. 0254
	24345
	0.44541

	
	Residual
	
	
	27860
	0.50972
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[bookmark: _Toc187236906]Abstract
States of sleep and wakefulness, electroencephalographic (EEG) power, motor activity, and body temperature are temporally linked, yet these variables are often studied independently.  This study obtained the foregoing measures simultaneously, making it possible to test the hypothesis that antinociceptive doses of fentanyl and morphine simultaneously alter sleep-wake states, EEG power, motor activity, and subcutaneous body temperature (Tsc).  Twelve C57BL/6J mice were used to identify the lowest doses of fentanyl (0.1 mg/kg) and morphine (1 mg/kg) that caused antinociception.  Additional mice (n=12) were implanted with telemeters to simultaneously record EEG, electromyogram, motor activity, and Tsc.  The results show that fentanyl (0.1, 0.3, 1, 3 mg/kg) and morphine (1, 3, 10, 30 mg/kg) significantly (P<0.05) increased wakefulness and decreased NREM and REM sleep.  Higher doses of fentanyl and morphine significantly and differentially altered EEG power during wakefulness.  Fentanyl (0.1 to 3 mg/kg) and morphine (3 to 30 mg/kg) significantly increased motor activity.  Tsc during wakefulness was significantly decreased by fentanyl (1, 3 mg/kg).  Morphine increased (3 mg/kg) and decreased (30 mg/kg) Tsc.  Mediation analyses showed that the increase in wakefulness caused by fentanyl and morphine was partially mediated by motor activity, but not by changes in Tsc.  Compared to humans, these results in mice reveal similarities (sleep disruption, altered EEG power, hyperthermia and hypothermia) and differences (increased motor activity) in opioid-induced phenotypes.  The results of mediation analyses highlight the need for a systems biology approach to studies using murine models of pain, addiction, and opioid-induced disruption of sleep and autonomic physiology. 
[bookmark: _Toc187236907]Introduction
[bookmark: _Hlk127278984]Despite the ongoing crisis of addiction, opioids are a vital tool for managing acute (Dowell et al., 2022) and chronic (Dahlhamer et al., 2018) pain.  Factors that complicate the clinical usefulness of opioids include respiratory depression (Ramirez et al., 2021), abuse potential (Volkow & McLellan, 2016), sleep disruption (Eacret et al., 2020; R. Lydic et al., 2022), and slowing of cortical electroencephalographic (EEG) activity (Cao & Javaheri, 2018; Eacret et al., 2020; Greenwald & Roehrs, 2005; R. Lydic et al., 2022).  In humans reduced sleep causes neurobehavioral deficits (Yamazaki et al., 2021) and increases the risk of addiction relapse (Brower & Perron, 2010; López-Muciño et al., 2022; Roehrs et al., 2021).  Sleep disruption delays wound healing in mice (McLain et al., 2018) and humans (Anderson & Jeter, 2023).  Sleep loss also causes hyperalgesia in humans (Finan et al., 2013; Roehrs et al., 2006), rats (Muncey et al., 2010; Vanini et al., 2014), and mice (Dalanon et al., 2021).  Hyperalgesia increases analgesic requirement (Fletcher & Martinez, 2014; Knutson, 2015), creating a vicious cycle (Haack et al., 2020) for pain management.
Mediation analysis, a specific application of structural equation modeling, is a statistical approach used to understand the mechanism through which an independent variable (predictor) influences a dependent variable (outcome) via one or more intermediary variables, known as mediators.  This report presents results of a study designed to evaluate the hypothesis that antinociceptive doses of fentanyl and morphine disrupt sleep while causing changes in cortical EEG power, motor activity, and subcutaneous body temperature (Tsc).  For the present study a direct effect indicates how the opioid treatment impacts any one of the dependent variables without influence of a mediator variable.  An indirect effect quantifies how the opioid dose alters a dependent variable through a mediator variable.  The total effect of fentanyl or morphine is represented by the sum of the direct and indirect effects.  Mediation analyses that incorporate the complexity of opioids causing direct and indirect effects have provided insights relevant to opioid-induced respiratory depression (Orr et al., 2024) and to clinical management of pain (Whibley et al., 2019).  The present study is a novel application of mediation analysis to quantify opioid-induced changes in the neurobehavioral function of C57/BL6J (B6) mice.
Single-dose studies have reported opioid-induced sleep disruption and EEG slowing in B6 mice (C. O. O’Brien et al., 2021).  The importance of quantifying dose-dependent effects of fentanyl has been emphasized (Burgraff, 2024).  This study compared the effects of eight fentanyl and eight morphine doses on simultaneously obtained measures of cortical EEG activity, motor activity, and subcutaneous body temperature (Tsc).  Mediation analysis (Vuorre & Bolger, 2018) was used to quantify the extent to which opioid-induced sleep disruption is mediated by changes in motor activity and/or Tsc.  The results illustrate the power of a systems biology approach (Lydic & Baghdoyan, 2021) for unmasking opioid-induced changes in neurobehavioral function that are the emergent product of interacting regulatory systems.  Preliminary data quantifying the dose-response effects of fentanyl and morphine on states of sleep and wakefulness, EEG power, motor activity, and Tsc in B6 mice have been presented (Cooper et al., 2023; C. B. O’Brien et al., 2021; Zebadúa Unzaga et al., 2021; Zebadúa Unzaga et al., 2022)..
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Animals
All experiments involving animals were reviewed and approved by the University of Tennessee Institutional Animal Care and Use Committee and were conducted in accordance with the ARRIVE guidelines (Percie du Sert et al., 2020).  Adult, male B6 mice (Stock# 000664; n=24) were purchased from The Jackson Laboratory (Bar Harbor, ME).  At the University of Tennessee Knoxville mice were housed on a 12 h:12 h light-dark schedule in a facility where temperature and humidity ranged from 20.6 to 24.5 °C and 30 to 70%, with 10 to 12 air changes every hour.  Mice had ad libitum access to water and rodent chow (Teklad 8640, Envigo, Madison, WI).  Igloos, nestlets, and paper cones were rotated in home cages to provide environmental enrichment.  Before surgical implantation of telemeters, littermates were housed together with no more than five mice in each cage (19 x 29 x 13 cm).  Cages, enrichment items, and bedding (Harlan Soft Cob Enrichment Bedding) were changed once per week.  Mice were monitored daily by laboratory members and by sensors that provided the investigators with continuous 24/7 wireless receipt of temperature and humidity data.  Mice were given at least one-week to adjust to the housing environment before starting nociceptive testing or surgical procedures. 
Quantifying antinociceptive effects of fentanyl and morphine
The tail withdrawal latency test measured the time from tail immersion into a beaker of water maintained at 47.8 to 50°C to mouse-initiated tail removal (Gårdmark et al., 1998; Schildhaus et al., 2014).  Mean ± SD age of these mice (n=12) was 26 ± 5.2 weeks and mean ± SD body weight was 35 ± 4.9 g.  One week prior to measuring tail withdrawal latency the mice were conditioned daily to being handled and placed in an acrylic restraint tube with their tails extending outside of the tube.  For data collection the distal third of the tail was placed in the water bath and a timer was started.  The timer was stopped when the mouse withdrew its tail from the water.  Three tail withdrawal latency measures were obtained from each mouse.  The three measures were separated by a 10-s interval of no stimulation.  Baseline tail withdrawal latency was measured prior to subcutaneous injections (0.3 mL) of saline and each dose of fentanyl and morphine.  Tail withdrawal latency was measured again 30 min after saline or opioid administration.  To prevent tissue damage, the maximum amount of time that mouse tails were left in the warm water was 15 s, after which the experimenter removed the mouse tails from the water bath.  Thus, the maximum possible value for tail withdrawal latency was 15 s (Glovak et al., 2017).
Implantation of subcutaneous telemeters for simultaneous recording of EEG, electromyogram (EMG), motor activity, and subcutaneous body temperature (Tsc)
Twelve additional B6 mice naïve to opioids were implanted with telemeters (HD-X02, Data Sciences International, DSI, New Brighton, MN).  Telemeters were used to quantify effects of opioids on states of sleep and wakefulness, cortical EEG power, dorsal neck muscle EMG, motor activity, and Tsc from freely behaving mice in their home cages.  Surgeries were performed under general anesthesia with 2% isoflurane (Henry Schein, Melville, NY) delivered in 100% oxygen at a flow rate of 1 L/min.  At the time of surgery mean ± SD mouse age was 22 ± 3.2 weeks and mean ± SD mouse body weight was 33 ± 4.2 g.  Isoflurane delivery via an agent-specific vaporizer was monitored by spectrophotometry (Cardiocap/5; Datex-Ohmeda Inc., Madison WI).
Mice were placed in a plexiglass induction chamber and loss of righting reflex was used as an index of loss of consciousness (Vanini et al., 2014).  Mice were shaved over the skull and cranial half of the dorsum.  Anesthetic depth was assessed based on breathing rate and lack of response to a foot pad pinch.  Mice were then placed in a stereotaxic frame (David Kopf Instruments, Tujunga CA; model 962) fitted with a mouse adaptor (model 921) and a mouse anesthesia mask (model 907).  Ketoprofen (5 mg/kg) in saline (0.3 mL) was administered subcutaneously to provide post-operative analgesia and prevent dehydration.  A subcutaneous radio-frequency identification chip (ID-100B 1.4, MICROCHIPID, Lake Zurich, IL) was implanted to provide unique alphanumeric identification for each mouse.  Throughout surgery the eyes of the mouse were protected with ophthalmic ointment.  Core body temperature (36–37 oC) was monitored via a rectal thermometer and maintained using hot water circulating through a leakproof pad (Gaymar TP400 T/Pump heat therapy system).  The skin was prepared aseptically for surgery by alternating iodine solution and iodine scrub.  Respiratory rate and body temperature were measured every 10 min until the end of the surgical procedure.  
A midline skin incision was made beginning at the top of the skull and extending caudally between the scapulae.  Bipolar EEG recording electrodes originating from the telemeter were connected to stainless steel screws (Antrin Miniature Specialties, Fallbrook, CA) implanted above the cortex.  Burr holes for the screws were made at stereotaxic coordinates 1.0 mm anterior to Bregma and 1.0 mm lateral to the midline (negative lead), and 3.0 mm posterior to Bregma and 3.0 mm lateral to the midline (positive lead) (Paxinos & Franklin, 2019).  Two electrodes were placed in the cervical trapezius muscle in the dorsal region of the neck to record EMG.  The telemeter was placed in a deep subcutaneous pocket in the right dorsal flank.  The dorsal portion of the incision over the skull and neck was closed with non-absorbable sutures (Prolene 6-0) in a simple interrupted pattern.  The caudal portion of the incision was closed with wound clips (Henry Schein, Melville NY).  Mice recovered in a heated cage and were monitored continuously until they displayed normal righting and ambulation.
After surgery, mice were housed individually to prevent disruption of the implant by cage mates.  Daily health examinations were performed by investigators to assess mouse well-being.  Postoperative monitoring focused on wound healing and behavioral indices of health including normal locomotion, nest building, and normal gain of body weight.  Mice recovered during a two-week postsurgical healing period that preceded data collection.
Experimental design
A within-subject, repeated measures design was used to reduce the number of animals needed (Piantadosi, 1997).  Each mouse received subcutaneous injections (0.3 mL) of saline (vehicle control) and increasing half-log doses of fentanyl (0.001 to 3 mg/kg) and morphine (0.01 to 30 mg/kg).  Injections into the same mouse were separated by three to four days.  To reduce the potential for order bias, each mouse was randomly assigned to receive either fentanyl or morphine treatment first.  After each mouse received saline and all doses of the first opioid, mice were given one week of no injections before starting the second opioid.  A second saline injection was administered before the second treatment protocol was started.  Results of the first and second saline treatment were compared to confirm that the dependent measures of nociception, sleep-wake states, motor activity, and Tsc had not changed due to treatment or time.  Mice were weighed and given health examinations before each experiment. 
Recording and quantifying states of sleep and wakefulness, motor activity, and subcutaneous body temperature
Recordings of the dependent measures were obtained from mice in their home cages by placing each cage on a receiver that communicated with the data acquisition computer (DSI Matrix 2.0 MX2).  Subcutaneous injections were given within 90 min of light onset and 4-h recordings began immediately after each injection.  EEG and EMG signals were used to objectively quantify states of wakefulness, rapid eye movement (REM) sleep, and non-REM (NREM) sleep.  Motor activity was measured by the telemeter as activity counts in arbitrary units (a.u.).  The implanted telemeter also measured Tsc in degrees Celsius.  EEG, EMG, motor activity, and Tsc were measured and recorded simultaneously.
Ponemah software (v6.33, DSI) was used to digitize EEG, EMG, motor activity, and Tsc signals at a sampling frequency of 500 Hz.  Bandpass filters of 0.3 to 30 Hz and 10 to 100 Hz were applied to the EEG and EMG signals, respectively.  A notch filter of 60 Hz was applied to both signals to reduce electrical noise.  The digitized biopotentials were scored offline using NeuroScore™ (v3.3.1, DSI).
Behavioral states of sleep and wakefulness were assessed in 10-s bins by two independent scorers, one of whom was blinded to the treatment condition.  Agreement between the two scorers was equal to or greater than 90%.  Criteria used to score each 10-s bin as wakefulness, NREM sleep, or REM sleep have been previously described (Flint et al., 2010; C. O. O’Brien et al., 2021).  Briefly, episodes of wakefulness were characterized by a low amplitude, fast frequency EEG signal and a high amplitude EMG signal.  Epochs of NREM sleep were distinguished by increased EEG delta activity (0.5 to 4 Hz) and reduced EMG amplitude.  REM sleep was identified by increased EEG theta activity (4 to 8 Hz) and a further decrease in EMG amplitude that indicated skeletal muscle atonia.  Motor activity and Tsc were analyzed using a MATLAB custom script that averaged activity counts across the 4-h recording period during wakefulness and averaged Tsc during wakefulness, NREM sleep, and REM sleep. 
Analysis of EEG power during wakefulness
The EEG was analyzed using multitaper spectral estimation (C. O. O’Brien et al., 2021) to assess opioid effects in five power bands: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), sigma (12-15 Hz), and beta (13-30 Hz).  Multitapered spectrograms were produced in MATLAB using custom scripts (O’Brien et al., 2019).  All mice were awake during the first 30 min after receiving an injection of saline or an opioid.  Accordingly, the first 30 min of recording post-injection was used to analyze EEG power.  This approach ensured that any measured changes in EEG power were caused by the opioid and not by a change in behavioral state from wakefulness to sleep.
Statistical analyses
Opioid dose was treated as the independent variable throughout the study.  Dependent variables included tail withdrawal latency, EEG power, percent of recording time spent in states of wakefulness, NREM sleep, and REM sleep, number of episodes and episode duration for each behavioral state, time from injection onset to enter NREM sleep and REM sleep (latency), number of transitions between states, motor activity, and Tsc.  These dependent measures were analyzed using Prism (v10.2.3, GraphPad, San Diego, CA) or Statistical Analysis System (SAS V9.4 TS1M7, Cary, NC) for descriptive and inferential statistics.  Normality of these data was evaluated using Shapiro-Wilk and Q-Q plots.
The dose-response effects of fentanyl and morphine were analyzed using the non-linear regression equation Y= B + (T-B)/(1+10^(LogED50-X)).  Terms in this equation were defined as: “B”, the lower limit of the dependent variable; “T”, the highest limit for the dependent variable response; “X”, the logarithm of the fentanyl or morphine dose; and “Y”, the dependent variable.  Nonlinear regression was used to calculate the half-maximal dose (ED50) for increasing tail withdrawal latency, wakefulness, and motor activity, and the half-maximal dose for inhibiting (ID50) NREM sleep and REM sleep.  Repeated measures, one-way ANOVA and post hoc Dunnett’s multiple comparisons test were used to identify doses of fentanyl and morphine that caused significant changes from control (saline) for all dependent measures.  The effects of opioids on sleep latency were also evaluated by survival analysis using the Kaplan-Meier method (Prism v10.2.3).
A within-subject multilevel mediation regression model (Vuorre & Bolger, 2018) was performed using Stata (StataCorp. 2023. Stata Statistical Software: Release 18. College Station, TX: StataCorp LLC).  These analyses assessed the possible mediation effects of motor activity and Tsc on the relationship between opioid dose and percent of the 4-h recording time spent in wakefulness.  Statistical assumptions were evaluated as follows for the mediation analyses.  Normality of residuals was performed for all models using the Shapiro-Wilk test and Q-Q plots.  Equality of variance and outliers were evaluated using Levene’s test for equality of variances, boxplots, and studentized residual diagnostics.  Heteroskedasticity was evaluated using residual vs fitted plots.  Motor activity data underwent a natural log (Ln) transformation in order to meet the statistical assumptions of the model.  After motor activity was transformed, all statistical assumptions were met.  All comparisons were considered statistically significant with a probability (P) value of < 0.05.
[bookmark: _Toc187236909]Results
The overarching goal of this study was to elucidate the dose-dependent effects of fentanyl and morphine on measures of nociception, EEG power across five distinct frequency bands, body temperature, and locomotor activity.  The dose-dependent effects of opioids on each of the above dependent variables was quantified in relation to the temporal organization of sleep and wakefulness.  To achieve the study goal, the initial experiments quantified sleep-dependent changes in body temperature (Figure 3.1A) and dose-dependent effects of fentanyl and morphine on nociception (Figure 3.1B).  These results logically prefaced quantification of opioid-induced alterations in EEG power (Figure 3.2) and the temporal organization of sleep/wake states (Figure 3.3 and Table. 3.1).  Figure 3.4 summarizes the time course for the effects of fentanyl and morphine on wakefulness, NREM sleep, and REM sleep.  Finally, Figure 3.5 plots the results of mediation analyses used to determine whether the opioid-induced increase in wakefulness was mediated by motor activity or Tsc.  The 10 subsections below are organized to concisely describe the opioid effects on individual dependent variables and their interactions.  Quantifying these interactions among multiple dependent variables was made possible by their simultaneous measurement as a function of fentanyl and morphine dose.
Sleep-dependent changes in subcutaneous body temperature (Tsc)
This study concurred with the admonition that “temperature measures should be obtained during animal sleep recordings to better understand the relation of sleep to thermoregulation” (Siegel, 2022).  Figure 3.1A plots state-dependent changes in Tsc in B6 mice after injection of saline.  These plots confirm that body temperature across the sleep/wake cycle was measured reliably in freely moving mice using the HD-X02 telemeter (Sun et al., 2023).  Repeated measures one-way ANOVA indicated that Tsc varied significantly across the sleep/wake cycle (F(2, 22) = 202.8; P < 0.0001).  Tukey’s multiple comparisons test revealed that Tsc was significantly (*P < 0.0001) decreased below waking levels during NREM sleep and during REM sleep, and that Tsc during REM sleep was significantly lower than Tsc during NREM sleep (#P = 0.0052).  
Dose-dependent antinociception
Figure 3.1B summarizes the dose-response relationships for fentanyl- and morphine-induced antinociception.  Tail withdrawal latency data were evaluated by one-way repeated measures ANOVA.  There was a significant (P < 0.0001) main effect of fentanyl dose (F7, 77 = 190.4) and morphine dose (F7, 77 = 154.8) on tail withdrawal latency.  Dunnett’s multiple comparisons tests revealed that tail withdrawal latency was significantly increased above control levels by the four highest doses of fentanyl (*P < 0.01), and by the four highest doses of morphine (*P < 0.02).  
The lowest antinociceptive doses for fentanyl and morphine were 0.1 and 1 mg/kg, respectively.  ED50 values for fentanyl and morphine were 0.49 and 8.29, respectively, indicating that, as expected, fentanyl was more potent than morphine in providing antinociception.  The Figure 3.1B results are directly relevant to subsequent figures showing that the lowest dose of fentanyl and morphine that produced antinociception also disrupted sleep.  The lowest antinociceptive dose of fentanyl also increased motor activity.  
Fentanyl and morphine differentially altered sleep and EEG power during wakefulness
Time course graphs, or hypnograms, from one representative mouse (Figure 3.2A) plot effects on sleep and wakefulness of the lowest effective antinociceptive doses of fentanyl (0.1 mg/kg) and morphine (1 mg/kg), as well as the highest tested doses of fentanyl (3 mg/kg) and morphine (30 mg/kg).  Figure 3.2A illustrates opioid-induced sleep disruption by the lowest antinociceptive doses of both opioids and shows that the highest tested doses of fentanyl and morphine eliminated sleep for the entire 4-h recording period.
EEG data from the same mouse used for Figure 3.2A are plotted as multitaper spectrograms in Figure 3.2B.  Spectrograms transform EEG signals from the time domain into the time-frequency domain.  This transformation allows visualization of changes in spectral power (colors) as a function of drug and dose.  Those changes can be seen by comparing the multitapered spectrograms of each dose of opioid with the respective control (saline), as well as by comparing the high dose fentanyl spectrogram (3 mg/kg) with the high dose morphine spectrogram (30 mg/kg). 
Figure 3.2C illustrates the dose-dependent effects of fentanyl and morphine on EEG power during wakefulness in B6 mice.  These effects were analyzed by one-way repeated measures ANOVA.  Fentanyl (Figure 3.2C, blue symbols) and morphine (Figure 3.2C, red symbols) differentially altered EEG power.  There was a significant main effect of fentanyl on EEG delta power (F8, 80 = 20.66; P < 0.0001), theta power (F8, 80 = 3.84; P = 0.0007), alpha power (F8, 80 = 6.86; P < 0.0001), and beta power (F8, 80 = 6.13; P < 0.0001).  Dunnett’s multiple comparisons tests revealed that relative to control (0 mg/kg), fentanyl at 1 and 3 mg/kg significantly (*P<0.0001) increased EEG delta power; at 3 mg/kg, significantly (*P = 0.02) increased theta power; and at 3 mg/kg significantly increased beta power (*P < 0.0001).  Fentanyl at 0.3 and 1 mg/kg significantly (*P < 0.04) decreased alpha power (Figure 3.2C, left column).  
In contrast to fentanyl, morphine did not significantly change EEG delta power (Figure 3.2C, right column).  Morphine had a significant main effect on EEG theta power (F8, 88 = 4.21; P = 0.0003), alpha power (F8, 88 = 6.93; P < 0.0001), and beta power (F8, 88 = 3.80; P = 0.0007).  Dunnett’s multiple comparisons test revealed that, unlike fentanyl, morphine (30 mg/kg) decreased both EEG theta power, (*P = 0.03) and beta power (*P = 0.04).  Similar to fentanyl, morphine at 10 and 30 mg/kg decreased EEG alpha power (*P < 0.01) (Figure 3.2C, right column).  Neither fentanyl nor morphine significantly altered EEG sigma power (data not shown).
Fentanyl and morphine reduced time in NREM and REM sleep
The same doses of both opioids that caused significant antinociception (i.e., increased tail withdrawal latency; Figure 3.1B) also caused significant sleep disruption.  Figure 3.3A shows that the percent of the 4-h recording period spent in wakefulness was progressively increased by increases in opioid dose and was accompanied by concomitant decreases in NREM sleep and REM sleep (Figure 3.3B & 3.3C).  For all 12 mice, sleep was eliminated for at least 4 h by the highest dose of fentanyl (3 mg/kg) and by the two highest doses of morphine (10 and 30 mg/kg).  The ED50 values for increasing wakefulness were 0.18 for fentanyl and 2.43 for morphine.  The ID50 values for decreasing NREM sleep were 0.19 for fentanyl and 2.56 for morphine.  REM sleep ID50 values for fentanyl and morphine were 0.13 and 1.50, respectively.  Averaged together, the foregoing ED50 and ID50 values indicate that fentanyl was approximately 13 times more potent than morphine for increasing wakefulness and decreasing sleep.
The Figure 3.3A, 3.3B, and 3.3C data were analyzed using one-way repeated measures ANOVA to evaluate significant dose effects of fentanyl and morphine.  There was a significant (P < 0.0001) treatment main effect for fentanyl on percent of the 4-h recording period spent in wakefulness (Figure 3.3A, F8, 88 = 192.3), NREM sleep (Figure 3.3B, F8, 88 = 184.1), and REM sleep (Figure 3.3C, F8, 88 = 124.0).  Dunnett’s multiple comparisons test indicated that doses of fentanyl ≥ 0.1 mg/kg significantly (*P < 0.001) increased percent wakefulness and decreased percent NREM (*P < 0.001) and REM sleep (*P < 0.0001) relative to control (0 mg/kg).  
There was also a significant (P < 0.0001) treatment main effect of morphine on percent of the 4-h recording period spent in wakefulness (Figure 3.3A, F8, 88 = 182.0), NREM sleep (Figure 3.3B, F8, 88 = 180.5), and REM sleep (Figure 3.3C, F8, 88 = 88.41).  Dunnett’s multiple comparisons test revealed that doses of morphine ≥ 1 mg/kg significantly increased percent time in wakefulness (*P < 0.001) and decreased percent time in NREM sleep (*P < 0.001) and REM sleep (*P < 0.0001) relative to control (0 mg/kg).  
Fentanyl and morphine decreased the number of sleep and wakefulness episodes 
Both opioids caused dose-dependent decreases in the number of episodes of wakefulness, NREM sleep, and REM sleep (Figure 3.3D-F).  The ID50 values for fentanyl-induced decreases in the number of episodes were 0.17, 0.18, and 0.11 for wakefulness, NREM sleep, and REM sleep, respectively.  ID50 values for morphine-induced decreases in the number of episodes of wakefulness, NREM sleep, and REM sleep were 2.86, 2.94, and 1.69, respectively.  When averaged together, these ID50 values indicate that fentanyl was approximately 16 times more potent than morphine for decreasing the number of behavioral state episodes.
One-way repeated measures ANOVA and post hoc Dunnett’s multiple comparisons test were used to identify doses of fentanyl and morphine that significantly changed the number of episodes for each behavioral state.  There was a significant (P < 0.0001) treatment main effect for fentanyl on the number of episodes of wakefulness (Figure 3.3D, F8, 88 = 80.16), NREM sleep (Figure 3.3E, F8, 88 = 82.72), and REM sleep (Figure 3.3F, F8, 88 = 97.65).  Dunnett’s multiple comparisons test showed that doses of fentanyl ≥ 0.1 mg/kg significantly (*P < 0.001) decreased the number of episodes of all three behavioral states.  
Significant (P < 0.0001) treatment main effects were found for morphine on the number of episodes of wakefulness (Figure 3.3D, F8, 88 = 44.63), NREM sleep (Figure 3.3E, F8, 88 = 46.29), and REM sleep (Figure 3.3F, F8, 88 =63.83).  Dunnett’s multiple comparisons test revealed that doses of morphine ≥ 3 mg/kg significantly (*P < 0.0001) decreased the number of episodes of wakefulness (Figure 3.3D) and NREM sleep (Figure 3.3E).  The number of REM sleep episodes (Figure 3.3F) was significantly (*P < 0.0001) decreased by doses of morphine ≥ 1 mg/kg.  
Fentanyl and morphine increased the duration of waking episodes
The dose-dependent decreases in the number of episodes of wakefulness, NREM sleep, and REM sleep described above were accompanied by concomitant increases in the duration of wakefulness episodes (Figure 3.3G), and corresponding decreases in NREM and REM sleep episode duration (Figure 3.3 H and 3.3 I).  The ED50 values for opioid-induced increases in duration of wakefulness episodes were 0.59 for fentanyl and 8.70 for morphine, respectively (Figure 3.3G).  ID50 values for opioid-induced decreases in duration of NREM sleep episodes were 1.11 for fentanyl and 13.6 for morphine (Figure 3.3H).  ID50 values for opioid-induced decreases in REM sleep episode duration were 0.38 for fentanyl and 5.25 for morphine (Figure 3.3I).  These ED50 and ID50 values, when averaged together, indicate that fentanyl was approximately 14 times more potent than morphine for effects on duration of episodes for all three behavioral states.
One-way repeated measures ANOVA showed a treatment main effect for fentanyl on duration of episodes for wakefulness (Figure 3.3G, F8, 88 = 85.28, P < 0.0001), NREM sleep (Figure 3.3H, F8, 88 = 17.67, P < 0.0001), and REM sleep (Figure 3.3I, F8, 88 = 37.38, P < 0.0001).  Dunnett’s multiple comparisons test indicated that doses of fentanyl ≥ 0.3 mg/kg significantly (*P < 0.0001) increased episode duration of wakefulness and decreased REM sleep episode duration.  NREM sleep episode duration was significantly (*P < 0.0001) decreased by the two highest doses of fentanyl, 1 and 3 mg/kg.  There was a treatment main effect of morphine on duration of wakefulness episodes (Figure 3.3G, F8, 88 = 287.1, P < 0.0001), NREM sleep (Figure 3.3H, F8, 88 =34.18, P < 0.0001), and REM sleep (Figure 3.3I, F8, 88 = 30.88, P < 0.0001).  Dunnett’s multiple comparisons test indicated that the 3, 10, and 30 mg/kg doses of morphine significantly increased the duration of waking episodes (*P < 0.02) and decreased the duration of REM sleep episodes (*P < 0.02).  The 10 and 30 mg/kg doses of morphine decreased duration of NREM sleep episodes (*P < 0.0001).  Wake duration was increased by morphine (3, 10, and 30 mg/kg), NREM sleep duration was decreased by morphine (10 and 30 mg/kg), and REM sleep duration was decreased by morphine (3, 10, and 30 mg/kg). In summary, both opioids disrupted sleep architecture by significantly increasing the duration of wakefulness episodes (Figure 3.3G), thereby decreasing the number of wakefulness episodes (Figure 3.3D) and decreasing the number and duration of sleep episodes (Figures 3.3 E, 3.3 F, 3.3 H, and 3.3 I).  
Sleep latency was increased by antinociceptive doses of fentanyl and morphine
Survival curves (Figure 3.3J-M) plot the dose-dependent increases in latency to onset of NREM sleep and REM sleep caused by fentanyl and morphine.  The probability of no NREM sleep and no REM sleep increased with increasing doses of fentanyl (Figure 3.3J and 3.3K, respectively).  The highest dose of fentanyl (3 mg/kg) increased NREM sleep latency to greater than 240 min for all 12 mice (Figure 3.3J ).  The two highest doses of morphine (10 and 30 mg/kg) increased NREM sleep and REM sleep latency to greater than 240 min for all 12 mice (Figure 3.3L and 3.3M, respectively).
Nonlinear regression analyses were applied to the dose-response data for latency to onset of NREM and REM sleep.  ED50 values for the opioid-induced increases in NREM sleep latency were 0.18 for fentanyl and 2.95 for morphine.  ED50 values for REM sleep latencies were 0.14 for fentanyl and 1.62 for morphine.  These results indicate that fentanyl was approximately 14 times more potent than morphine for inhibiting the onset of both NREM and REM sleep. 
One-way repeated measures ANOVA showed a treatment main effect for fentanyl on latency to onset of NREM sleep (F8, 88 = 189.9, P < 0.0001) and REM sleep (F8, 88 = 181.6, P < 0.0001).  Dunnett’s multiple comparisons test indicated that doses of fentanyl ≥ 0.1 mg/kg significantly (*P < 0.0001) increased latency to onset of NREM and REM sleep.  NREM and REM sleep latencies were significantly increased by fentanyl (0.1, 0.3, 1, and 3 mg/kg).  There was a treatment main effect for morphine on latency to onset of NREM sleep (F8, 88 =191.3, P < 0.0001) and REM sleep (F8, 88 = 203.4, P < 0.0001).  Dunnett’s multiple comparisons test indicated that doses of morphine ≥ 1 mg/kg significantly increased NREM sleep latency (*P < 0.01) and REM sleep latency  (*P < 0.001).  
Fentanyl and morphine changed the number of transitions between states of sleep and wakefulness
Table 3.1. summarizes the effects of fentanyl and morphine on the number of state transitions.  Repeated measures ANOVA and Dunnett’s multiple comparisons test showed that, relative to control (0 mg/kg), the number of all state transitions was significantly (*P < 0.01) decreased by the lowest antinociceptive dose of fentanyl (0.1 mg/kg).  The lowest antinociceptive dose of morphine (1 mg/kg) significantly decreased transitions from NREM to REM sleep, and from NREM sleep to wakefulness.  The two higher doses of fentanyl and morphine significantly decreased all state transitions.  
Time course of dose-dependent opioid-induced sleep disruption
The Figure 3.4 radar plots show the time course of sleep and wakefulness after injection of saline (black lines, 0 mg/kg), the lowest effective antinociceptive doses of fentanyl and morphine (blue lines and symbols, 0.1 and 1 mg/kg, respectively) and the next highest doses of fentanyl and morphine (green lines and symbols, 0.3 and 3 mg/kg, respectively).  Red lines illustrate changes in behavioral state caused by the highest tested doses of fentanyl (3 mg/kg) and morphine (30 mg/kg).  The 4-h recording period is divided into 30 min bins.  Wakefulness did not return to control levels after administration of the two highest doses of fentanyl (Figure 3.4A) and morphine (Figure 3.4D).  NREM sleep and REM sleep returned to control levels within 121-150 min after injection of the lowest antinociceptive doses of fentanyl (Figure 3.4B, 0.1 mg/kg) and morphine (Figure 3.4E, 1 mg/kg).  NREM sleep and  REM sleep did not return to control levels within the 240-min recording period after the 0.3 and 3 mg/kg doses of fentanyl (C) or after the 30 mg/kg dose of morphine (Figure 3.4F).
The Figure 3.4 data were analyzed by two-way repeated measures ANOVA and Tukey’s multiple comparisons test.  Fentanyl caused a significant (P < 0.0001) time main effect (F7,77 = 44.14), dose main effect (F3,33 = 98.57), and time by dose interaction (F21,231 = 11.16) on percent time spent in wakefulness (Figure 3.4A).  Fentanyl produced a significant (P < 0.0001) time main effect (F7, 77 = 40.1), dose main effect (F3, 33 = 97.8), and time by dose interaction (F21, 231 = 10.3) on percent of time spent in NREM sleep (Figure 3.4B).  The percent of the total recording time spent in REM sleep (Figure 3.4C) was significantly (P < 0.0001) changed by fentanyl, with a time main effect (F7,77 = 20.85), dose main effect (F3,33 = 66.63), and time by dose interaction (F21,231 = 5.621).  The percent wakefulness (Figure 3.4D) was altered by morphine with a significant (P < 0.0001) time main effect (F7,77 = 48.21), dose main effect (F3,33 = 139.2), and time by dose interaction (F21,231 = 13.16).  For NREM sleep (Figure 3.4E) morphine caused a significant (P < 0.0001) time main effect (F7,77 = 46.86), dose main effect (F3,33 = 147.1), and time by dose interaction (F21,231 = 12.63).  For REM sleep (Figure 3.4F) morphine caused a significant (P < 0.0001) time main effect (F7,77 = 28.24), dose main effect (F3,33 = 61.39), and time by dose interaction (F21,231 = 6.406).  
Opioid-induced increases in wakefulness were partially mediated by increased motor activity but not by changes in subcutaneous body temperature
Figure 3.5A plots the increase in motor activity caused by increasing doses of fentanyl and morphine relative to control (0 mg/kg).  The ED50 values for the effects of fentanyl and morphine on motor activity were 0.10 and 5.88 mg/kg, respectively.  One-way repeated measures ANOVA showed a significant (P < 0.0001) main effect of fentanyl (F8,88 =  34.7) and morphine (F8,88 = 59.24) on motor activity during wakefulness.  Dunnett’s multiple comparisons test revealed that doses of fentanyl ≥ 0.1 mg/kg and doses of morphine ≥ 3 mg/kg significantly (*P < 0.001) increased motor activity.  
Within-subject multi-level mediation analysis was used to assess whether motor activity affected the relationship between opioid dose and percent of time spent awake (Figure 3.5B and 3.5C).  Opioid dose (mg/kg) was the independent variable hypothesized to be causal, percent of time spent in wakefulness (% Wake) was the main dependent measure, and motor activity was hypothesized to have mediated the effect of opioid dose on percent of the 4-h recording time spent in wakefulness. The upward pointing blue arrow labeled (a) at left of Figure 3.5B indicates that fentanyl doses of 0.03 mg/kg (P = 0.042) and ≥ 0.1 mg/kg (P < 0.001 for each dose) significantly increased motor activity.  The downward pointing blue arrow labeled (b) at right of Figure 3.5B indicates a significant effect of motor activity on % Wake (P < 0.001).  The horizontal blue arrow labeled (c’) of Figure 3.5B illustrates the findings that when taking motor activity into account, fentanyl dose was a significant predictor of % Wake for doses of 0.001 mg/kg (P = 0.005), 0.003 mg/kg (P = 0.012), and ≥ 0.1 mg/kg (P < 0.001).  For every 1% increase in motor activity, the model predicted a 0.5% increase in % Wake.  A Sobel test determined significant mediation (P < 0.001) with 15.9% of the variance in % Wake mediated by motor activity. 
The results of mediation analysis for effects of morphine (Figure 3.5C) revealed that doses of 3, 10, and 30 mg/kg significantly (P < 0.0001 for each dose) increased motor activity (Figure 3.5C, upward pointing red arrow labeled (a) at left).  The downward pointing red arrow labeled (b) at right of Figure 3.5C identifies the significant effect of motor activity on %Wake (P < 0.001).  The horizontal red arrow labeled (c’) of Figure 3.5C shows that when motor activity was considered, morphine doses ≥ 1 mg/kg were significant predictors of % Wake (P < 0.0001 for each dose).  For every 1% increase in motor activity, the model predicted a 0.8% increase in % Wake. A Sobel test determined significant mediation (P < 0.0001) with 21.7% of the variance in % Wake mediated by motor activity.  
Figure 3.5D plots the dose-dependent changes in Tsc during wakefulness caused by fentanyl and morphine.  The ID50 value for the effect of fentanyl on Tsc was 2.78 mg/kg.  The Tsc data for morphine did not fit the nonlinear regression model.  Thus, the spline function in Prism was used to fit both curves without a model.  One-way repeated measures ANOVA showed a significant (P < 0.0001) main effect of fentanyl (F8,88 =  59.3) and morphine (F8,88 = 25.7) on Tsc during wakefulness (Figure 3.5D).  Dunnett’s multiple comparisons test revealed that the two highest doses of fentanyl (1 and 3 mg/kg) significantly (*P < 0.001) decreased Tsc.  Higher doses of morphine had a biphasic effect on body temperature.  Dunnett’s multiple comparisons test showed that morphine at 3 mg/kg significantly increased Tsc (*P = 0.02), and at 30 mg/kg morphine significantly decreased Tsc (*P < 0.0001).  
Within-subject multi-level mediation regression analysis also was used to determine whether Tsc influenced the relationship between opioid dose and percent of time spent awake.  As described above, opioid dose (mg/kg) was the independent variable hypothesized to be causal, percent of time spent in wakefulness (% Wake) was the main dependent measure, and Tsc was proposed to have mediated the effect of opioid dose on % Wake.  In contrast to motor activity, changes in body temperature did not mediate the effect of fentanyl dose or morphine dose on wakefulness.  Figure 3.5E shows that fentanyl at doses of 1 and 3 mg/kg significantly (P < 0.0001) altered Tsc (upward pointing blue arrow labeled (a) at left), but there was no significant effect of Tsc on % Wake (downward pointing blue arrow labeled (b) at right). The horizontal blue arrow labeled (c’) of Figure 3.5E shows that when Tsc was included as a covariate in the analysis, fentanyl at doses ≥ 0.1 mg/kg significantly (P < 0.001) increased % Wake.
The upward pointing red arrow labeled (a) at left of Figure 3.5F shows the morphine doses that significantly altered Tsc, and the downward pointing red arrow labeled (b) at right reports a nonsignificant effect of Tsc on % Wake.  The horizontal red arrow labeled (c’) of Figure 3.5F shows that when Tsc was considered in the analyses, morphine at doses ≥ 1 mg/kg significantly (P < 0.001) increased % Wake.  In summary, mediation analyses revealed that the fentanyl- and morphine-induced increases in wakefulness were partially mediated (15.9% and 21.7%, respectively) by motor activity, but not by opioid-induced changes in Tsc.
[bookmark: _Toc187236910]Discussion 
[bookmark: _Hlk58779682]Four main findings shaped discussion of the results relative to the current literature.  First, antinociceptive doses of acutely administered fentanyl and morphine disrupted sleep architecture by increasing wakefulness and reducing NREM sleep and REM sleep.  Second, fentanyl and morphine differentially altered EEG power during wakefulness.  Third, both fentanyl and morphine caused dissociations among sleep-wake states, Tsc, and motor activity by lowering Tsc while increasing wakefulness and motor activity.  Fourth, sleep disruption was partially mediated by the opioid-induced increase in motor activity but not by opioid-induced changes in Tsc.
Considered together, the foregoing results provide the first simultaneous quantification in B6 mice of dose-dependent disruption of sleep, changes in EEG power during wakefulness, increased motor activity, and hypothermia caused by fentanyl and morphine.  Dose response studies are necessary for understanding how opioids impact sleep and closely related physiological variables.  Clarifying how opioids alter interactions among sleep, EEG power, motor activity, and body temperature is an essential step for developing countermeasures to unwanted opioid effects.  
Antinociceptive doses of fentanyl and morphine disrupt sleep architecture 
Sleep architecture refers to the normal, predictable sequence of sleep states across the sleep period (Angarita et al.).  Sleep fragmentation is a disruption of sleep architecture defined by the intrusion of short episodes of wakefulness during the sleep period (Mark K. Greenwald et al., 2021; Li et al.; Ramesh et al.).  Sleep fragmentation disrupts sleep continuity and can result in severe health consequences (Thomas, 2024).  Sleep architecture in mice (Figure 3.2A) and humans can be assessed by quantifying the amount of time spent in each state of sleep, latency to sleep onset, number and duration of NREM and REM episodes, and the number and type of transitions between states.
Opioids prescribed for the clinical management of pain commonly produce undesired effects that include disruption of sleep architecture (Akinnusi et al., 2024; Eacret et al., 2020; Mark K Greenwald et al., 2021; Ralph Lydic et al., 2022).  Even a single dose of morphine significantly disrupts sleep architecture in healthy human adults (Dimsdale et al., 2007; Shaw et al., 2005).  The sleep-disrupting effects of opioids exacerbate pain (Dalanon et al., 2021; Muncey et al., 2010; Roehrs et al., 2006) and sleep disruption contributes to poorer cardiometabolic outcomes (Altman et al., 2012) and longer recovery periods after brain injury (Fleming et al., 2020).  Sleep disruption may also contribute to relapse of opioid use disorder (Fathi et al., 2020; Huhn & Finan, 2022; James et al., 2020; Ralph Lydic et al., 2022; Tripathi et al., 2020).  The foregoing unwanted effects of opioids are produced by complex interactions among multiple neuronal networks involved in regulating sleep and pain (Haack et al., 2020), and on hypothesized relationships among sleep disruption, pain, and opioid craving during withdrawal (Mark K. Greenwald et al.).  The present study was not designed to elucidate the mechanisms underlying neuronal network interactions.  Rather, one goal of this study was to address a gap in knowledge by quantifying the dose-dependent effects of acutely administered fentanyl and morphine on sleep. 
This study also sought to determine whether there are doses of fentanyl and morphine that produce the desired effect of antinociception without causing the undesired effect of sleep disruption.  A systematic review of the literature revealed no previous dose-response data comparing the effects of fentanyl and morphine on nociception and sleep-wake states in B6 mice.  Dose-response data are an essential tool for identifying the lowest effective dose of a drug, the maximum effect dose, and for comparing the relative potency of two or more drugs.  The present dose-response data revealed the novel finding that even the lowest effective, antinociceptive doses of fentanyl (0.1 mg/kg) and morphine (1 mg/kg) caused a significant increase in wakefulness and decrease in NREM sleep and REM sleep (Figure 3).  Antinociceptive doses of both opioids also significantly decreased the number of state transitions (Table 3.1.).  Thus, in B6 mice, diminishing nociception by administering opioids cannot be achieved without disrupting sleep architecture.
Many commonly used drugs, such as benzodiazepines and antidepressants, have different effects on NREM sleep than on REM sleep (Dhuna & Malkani, 2020; Hambrecht-Wiedbusch et al., 2010; Roehrs & Roth, 2010).  In contrast, the dose-response curves reported here show that the same doses of fentanyl and morphine that increased wakefulness decreased both NREM and REM sleep.  Across all dependent measures of sleep (Figure 3.3) fentanyl was approximately 14 times more potent than morphine for decreasing sleep.  The findings that both opioids increased the duration of wakefulness episodes, decreased the number of episodes of all states, and decreased transitions between behavioral states show that in B6 mice opioids significantly disrupt sleep architecture, but do not cause sleep fragmentation.  Thus, these results also provide the first normative dose-response data that will help to interpret future comparative studies of B6 females, obese mice, and a range of transgenic mice.
Opioids differentially alter EEG power during wakefulness
EEG power is being investigated as a potential biomarker for desired and undesired effects of fentanyl (Balanza et al., 2022), as well as for early detection of cognitive decline in neurodegenerative diseases such as mild cognitive impairment, Alzheimer’s disease (D’Atri et al., 2021; Reda et al., 2017), and Parkinson’s disease (Wood et al., 2021).  The potential predictive value of EEG power has been suggested as a possible biomarker for identifying and understanding interactions among depression, opioid use disorder, and sleep disruption (Reid et al., 2024).
The data reported here revealed differential, dose-dependent effects of fentanyl and morphine on EEG power in specific frequency bands (Figure 3.2C).  Morphine and fentanyl are full agonists at mu opioid receptors (Comer & Cahill, 2019).  However, fentanyl, but not morphine, also blocks alpha-1 adrenergic receptors, dopamine D4.4 and D1 receptors, and reuptake of neurotransmitters via the vesicular monoamine transporter 2 (Torralva et al., 2020).  These differential receptor-mediated effects have been suggested to be the basis of the different clinical effects between fentanyl and morphine in humans (Torralva et al., 2020).  The differential pharmacology of fentanyl relative to morphine and other mu opioid receptor agonists (Han et al., 2022; Kelly et al., 2021; Kuo et al., 2015) may account for the differential effects of fentanyl and morphine on EEG power in B6 mice.
Opioids obtund wakefulness in humans, in part, by increasing EEG delta power during wakefulness (Eacret et al., 2020; Greenwald & Roehrs, 2005; R. Lydic et al., 2022).  Fentanyl, but not morphine, significantly increased delta power during wakefulness in B6 mice (Figure 2).  This finding is important because it is consistent with the interpretation that during wakefulness after fentanyl administration, cognitive function is likely to be impaired.  An increase in EEG delta power during wakefulness has been referred to as a paradoxical pharmacological dissociation (Frohlich et al., 2023), because high EEG delta power is a classic trait that defines slow wave sleep in humans (Greene & Frank, 2010) and mice (Franken et al., 1999; Valatx et al., 1972).  EEG delta power increases with increased time awake and is a well-established marker of homeostatic sleep drive (Greene & Frank, 2010; Timofeev et al., 2020; Vyazovskiy et al., 2011).  Fentanyl-induced increases in delta power have been demonstrated in human volunteers (Greenwald & Roehrs, 2005) and in surgical patients during anesthesia (Scott et al., 1991; Smith et al., 1984).  In an operating room setting prior to the delivery of a general anesthetic, fentanyl increased delta power and that increase was associated with loss of consciousness (Balanza et al., 2022).  Increased EEG delta power during wakefulness is present in patients with Alzheimer disease (D’Atri et al., 2021) and during an awake resting state with eyes closed in patients that have Parkinson’s disease with dementia (Pal et al., 2020).  Increased slow EEG frequencies during waking also occur in patients with obstructive sleep apnea, which is characterized by excessive daytime sleepiness, decreased vigilance, impaired cognition, and an increased risk of accidents (D'Rozario et al., 2017; Puskás et al., 2017). 
Theta power and beta power were significantly increased by the highest dose of fentanyl whereas the highest dose of morphine decreased theta and beta power.  This finding further illustrates differential pharmacological effects of these two mu opioid receptor agonists.  Increased theta band activity is also induced in humans with increasing doses of fentanyl (Balanza et al., 2022; Greenwald & Roehrs, 2005).  In humans increased theta power during wakefulness is associated with sleepiness and diminished performance on cognitive and psychomotor vigilance tasks (Zhao et al., 2021).  Patients with Alzheimer’s disease show an increase in awake, resting state theta power (Babiloni et al., 2021).  In mice EEG beta power during active wakefulness occurs during processing of sensory information, whereas beta activity during quiet wakefulness signifies homeostatic sleep drive (Grønli et al., 2016).  Increased EEG beta activity is a sign of central nervous system arousal in patients with insomnia (Perlis et al., 2001).  Increased theta and beta power during wakefulness has been interpreted to indicate sleepiness and cortical hyperarousal occurring simultaneously in patients with insomnia (Zhao et al., 2021).  Increased theta power during waking also occurs in patients with obstructive sleep apnea (D'Rozario et al., 2017).
Alpha power was significantly decreased in mice that received antinociceptive doses of fentanyl and morphine.  In humans the EEG alpha rhythm characterizes quiet wakefulness with eyes closed, decreases in amplitude when eyes are opened, and contributes to cognitive processing (reviewed in Bazanova & Vernon, 2014).  Alpha band activity in healthy humans has been shown to reflect attention focused on spatial locations that are maintained in working memory (Sutterer et al., 2021).  Resting state alpha power is decreased in patients with mild cognitive impairment and is progressively reduced with increasing impairment (Lejkoa et al., 2020).  EEG alpha power in the evening is decreased relative to healthy controls in patients with Alzheimer’s disease and mild cognitive impairment (D’Atri et al., 2021).
In summary, these novel data from B6 mice show that higher doses of fentanyl significantly increased EEG power in delta, theta, and beta bands and significantly decreased EEG alpha power.  Morphine had no effect on EEG delta power and at higher doses significantly decreased EEG power in theta, alpha, and beta bands.  Many of these results in mice are similar to opioid-induced EEG change in humans, supporting the use of B6 mice as a model for adverse opioid effects.  These findings in mice support the interpretation that fentanyl produces a dissociated state of wakefulness that is not compatible with optimal cortical functioning.  The dose-response data reported here encourage the future use of high density EEG in mice (Wasilczuk et al., 2016) in order to more completely understand these adverse opioid effects.  
Endogenous changes in mouse body temperature
Body temperature exhibits a circadian rhythm and sleep onset in humans occurs during the maximal rate of decline in body temperature (Campbell & Broughton, 1994; Czeisler et al., 1980).  Body temperature also fluctuates during sleep (Glotzbach & Heller, 1976) and is lower during NREM sleep than during wakefulness in birds and mammals (Heller, 1988).  Figure 3.1A shows the expected decrease in Tsc during NREM sleep compared with wakefulness under control (saline injection) conditions. Tsc also decreased below waking and NREM sleep levels during REM sleep, which is consistent with the finding that all mammals studied to date do not regulate their body temperature during REM sleep (Glotzbach & Heller, 1976; Heller, 1988; Jhaveri et al., 2007).  Regarding effects of ambient temperature on mouse body temperature, the B6 mice in the present study were housed at temperatures that did not significantly change NREM sleep or REM sleep during the light period (Jhaveri et al., 2007).  
Opioids decreased Tsc while increasing motor activity and wakefulness
Tsc did not show a classic sigmoidal, agonist dose response to morphine (Figure 3.5D).  Both opioids at higher doses significantly decreased Tsc despite causing concomitant, significant increases in locomotor activity (Figure 3.5A).  Motor activity is thermogenic (Abreu-Vieira et al., 2015) and normally precedes an increase in mouse body temperature (Lateef et al., 2014).  Morphine had a biphasic effect, significantly increasing Tsc at a dose of 3 mg/kg and decreasing Tsc at the 30 mg/kg dose.  Fentanyl produced only hypothermia, decreasing Tsc at doses of 1 and 3 mg/kg.  These dose-dependent effects on Tsc are similar to rectal temperature changes reported for NMRI mice in response to similar doses of morphine and fentanyl (Baker & Meert, 2002).  The results show that fentanyl dissociated the normal physiological relationship of motor activity to body temperature. 
Dose-dependent increases in motor activity in B6 mice caused by fentanyl and morphine have been documented (Olson et al., 2023; Santos et al., 2022; Varshneya et al., 2023).  Assays of motor activity typically involve administering a drug before placing a mouse in a novel environment and quantifying the number of times an infrared beam is broken and/or distance traveled (Fowler, 2010).  The present study measured states of sleep and wakefulness, motor activity, and Tsc simultaneously via telemetry while mice remained in their home cages.  This approach avoided causing the increase in exploratory behavior that results in sleep disruption when mice are placed in a novel environment (Tang et al., 2005).
A recent study of opioid-induced respiratory depression in mice reviewed differences between spontaneous and opioid-induced locomotor activity, noting that after opioid administration periods of “automatic locomotion” alternate with periods when mice are immobile (Haouzi et al., 2021).  This alternating pattern of locomotor activity and immobility was observed in the present experiments.  
The lowest effective doses of fentanyl (0.1 mg/kg) and morphine (1 mg/kg) that increased motor activity (Figure 3.5A) were also the lowest effective doses for disrupting sleep (Figure 3.3A-C).  These data suggest that opioids disrupt interactions among neural circuits regulating body temperature, motor activity, and states of sleep and wakefulness.  These findings also raised the question of whether sleep disruption following opioid administration resulted from increased motor activity rather than an effect on sleep-wake generating mechanisms.  That question was addressed using mediation analysis.
Opioid-induced sleep disruption was partially mediated by motor activity but not by body temperature
Mediation analysis is a statistical method used to quantify the extent to which intervening variables (mediators) affect an outcome (Vuorre & Bolger, 2018).  Mediation analysis was used to determine whether opioid-induced changes in motor activity and/or Tsc contributed to the effects of fentanyl or morphine dose on the opioid-induced increase in wakefulness.  These analyses showed that the increases in motor activity induced by specific doses of fentanyl and morphine mediated a portion of the opioid-induced increase in wakefulness (Figure 3.5).  Mediation analysis also revealed that although both opioids significantly changed body temperature, those changes did not mediate a significant portion of the opioid-induced increases in wakefulness.  
Limitations, future directions, and conclusions
The data reported here were limited to male B6 mice and focused on fentanyl as a widely used drug of abuse, and morphine as the gold standard for mu opioid receptor mediated effects.  These results encourage future studies that use female B6 mice to characterize sex-specific and dose-dependent effects of fentanyl, morphine, and opioids used to treat opioid use disorder, such as methadone and buprenorphine (Angel et al., 2018; Glovak et al., 2022).  Future studies of chronic opioid administration are needed to determine whether tolerance develops to the sleep-disruptive effects of chronic opioid administration in mice.  In patients taking methadone or buprenorphine for medication assisted therapy REM sleep is suppressed and daytime sleepiness has been reported (Mark K. Greenwald et al.).  Dose-related effects of chronic opioid administration on multiple, simultaneously collected physiological variables will provide insights into how chronically used opioids affect sleep and interacting physiological control systems.  These results from eight doses of fentanyl and morphine spanning 4 log units provide data not previously available to guide the design of future studies.  
In conclusion, the present data quantify similarities and differences between the effects of opioids on sleep states and neurobehavioral traits in mice and humans.  Similarities include sleep disruption, altered EEG power, hyperthermia, and hypothermia.  An important species-specific difference is increased motor activity in mice.  This study also demonstrated that mediation analyses can differentiate the simultaneous effects of opioids on multiple dependent variables.  The contribution of validated animal models to research on substance use disorders is well recognized (Kamens et al., 2023).  The novelty of the current findings is relevant to preclinical studies using mice to inform data-based treatment of pain, addiction, and sleep disorders.
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[bookmark: _Toc178946789][bookmark: _Toc179388190][bookmark: _Hlk178940498][bookmark: _Toc187064089][bookmark: _Toc187228810][bookmark: _Toc187233948]Figure 3.1.  Subcutaneous body temperature (Tsc) and opioid-induced antinociception in C57BL/6J mice.
(A) Tsc was averaged across the 4-h recording periods during wakefulness (orange), NREM sleep (blue), and REM sleep (purple) after administration of saline (n=12 opioid naïve mice). Black filled symbols plot the mean Tsc of each mouse.  The dashed, horizontal line within each violin shows median Tsc for all mice.  The thin dotted lines mark the 25th and 75th percentile of each distribution.  One-way repeated measures ANOVA and Tukey’s multiple comparisons test revealed a significant (*P<0.0001) decrease in Tsc during NREM sleep and REM sleep relative to wakefulness, and during REM sleep relative to NREM sleep (#P=0.0052).  (B) Tail withdrawal latency was measured in 12 additional mice after administration of saline (0 mg/kg) and 7 doses of fentanyl (blue) and morphine (red).  One-way repeated measures ANOVA and Dunnett’s multiple comparisons test identified doses of fentanyl and morphine that caused a significant (*P< 0.02) increase in tail withdrawal latency compared to the respective control (0 mg/kg).
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[bookmark: _Toc187064090][bookmark: _Toc187228811]
[bookmark: _Toc187233949]Figure 3.2 Fentanyl and morphine differentially change EEG power during wakefulness.  
(A) Representative time course plots of wakefulness (Wake, lowest height black bars), non-rapid eye movement sleep (NREM, intermediate height black bars), and rapid eye movement sleep (REM, highest black bars) from the same mouse during 4 h of recording after receiving injections of saline (vehicle control), two doses (mg/kg) of fentanyl, and two doses of morphine.  The mouse was awake for at least 30 min after receiving an injection.  The low dose of each opioid decreased both states of sleep, and the highest dose of each opioid eliminated sleep.  (B)  EEG data from the recordings in part A were plotted as multitapered spectrograms to reveal opioid-induced changes in EEG power (decibels, dB) at frequencies ranging from 0 to 30 Hz across the 4-h recoding period.  Spectrograms help visualize dose-dependent and differential effects of the two opioids on EEG power. (C)  EEG power during wakefulness was averaged over the first 30 min post-injection and plotted as percent change from saline (0 mg/kg) for 8 doses of fentanyl (blue, n=11 mice) and 8 doses of morphine (red, n=12 mice).  Significant differences from control (*P < 0.05) were identified by repeated measures ANOVA and Dunnett’s multiple comparisons test.  
[bookmark: _Toc187233950]Figure 3.3.  Dose-dependent effects of opioids on sleep and wakefulness.
All dependent measures were obtained from 12 mice after administration of saline (0 mg/kg) and eight doses of fentanyl (blue) and morphine (red).  Dose-response curves (A-I) show mean ± SD.  Repeated measures ANOVA and Dunnett’s multiple comparisons test identified significant differences (*P < 0.05) from saline control (0 mg/kg).  Survival curves (J-M) plot the amount of time post-injection (min) until each mouse entered its first NREM or REM sleep episode.  There is one curve per dose, and the key at right shows the color code for each dose.
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[bookmark: _Toc187064092][bookmark: _Toc187228813][bookmark: _Toc187233951]Figure 3.4.  Dose-dependent time course of opioid effects on amount of wakefulness, NREM sleep, and REM sleep.
Radar plots show the mean amount of time (min) every 30 min during the 4-h recording period after injection of fentanyl (top row) and morphine (bottom row) that mice (n=12) spent in wakefulness (A & D), NREM sleep (B & E), and REM sleep (C & F).  Around the circumference of each radar plot the 8 segments demarcate the 4-h recording period divided into 30 min bins representing time (min) after injection.  The key at right identifies the opioid dose.  0 mg/kg indicates saline (vehicle control).


[bookmark: _Toc187064093][bookmark: _Toc187228814][bookmark: _Toc187233952]Figure 3.5.  Mediation analysis of opioid effects on motor activity, subcutaneous body temperature (Tsc), and wakefulness in 12 mice. 
Repeated measures ANOVA and Dunnett’s multiple comparisons test identified doses of fentanyl (A) and morphine (D) that caused a significant (*P < 0.05) change from control (0 mg/kg).  Mediation analyses identified the contributions of opioid-induced changes in motor activity (B, C) and Tsc (E, F) to opioid-induced increases in wakefulness.  (A) plots the natural logarithm (ln) of activity counts in arbitrary units (a.u.) during wakefulness and (D) graphs Tsc during wakefulness in degrees Celsius (oC). Data were averaged across the 4-h recording period after administration of saline and 8 doses of fentanyl (blue) and morphine (red).  (B, C) Diagrams of the model used to estimate the mediation effect of opioid-induced changes in motor activity on opioid-induced increases in wakefulness.  The blue and red arrows indicate causal paths for (a) the effect of opioid dose on motor activity, (b) the effect of motor activity on % Wake, and (c’) the effect of opioid dose on % Wake with motor activity considered.  Significant opioid doses (mg/kg) with their respective P values are listed above each of the three arrows (a, b, c’) for effects of (B) fentanyl dose and (C) morphine dose.  (E, F) Diagrams of the model used to estimate the mediation effect of opioid-induced changes in Tsc on opioid-induced increases in wakefulness.  The arrows indicate causal paths for (a) the effect of opioid dose on Tsc, (b) the effect of Tsc on % Wake, and (c’) the effect of opioid dose on % Wake with Tsc considered.  Significant opioid doses (mg/kg) with their respective P values are listed above each of the three arrows (a, b, c’) for effects of (E) fentanyl dose and (F) morphine dose.  Mediation model diagrams were modified from (Vuorre & Bolger, 2018).
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[bookmark: _Toc187064102][bookmark: _Toc187232204]Table 3.1. Number of State Transitions

	Treatment
	Number of State Transitions (mean ±SD)

	Opioid and Dose (mg/kg)
	Wake to NREM
	NREM to REM
	REM to Wake
	NREM to Wake

	Fentanyl
	
	
	
	

	0
	46.0 ± 10.4 
	12.1 ± 2.64
	12.0 ± 2.80
	33.3 ± 9.20

	0.1
	32.6 ± 11.9 *
	7.08 ± 3.12 *
	7.00 ± 3.28 *
	24.8 ± 9.44 *

	0.3
	8.75 ± 9.43 *
	1.08 ± 1.73 *
	1.08 ± 1.73 *
	7.17 ± 8.23 *

	3
	0.00 ± 0.00 *
	0.00 ± 0.00 *
	0.00 ± 0.00 *
	0.00 ± 0.00 *

	Morphine
	
	
	
	

	0
	46.1 ± 12.7
	12.6 ± 3.45
	12.6 ± 3.45
	32.9 ± 11.8

	1
	36.3 ± 11.8
	7.83 ± 3.79 *
	7.83 ± 3.79
	27.7 ± 10.0 *

	3
	16.2 ± 12.9 *
	2.17 ± 2.59 *
	2.08 ± 2.39 *
	13.3 ± 11.1 *

	30
	0.00 ± 0.00 *
	0.00 ± 0.00 *
	0.00 ± 0.00 *
	0.00 ± 0.00 *



Table 1 reports the number of transitions (mean ± SD) between states of wakefulness (Wake), rapid eye movement sleep (REM), and non-REM sleep (NREM) quantified for 4 h after mice (n=12) received saline (vehicle control, 0 mg/kg), the lowest antinociceptive doses, the next highest doses, and the highest doses tested of fentanyl (0.1, 0.3, 3 mg/kg) and morphine (0, 1, 3, 30 mg/kg). Data were analyzed using repeated measures one-way ANOVA with multiple comparisons to saline (0 mg/kg) provided by Dunnett’s (*P < 0.01).
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The findings from research comprising this dissertation are discussed in Chapter 2 (page 51) and Chapter 3 (page 116). The discussion sections in those chapters review the present results relative to the published literature. This section focuses on the points not already discussed.
Dissociation between motor activity and body temperature
The endogenous opioid system is key to the regulation of many physiological functions such as body temperature, motor activity, and feeding behavior (Kozak et al., 1995). Motor activity is a well-known regulator of body temperature, and in healthy animals under normal physiological circumstances body temperature increases during exercise. Temperature regulatory systems then set a new balance between heat production and heat dissipation (Gordon & Yang, 1997; Nadel, 1983). In contrast to normal physiological regulation, the results from this dissertation research revealed that during increased motor activity caused by high-dose opioids, B6 mice showed a decrease in body temperature (Figure 3.5, pages 145-146). 
Circadian rhythms exist in many biological processes, are intrinsically generated, and enable organisms to anticipate environmental changes. By anticipating these shifts, circadian rhythms also prime physiological systems for optimal functionality, thereby ensuring overall well-being and survival (Vitaterna et al., 2001). Motor activity, body temperature, and sleep are regulated, in part, by circadian rhythms (Bergum, Berezin, Dooley, et al., 2022). Circadian rhythms are synchronized by the suprachiasmatic nuclei (SCN) of the hypothalamus via photic input from the retina (Bergum, Berezin, & Vigh, 2022; Bumgarner et al., 2023). Although motor activity and body temperature rhythms are closely synchronized, previous research in small mammals suggests that the body temperature rhythm is not a byproduct of the activity rhythm (Refinetti, 1999). Data in rats suggest that body temperature can change independent of motor activity by modulation of skin blood flow and behaviors such as feeding (Gordon & Yang, 1997).
Opioids have been shown to alter circadian rhythm regulation by modifying the photic responsiveness in the SCN (Vansteensel et al., 2005) and by altering retinal input by forming opioid deposits in the mammalian retina (Bergum, Berezin, Dooley, et al., 2022). Circadian rhythms such as the motor activity rhythm must adapt to the environmental changes of the photoperiod (Benstaali et al., 2001). However, when the input of the photoperiod or feedback loop is altered, the rhythms desynchronize. I speculate that by altering the circadian rhythm, opioids may differentially modulate body temperature and motor activity rhythms, leading to the dissociation observed between these two physiological processes.
Translational relevance of these results has to be taken with caution because opioid effects on motor activity and body temperature are at least partially species specific. Opioids increase motor activity in rodents (Gaulden et al., 2021; Haouzi et al., 2021) and non-human primates (Weed & Hienz, 2006) but cause a state of stupor and drowsiness in humans (Benyamin et al., 2008; Paul et al., 2021). Opioid effects on body temperature depend on both the environment (Sadowski et al., 1996) and the specific opioid administered (Baker & Meert, 2002). Opioids tend to induce hypothermia in rodents (Rawls & Benamar, 2011; Rosow et al., 1980) and humans (Ikeda et al., 1997) whereas in non-human primates, opioids raise body temperature (Weed & Hienz, 2006). In summary, these adverse effects of opioids result from the interactions caused by opioid receptor activation across multiple physiological systems.
A comparative medicine approach to species-specific opioid dosing
Dosing requirements of opioids for pain management in human medicine is facilitated by a complex series of calculations referred to as morphine milligram equivalents (MME). These calculations use morphine as the gold standard for determining equianalgesic doses of various opioids used in human clinical settings.  MME calculations help clinicians select appropriate dosing when switching from one opioid agent or route of administration to another. MME conversions are also commonly used to prevent toxicity (Bhatnagar & Pruskowski, 2022) while managing a patient’s pain.  Clinicians are also assisted in individualizing doses of various opioids based on type of pain, clinical history, and patient-specific variables (e.g., age, sex, health condition, etc.).  Due to the variety of factors that need to be considered, MME calculations are approximations and are intended solely as guides.  In fact, a recent study identified that there is no standardized or universal method for calculating daily morphine equivalence (Nguyen et al., 2022).
Although there is some interest in calculating MMEs for non-human animals, at present it has not been possible to translate the assumptions from human medicine to non-human animals, including the B6 mice used in the present studies.  This is due, in part, to species-specific pharmacokinetics, pharmacodynamics, routes of administration, and physiology (Bhatnagar & Pruskowski, 2022; Reagan-Shaw et al., 2008).  Each species metabolizes drugs slightly differently and doses are adjusted according to body surface area and body weight. Since body composition varies across species, dose translations between species are better performed using body surface area rather than body weight. Based on significant interspecies differences in pharmacokinetics, pharmacodynamics, and body surface area, converting mouse doses into MMEs remains, at best, an approximation. Therefore, it is likely that applying human MME calculations to guide dosing for research studies using mice would yield inaccurate results.
The eventual development of MME-like guidelines for laboratory animals and for veterinary medicine will be based on empirically derived measures such as the dose-response curves and time course data reported in this dissertation.  A key advantage of the empirical approach is that after administering 390 doses of fentanyl and morphine, no mice in this study experienced or died from an overdose. Although the use of MME calculations is desired to achieve better translational significance with humans, due to the numerous factors that influence MME conversions and the differences between species, this study opted to present results based solely on mouse-derived doses. Doses were selected, in part, based on guidelines provided by the university IACUC.  Notably, all the doses of fentanyl and morphine that significantly disrupted sleep, EEG power, motor activity, and body temperature correspond to antinociceptive doses in male B6 mice.
Concluding Remarks
The findings reported in this dissertation advance understanding of opioid-induced disruption of traits (motor activity, subcutaneous body temperature, and EEG power) as they define neurobehavioral states (wakefulness, NREM sleep, and REM sleep).  The purpose of this final section is to provide a higher-level, integrative perspective on the novelty and significance of the present findings as well as future directions.
As a veterinarian, my intensive training in comparative physiology, pharmacology, and pathology stimulated my interest in the complex interactions among different physiological systems in different species.  The present studies of B6 mice were reinforced by a vast literature showing homologies between mice and humans in opioid-induced alterations across physiological systems.  The present dissertation contains no measures of addiction, but there is good evidence that sleep disruption contributes to all phases of the addiction cycle: onset, maintenance, and relapse (Roehrs et al., 2021).  My interests led me to quantify, in B6 mice, the dose-dependent effects of systemically administered fentanyl and morphine on electrographically defined states of sleep and wakefulness and on EEG power, motor activity, and body temperature.  The data are limited to male B6 mice and the result encourage future studies in female mice and obese mice, which are known to have differential responses to opioids.
Four points illustrate the potential clinical relevance of the present preclinical data.  The first point concerns the need for opioid research that includes dose-response studies.  The safe and effective use of opioids for pain management requires a nuanced understanding that the dose-dependent effects of opioids vary as a function of species and subject variables such as sex, age, body mass, and coexisting injury or disease.  As I was approaching the end of these studies it was gratifying to read in the neuroscience literature an editorial emphasizing the need for dose-response studies of opioids (Burgraff, 2024).  Based on my review of currently published data, the present results provide, for the first time in B6 mice, 4-log unit dose-response data for the effects of fentanyl and morphine on sleep/wake states and simultaneously acquired measures of EEG power, motor activity, and subcutaneous body temperature.
A second example of the potential clinical relevance of the data shown in this dissertation concerns the persisting challenge for clinical care across species to provide effective pain management without also disrupting states of sleep and wakefulness.  In addition, the present results provide the first dose-response data in B6 mice showing that the lowest antinociceptive doses of fentanyl and morphine also disrupt sleep.  Thus, data from this dissertation encourage future studies designed to provide data-based protocols for adjunctive medications that diminish nociception without causing sleep disruption.
Quantification of opioid-induced disruption of EEG power is a third area of potential clinical relevance for efforts to enhance pain management without depressing neurocognitive function.  The present EEG data from healthy B6 mice encourage future studies of opioid effects on EEG recorded from mice with validated models of acute and chronic pain.  
Finally, the present study was encouraged by a question I received while presenting my initial preliminary data (Zebadúa Unzaga et al., 2021) on the extent to which opioid-induced sleep disruption is due to enhancement of motor activity. Addressing this question required simultaneous measurement of sleep/wake states, motor behavior and, as reviewed in Chapter 3, body temperature. This question was addressed using mediation analysis, a form of structural equation modeling. The results present the first quantitative data showing that opioid-induced sleep disruption is partially mediated by motor activity but not by body temperature. These four novel findings share an integrative approach common to medicine and systems physiology: complex interactions and a lack of independence from the level of the cell to the level of the organ systems.
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