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Abstract 

 Sleep is a vital neurobiological process, yet despite its fundamental significance, 

delineating the endogenous neural pathways involved has been slow to progress due to a lack of 

diverse sleep models. Anesthesia, which has direct behavioural parallels to natural sleep, and 

which is often linked with endogenous sleep-wake systems on both mechanistic and 

physiological levels, is an obvious choice to model specific components of sleep. In particular, 

the research anesthetic urethane has long been regarded as an unparalleled model for the 

archetypical electrophysiological dynamics of natural sleep; specifically, the spontaneous 

alternations between both activated and deactivated forebrain states, and accompanying 

physiological measures.  

Yet, there have remained a few drawbacks for urethane as a model for sleep. First, it 

remained undetermined how urethane promoted its sleep-like neurophysiological effects, and 

second that urethane is limited to acute experimental paradigms due to ethical considerations. 

Consequently, the overall aim of my thesis was twofold: to determine if any anesthetics not 

limited to acute experimental paradigms produced sleep-like alternations in neurophysiology at a 

surgical plane, and to assess if sleep and urethane had similar profiles of neural activity in known 

sleep-wake nuclei.  

In Chapter 2, I used identical recording conditions to compare the spontaneous brain 

states of five common research anesthetics with urethane anesthesia. At a surgical plane of 

anesthesia, three of the anesthetics tested produced a coma-like brain state of burst-suppression 

activity (pentobarbital, isoflurane, and propofol), ketamine-xylazine produced synchronized 

slow-oscillatory state akin to slow-wave sleep. Critically, any changes to a state of forebrain 

activation under these anesthetics coincided with a loss of the surgical plane of anesthesia. 
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Conversely, chloral hydrate produced sleep-like spontaneous alternations of brain state, 

comparable to those observed under urethane. Unlike the other anesthetics, these alternations 

were not due to changes in anesthetic depth. Thus, I showed that chloral hydrate could provide 

an alternate model to urethane for sleep-like brain state alternations in non-acute experimental 

paradigms. 

In Chapter 3, using c-Fos immunoreactivity as a proxy for neural activity, I showed that 

urethane anesthesia produced a similar pattern of neural activation in known sleep-wake nuclei 

as unpressured natural sleep. Animals engaging in pressured sleep (also referred to as recovery 

sleep) following sleep-deprivation had slightly different patterns of neural activation, likely due 

to the rebound of slow-wave sleep following sleep deprivation. Patterns of neural activity across 

unpressured (no sleep-deprivation) sleep, and both pressured and unpressured urethane were 

highly comparable. It is important to note, that all sleep and urethane groups had patterns of 

neural activation that were vastly divergent from the forced wake behavioural group, indicating 

that differences between sleep and urethane groups were not due to arousal. This study shows 

that neural activity under urethane is highly stereotyped, and most representative of normal sleep 

state architecture in rats. 

In Chapter 4, I investigated the assertion that chloral hydrate provides insufficient 

analgesia for surgical manipulations. The majority of these claims were in reference textbooks, 

and were in direct conflict with the evidence in primary literature. In agreement with the primary 

literature, my results showed that intravenous chloral hydrate significantly increased tail 

withdrawal latencies to a noxious thermal stimulus. Furthermore, as some trials did result in a 

tail flick response, it is clear that this effect is due to analgesia, not immobility. This was also 

confirmed by the absence of changes in heart or respiration rate to the nociceptive stimulus. With 
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these experiments I showed that chloral hydrate provides sufficient analgesia to be used as a sole 

anesthetic, and therefore if used as a model of sleep will not require additional analgesics which 

could influence experimental outcomes. 

In Chapter 5, I characterized in detail the strengths and weaknesses of chloral hydrate as a 

pharmacological model of sleep. Chloral hydrate produces an incredibly similar 

neurophysiological profile to both sleep and urethane, including individual brain states of 

forebrain activation and deactivation, the timing of the alternations between these states, and the 

sensitivity of these alternations to cholinergic manipulations. Furthermore, respiratory rate, 

respiratory variability and sighs all fluctuate as a function of brain state the same way under 

sleep, urethane and chloral hydrate. There are some minor differences between sleep, urethane 

and chloral hydrate, including an overall slowing of hippocampal theta during forebrain 

activation that occurs in both anesthetics, although this occurs more profoundly under chloral 

hydrate. Additionally, there were no discernable changes in heart rate across state under chloral 

hydrate. However, when these caveats are accounted for in an experimental design, chloral 

hydrate represents an exciting new tool to model sleep-like brain state and breathing without the 

constraints of an acute paradigm. 

  Increasingly, the overlaps and divergences between components of sleep and specific 

anesthetic agents are offering insight into pharmacological mechanisms and fundamental nuclei 

involved in the induction and maintenance of unconsciousness. The results of my thesis suggest 

that urethane and chloral hydrate could be invaluable tools to probe the intersections of sleep and 

anesthesia. 
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Introduction 

1.1 The unconscious brain 

The ouroboros of the brain contemplating itself has been an inexhaustible source of 

artistic, philosophical and scientific discourse - we have sought to answer who we are by 

understanding how we think. In the pursuit to unravel the origin of conscious thought, our 

understanding of the brain has evolved along with our approach; from the theory of mind-body 

dualism in early philosophy (Descartes, 1984), to the observation of dual consciousness in split-

brain patients (LeDoux et al., 1977; LeDoux et al., 2020), to probing the neural correlates of 

consciousness with modern neuroscientific techniques (Koch et al., 2016). With these scientific 

advances has also come the recognition that consciousness is only half the story, and that, given 

the ubiquitous nature of both sleep and the susceptibility to anesthesia across species, it is just as 

vital to explore the reciprocal state of unconsciousness (Kelz and Mashour, 2019).  

The significance of the unconscious brain becomes obvious when considering the myriad 

of negative health outcomes associated with insufficient sleep, including, but not limited to: 

increased risk of cardiovascular disease, type 2 diabetes, depression, inflammation, chronic pain 

and in the event of prolonged total sleep deprivation, even death (Rechtschaffen et al., 2002; 

Altevogt and Colten, 2006; Irwin et al., 2016; Haack et al., 2020). What is more, the unconscious 

state produced by anesthesia is crucial to the success of modern medicine, enabling over 300 

million life-saving surgeries annually (Brown et al., 2010; Weiser et al., 2015). However, in spite 

of growing awareness, research in the field of unconsciousness is still relatively emergent, 

meaning many of the fundamental functions and mechanisms of unconsciousness have yet to be 

delineated. For instance, although we spend approximately one third of our lives asleep, it is only 
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within the last century that sleep has gone from being regarded as merely the cessation of waking 

due to reduced external stimuli, to a dynamic process required for optimal physiological and 

psychological functioning, and ultimately survival (Aserinsky, 1965; Rechtschaffen et al., 2002; 

Tung and Mendelson, 2004). Consequently, the evolutionary function of sleep remains unknown, 

likely due in part to the absence of a universally accepted definition of (un)consciousness, which 

has been a matter of contention throughout scientific history, and presently remains an active 

topic of debate (Pal and Mashour, 2011; Seth and Bayne, 2022). This lack of consensus similarly 

affects studies aiming to establish a generalized theory of anesthesia; explaining how agents with 

disparate pharmacological effects can yield the same discrete clinical endpoints (Adapa, 2017). 

Despite these unknowns, the inevitable convergence of sleep and anesthesia research has 

provided the most promising path to understanding the neural mechanisms underlying the 

induction and maintenance of unconsciousness. 

On the surface, the unconsciousness produced by sleep and anesthesia is near identical 

due to their shared behavioural parallels, including a reversible loss of consciousness, decreased 

sensory awareness and reduced behavioural responsiveness (Shafer, 1995; Vacas et al., 2013). 

These similarities are so striking that “being put to sleep” is a long-standing and universal 

colloquialism for anesthesia. The association is not without merit, as sleep and anesthesia 

respectively represent physiological and pharmacological facets of an altered state of brain 

operation. Increasingly, evidence of mechanistic overlaps beyond behavioural indices have been 

reported in sleep and anesthesia research, indicating that unconsciousness in sleep and anesthesia 

may arise from shared neurobiological mechanisms (Lydic and Baghdoyan, 2005; Franks, 2008; 

Adapa, 2017; Franks and Wisden, 2021). Some of the more compelling parallels include: that 

anesthetic potency is modulated by sleep deprivation (Tung et al., 2002), that total or slow-wave 
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sleep debt can be attenuated by specific anesthetic agents (Tung et al., 2004; Nelson et al., 2010; 

Pal et al., 2011) that the neuroanatomical targets of anesthetic agents are also involved in 

endogenous sleep pathways (Nelson et al., 2002; Franks, 2008; Leung et al., 2014; Gelegen et 

al., 2018), and that optogenetic activation of neurons previously activated by anesthesia 

promotes slow-wave sleep (Jiang-Xie et al., 2019). Consequently, it has become progressively 

recognised that some anesthetics may co-opt endogenous sleep-promoting circuits to produce 

unconsciousness (Moody et al., 2021), and that anesthesia can be used as a tool to model specific 

components of natural sleep (Ward-Flanagan et al., 2022). 

Nonetheless, as an endogenous process, sleep is distinct from anesthesia. Most notably, 

sleep differs from anesthesia in that it is homeostatically regulated, reversible by external stimuli, 

and spontaneously occurring (Tung and Mendelson, 2004; Mashour and Pal, 2012). However, 

despite these differences, anesthesia offers an alternative experimental paradigm for situations 

where the use of a naturally sleeping preparation is problematic. For example, in instances where 

experimental control is vital, anesthesia affords tractable opportunities to perform manipulations 

which might cause a naturally sleeping subject to awaken. In addition, anesthesia can also 

alleviate potential ethical challenges related to experimental control in naturally sleeping animals 

(Clement et al., 2008; Mashour et al., 2022). Thus, a pharmacological model of sleep not only 

provides a means of testing sleep-like neurophysiology using experimental techniques that may 

not be feasible in natural sleep, but also an unconscious state to compare and contrast with 

natural sleep. As separate physiological and pharmacological conditions, sleep and anesthesia are 

essentially two sides of the same coin, namely unconsciousness. Consequently, any parity in 

neuroanatomical targets warrants further investigation as a potential factor in the initiation and 

maintenance of unconsciousness.  
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The deductive power provided by overlaps among multiple pharmacological mechanisms 

of anesthesia and the multiple endogenous elements of natural sleep cannot be ignored, as the 

study of sleep and anesthesia mutually inform one another, and advancement in one field 

precipitates advancement in the other. More specifically, understanding how sleep and anesthetic 

agents with disparate mechanisms of action relate to one another in terms of neurophysiology is 

the first step in deducing how unconsciousness is initiated and maintained, and reversed. In this 

chapter I will provide an overview of the current knowledge of shared neural pathways, 

neuromodulators and electrophysiological characteristics of sleep and anesthesia. In subsequent 

chapters, I will detail my own research comparing multiple anesthetics and sleep. 

1.2 Sleep 

Sleep is a behavioural state objectively and operationally defined by behavioral 

unresponsiveness and a reversible, perceptual disengagement from the environment (Carskadon 

and Dement, 2005). While sleep has been a topic of philosophical discussions since early human 

history, the lexicon surrounding it remained highly speculative until the invention of the 

electroencephalogram (EEG) by Hans Berger in 1924 (Gloor, 1969). This revolutionary 

technology allowed for the first empirical measurements of sleep states and initiated an intense 

research effort to describe brain activity in various states of consciousness, including sleep 

(Blake and Gerard, 1937; Gottesmann, 2001). The culmination of these early efforts were the 

seminal experiments of Aserinsky and Kleitman in 1953, which revolutionized the canonical 

understanding of sleep with the first description of rapid-eye movement (REM) sleep: a 

desynchronized brain state characterized by low-voltage, fast cortical EEG activity antithetical to 

the synchronized high-voltage, low-frequency cortical activity of which sleep was previously 

thought to be solely comprised (Aserinsky and Kleitman, 1953; Gottesmann, 2001; Pal and 
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Mashour, 2011). Critically, it became understood that sleep is not a unitary, deactivated state, but 

an active neurobiological process with dynamic alternations between two distinct states: REM 

and non-REM. 

REM sleep - also known as paradoxical sleep for its electrophysiological resemblance to 

an alert, wakeful state, despite the high arousal threshold to evoke wakefulness - is characterized 

by low-voltage, high-frequency cortical activity, concomitant with larger amplitude, rhythmic 

activity in the hippocampus of both humans (~2 – 7 Hz) and rodents (~6 – 9 Hz) (Bland, 1986; 

Bodizs et al., 2001; Buzsaki, 2002; Cantero et al., 2003). Elevated sympathetic activity 

associated with this activated EEG state affects physiological correlates, resulting in: increased 

heart rate; a reduction in thermal regulation; increased brain metabolism and cerebral blood flow; 

and an almost complete atonia of skeletal muscles, including upper airway respiratory 

musculature, resulting in increased irregular respiration (Rechtschaffen and Siegel, 2000; 

Horner, 2008; Pagliardini et al., 2013a). Physiological activity in REM sleep can further be 

dissociated into two sub-categories: tonic features, which are primarily comprised of the 

archetypical REM-induced muscle atonia; and phasic features which are comprised of the 

hallmark rapid saccadic eye movements of REM, and muscle twitches in both extremities and 

middle ear muscles (Aserinsky, 1965; Rechtschaffen and Siegel, 2000; Mashour and Pal, 2012). 

Both tonic and phasic events occur in a typical REM epoch (Pagliardini et al., 2013a). 

All other sleep falls under the broad classification of non-REM (NREM) sleep, which is a 

state characterized by high-voltage, low-frequency electrophysiological activity (Rechtschaffen 

and Siegel, 2000). Non-REM in humans is comprised of three stages of increasingly deep sleep, 

with transitions following a stereotyped progression from light NREM (stages N1 and N2) to 

deep NREM (stage N3) and back through light NREM stages to REM. This cycle takes 
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approximately 90 minutes and repeats 4-5 times over a full sleep sequence (Carskadon and 

Dement, 2005). Light NREM onset is marked by the amplified EEG activity in lower frequency 

bands, increased spindle activity, and K-complexes; whereas deep NREM is typified by the large 

amplitude, synchronized slow oscillations of slow-wave sleep (SWS) in both the neocortex and 

hippocampus (Wolansky et al., 2006; Brown et al., 2012). Physiologically, NREM is relatively 

quiescent in comparison to REM, with depressed, but stable cardiovascular, respiratory, and 

metabolic activity. Additionally, body temperature and skeletal muscle tone are reduced during 

NREM sleep in comparison to wake (Carskadon and Dement, 2005). Thus, REM and NREM 

represent two distinct electrophysiological states that are also discrete in terms of other 

physiological variables. 

 

1.2.1 Sleep-wake circuitry 

 The first insight into the discrete nuclei underlying sleep-wake regulation came almost a 

century ago, when Constantin von Economo observed differences in the post-mortem 

neuropathology of patients with encephalatica lethargica, which depended on the presentation of 

their symptoms: either extreme lethargy or insomnia. These observations led him to propose that 

the anterior hypothalamic area was involved in sleep regulation, while the posterior 

hypothalamic and brainstem areas regulated wakefulness (von Economo, 1930). His hypothesis 

was confirmed by the identification of one of the most potent sleep-promoting brain nuclei, the 

ventrolateral pre-optic area (VLPO) in the anterior hypothalamus, and the wake-promoting 

histaminergic tuberomammillary nucleus (TMN) in the posterior hypothalamus (Yang and 

Hatton, 1997; Steriade and McCarley, 2005). Over time, the theories regarding the central 
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control of sleep and arousal have consistently been refined and revised, reflecting the ever 

evolving knowledge base of sleep-wake nuclei and associated neuromodulators.  

As a brief overview of the prevailing ideas regarding sleep-wake circuitry over the last 30 

years (for an excellent review of earlier landmarks in the history of sleep research see Pelayo and 

Dement (2017)), sleep-promoting influences were thought to predominantly arise from nuclei in 

the VLPO area of the hypothalamus through GABAergic inhibition of wake-promoting nuclei 

(Sherin et al., 1998). Monoaminergic neurons in the locus coeruleus (LC - noradrenergic), dorsal 

raphe nuclei (DRN - serotonergic), and TMN (histaminergic), in conjunction with cholinergic 

neurons in the pedunculopontine tegmentum (PPT) and laterodorsal tegmentum (LDT), were 

accepted as the main wake-promoting system (Saper et al., 2005). This wake-promoting 

ascending arousal system (sometimes called the ascending reticular activating system) was 

thought to exert global effects to the cortex through the innervation of the thalamus, 

hypothalamus, and basal forebrain (BF) (Saper and Fuller, 2017). However, lesion studies 

targeting these assumed wake-promoting neurons revealed that monoaminergic and cholinergic 

neuromodulatory influences may not be the driving forces behind wakefulness, as once thought. 

In fact, lesioning individual components of the ascending arousal system, such as the 

noradrenergic neurons in the LC (Gompf et al., 2010), cholinergic neurons in the BF (Fuller et 

al., 2011), or both systems concurrently (Blanco-Centurion et al., 2007), appears to have no clear 

effect on the amount of sleep-wake states (Saper and Fuller, 2017).  

Thus, a novel hypothesis arguing that shifts in brain state, including arousal, NREM and 

REM sleep are driven primarily by the fast neurotransmitters glutamate and GABA has steadily 

gained momentum (Luppi et al., 2006; Saper and Fuller, 2017; Yu et al., 2019; Jones, 2020). 

Classic monoaminergic and cholinergic neuromodulatory systems are still considered to have a 
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strong influence on sleep-wake states (McCormick et al., 2020), but their role is considered 

secondary to the fast neurotransmitter systems (Saper and Fuller, 2017). The sleep-wake 

glutamate and GABA neurons are distributed throughout the brain and electrophysiologically 

categorized into four functional cell types based on their maximal firing rate across sleep-wake 

states: wake/REM-, NREM-, REM- or wake-max (Jones, 2017). Importantly, the relative 

distribution of these functional cell types within discrete sleep-wake nuclei may offer insight into 

the role of nuclei that are heterogeneous, either in function, molecular determinants or both 

(Jones, 2020).  

This model of sleep regulation is also an excellent fit for studies examining the influence 

of anesthetics on states of consciousness, as a majority of the current anesthetics used are 

GABAA receptor agonists. For example, the discovery that GABAergic anesthetics markedly 

increased c-FOS expression (a marker of neuronal excitation) in the lateral habenula - a 

glutamatergic thalamic nucleus involved in reward pathways (Matsumoto and Hikosaka, 2007; 

Lu et al., 2008), led to further research using the classic GABAergic anesthetic propofol; these 

studies demonstrated that the lateral habenula was not only important for gating GABAergic 

anesthetic action, but also for natural NREM sleep consolidation (Gelegen et al., 2018). Going 

forward, studies combining the use of neurochemically specific anesthetics with novel 

techniques, such as calcium-imaging, optogenetics and other methods with high spatio-temporal 

resolution, will offer new insights into the molecular mechanisms underlying the complex 

system of sleep-wake circuitry that controls consciousness. 

 

1.3 Anesthesia 
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The introduction of general anesthesia modernised surgical practices by allowing 

anesthesiologists to manipulate the level of consciousness, eliminating sensitivity to pain, and 

ensuring that the patient would have no memory of a painful procedure (Prys-Roberts, 1987). 

Consequently, general anesthesia is one of the most prevalent neurobiological manipulations 

currently in use, both in neuroscientific research, and in clinical practice with almost 60,000 

surgical procedures conducted under general anesthesia every day in the United States alone 

(Brown et al., 2010). Yet, while the choice of an anesthetic agent can have a significant impact 

on experimental neurophysiological outcomes, the brain state produced by anesthesia often 

remains ignored as a variable in animal research (Piccitto, 2018). Furthermore, despite a growing 

body of literature elucidating agent-specific electrophysiological signatures of unconsciousness 

in humans, such as: the shift from occipital to frontal alpha coherence, increases in low-

frequency power, and cross-frequency phase amplitude peak-max coupling between alpha 

rhythms (8-14 Hz) and low-frequency activity (0.1 – 2 Hz) observed under propofol-induced 

unconsciousness; brain-state monitoring using agent-specific spectral features remains an 

uncommon practice in anesthesiology (Purdon et al., 2013; Mukamel et al., 2014).  

Instead, anesthesiologists typically rely on a simplified unidimensional index 

mathematically derived from the EEG, which represents the depth of unconsciousness as a value 

between 0-100 (Sigl and Chamoun, 1994). The range of values indicating a safe depth of 

unconsciousness is supposed to remain the same across anesthetics when using these indices, 

however it is well-documented that these estimations of anesthetic depth are often inaccurate 

under atypical anesthetics such as nitrous oxide, ketamine and dexmedetomidine (Barr et al., 

1999; Hans et al., 2004; Abel et al., 2021). As a result, it is increasingly clear that although 

anesthetics yield an identical clinical endpoint, the agent-specific pharmacological properties 
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play a much larger role in both research and clinical outcomes than previously thought. 

However, the mechanisms that allow disparate pharmacological agents to produce 

unconsciousness remain largely unknown (Leung et al., 2014; Adapa, 2017).  

 

1.3.1 Anesthetic action 

While general anesthesia is characterized by a composite of clinical endpoints including 

decreased muscle tone, amnesia, and a reduction of responsiveness to external stimuli, the most 

important feature also constitutes the closest parallel to natural sleep – hypnosis (Scharf and 

Kelz, 2013). Clinically, hypnosis is referred to as a loss of consciousness (LOC); in humans, it is 

often operationally defined as a lack of response to sensory cues (e.g., verbal, visual, painful) 

(Sanders et al., 2012). The equivalent behavioural measure in animal research is a loss of the 

righting reflex (LORR), where upon losing consciousness, the intrinsic drive of an animal to 

correct its body orientation to a normal, upright posture is lost (Leung et al., 2014). It has been 

demonstrated that, across a wide range of anesthetic doses, the latency to human LOC correlates 

exceptionally well with the latency to animal LORR, confirming that both measures serve as a 

valid index of anesthetic induction (Campagna et al., 2003; Franks, 2008).  

 Though the exact mechanisms of anesthetic action remain elusive, progress has been 

made in understanding some of the molecular determinants. Initially, the influential Meyer-

Overton theory of anesthesia suggested that, due to the positive correlation between lipid 

solubility and anesthetic potency of a compound, anesthetics act to modify neuronal membrane 

properties at the lipid bilayer. However, the discovery of stereoselective optical isomers with 

identical lipid solubility but reduced potency led to a shift away from this theory, and to focus 
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instead upon protein ion channels as the most likely molecular site of anesthetic action (Franks, 

2008). Over the last 20 years, this focus typically converged upon three receptor-ion channel 

complexes that are considered important to the induction of anesthetic LOC: 1) γ-aminobutyric-

acid type A (GABAA) receptors, 2) two-pore-domain potassium (K2P) channels, and 3) N-

methyl-D-aspartate (NMDA) receptors. Almost all clinical anesthetics act upon GABAA 

receptors, either by potentiating GABA-induced chloride currents, or by agonizing the receptor 

directly (Franks, 2008). As such, GABAA receptors are a valuable entry point for understanding 

anesthetic action. For some anesthetic agents, a net decrease in neural activity is also thought to 

be mediated by the antagonism of glutamatergic NMDA receptors, or hyperpolarization caused 

by the opening of K2P channels (Franks, 2008).  

 Despite their importance, anesthetic action is certainly not limited to GABAA, NMDA 

and K2P channels (Kelz and Mashour, 2019). Anesthetics have also been found to modulate the 

following: intrinsic calcium channels (Orestes et al., 2009), intrinsic sodium channels (Herold 

and Hemmings Jr, 2012), mechanisms for pre-synaptic neurotransmitter release (Nagele et al., 

2005), and mitochondrial cellular respiration (Jung et al., 2022). To add an additional layer of 

complexity, structural studies in prokaryotic models of ligand gated channels have demonstrated 

that anesthetics can bind to multiple modulatory sites of a single channel, and either potentiate or 

inhibit the channel depending on the binding site and functional alignment (Hemmings et al., 

2019). The promiscuity of anesthetic binding means that, at anesthetic doses, many anesthetics 

are likely not selective for a single target and can act at multiple ion channels in various agent-

specific permutations (Garcia et al., 2010). Consequently, the pharmacokinetic and 

pharmacodynamic effects of a single anesthetic agent can shift dramatically based on dosage, 

weight, and species (Flecknell, 2016a). In order to contend with this Gordian knot of potential 
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mechanisms, anesthetics will be categorized based on their proposed primary pharmacological 

actions for the purposes of this chapter. However, it is clear that this mesoscopic comparison is 

only the first step in unravelling the intricacies of pharmacologically-induced unconsciousness. 

1.3.2 General anesthesia vs. sedatives 

Sedatives (sometimes referred to as hypnotics) are substances designed to depress the 

central nervous system to induce anxiolysis and increase sleepiness (Wisden et al., 2017). Often, 

sedatives can induce a state similar to natural NREM sleep, characterized by increased delta 

oscillations, reduced respiratory rate, and lowered body temperature (Yu et al., 2018). As such, 

sedatives are frequently employed in clinical settings, such as intensive care units, to reduce 

post-operative delirium and promote sleep in an inhospitable environment (Skrobik et al., 2018; 

Yu et al., 2018). While sedatives differ from general anesthesia in that it is usually possible to be 

aroused from a sedative state, certain sedative agents share anesthetic molecular targets (GABAA 

receptors) and even act as general anesthetics at elevated dosages (i.e., propofol and barbituates) 

(Franks, 2008; Yu et al., 2018). Accordingly, discerning the neural mechanisms essential to 

exerting a sedative effect can give insight to the processes of sleep and general anesthesia. 

Therefore, the literature evaluating the neurobiological overlaps of specific sedative compounds 

and natural sleep will also be included in this review. 

 

1.4 The shared-circuit hypothesis 

Another theory for deciphering anesthetic action came roughly 30 years ago, when due to 

the shared behavioural phenotypes of anesthesia and sleep, it was proposed that the loss of 
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consciousness associated with anesthesia is likely controlled by activity in the sub-cortical nuclei 

associated with sleep-wake regulation (Lydic and Biebuyck, 1994). Since then, the shared-circuit 

hypothesis has been a very active, and at times divisive topic of debate (Eikermann et al., 2020). 

For although there is an abundance of compelling evidence of mechanistic overlaps (which will 

be discussed in greater detail in section 1.6), there have also been some recent studies which 

have called the shared-circuit hypothesis into question. These criticisms were based on divergent 

outcomes that were observed across conditions of sleep and anesthesia when GABA or 

glutamatergic neurons in the sleep-promoting areas of the hypothalamus were manipulated using 

pharmacogenetic techniques (Vanini et al., 2020; Luo et al., 2023).  

At the surface, the question of the shared-circuit hypothesis seems relatively simple: does 

anesthesia co-opt endogenous sleep-wake wake circuitry to produce unconsciousness? It is 

human nature to want a categorical answer, a black and white “yes” or “no”. However, the 

seeming simplicity of the question belies its innumerable complexities, meaning that the answer 

most likely lies in the grey with “it depends”. First and foremost, this stems from a philosophical 

issue: when an exogenous drug is applied to a complex living being, it is difficult to dissociate 

where “co-opting” an endogenous system ends, and where a whole new process begins. This is 

because when viewed from a reductionist standpoint, the nervous system is effectively a closed-

system processor designed to produce output (e.g. behaviour, brain state, or physiological 

response) in response to an input (e.g stimulation, or drug), meaning that any input that produces 

an appreciable output response, invariably must act upon the endogenous pathways of the closed 

system to some degree. 

The difficulty of this dissociation is not limited to anesthesia. For example, exogenous 

opioids modulate endogenous pain pathways to produce analgesia, arguably co-opting the 
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physiological pathways of endogenous opioid neuropeptides. Certain modes of neurostimulation 

also promote analgesia through mechanisms that are not yet fully understood, but that likely 

modulate endogenous opioidergic circuits (Lubejko et al., 2022). Thus, although these different 

exogenous stimuli both produce analgesia, in the absence of a fully delineated endogenous 

process, it remains difficult to quantify the extent to which each approach “co-opts” the 

endogenous pain pathways. Nevertheless, external stimuli such as opioids, and anesthesia have 

been invaluable tools in refining our collective understanding of endogenous pain pathways (Hua 

et al., 2020; Casely and Laycock, 2022). 

Accordingly, as parallel but distinct processes within a closed system resulting in a 

similar output (i.e unconsciousness), some “shared circuits” across sleep and anesthesia are 

inevitable, and indeed have already been demonstrated (Gelegen et al., 2018; Jiang-Xie et al., 

2019). However, as previously described, sleep and anesthesia have fundamental differences, 

such as homeostatic regulation, and rousability. Moreover, since anesthesia is comprised of 

multiple agents with diverse pharmacology, and the endogenous sleep-wake system is comprised 

of multiple neuromodulatory systems and diverse neuroanatomical sites, it is extremely unlikely 

that all anesthetics and all sleep-wake neuroanatomical sites will correspond. Consequently, 

rather than approaching the shared-circuit hypothesis as theory that should apply universally to 

all anesthetics, and all sleep-wake circuitry, a Venn diagram paradigm of overlapping, but also 

divergent states more accurately encompasses the complexities of both sleep and anesthesia.  

 

1.5 Arousal and anesthetic emergence 
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 Arguably, the most important shared trait of unconsciousness during sleep and anesthesia 

is that it is reversible. Recently, there has been a major shift in the canonical understanding of 

anesthetic emergence from a passive reversal of anesthetic induction, to an active, and more 

importantly, tractable process (Chemali et al., 2012; Kelz et al., 2019; Hu et al., 2023). Some of 

the mechanisms driving anesthetic emergence appear to be functionally distinct from the 

mechanisms for induction and maintenance of unconsciousness, however there is a growing 

body of literature demonstrating that endogenous arousal circuits facilitate anesthetic emergence 

(Moody et al., 2021; Reitz and Kelz, 2021). The commonalities between arousal and anesthetic 

emergence have further highlighted the importance of anesthesia as a tool to probe the 

mechanisms of reversible unconsciousness, especially as the advancement and refinement of 

scientific techniques provide increasingly finer resolution of molecularly heterogeneous sleep-

wake nuclei (Bao et al., 2021; Cai et al., 2021; Reitz and Kelz, 2021). 

As elucidated in a previous section, the ablation of discrete components of the ascending 

arousal system, such as the orexinergic or histaminergic neurons in the hypothalamus 

(Gerashchenko et al., 2001; Gerashchenko et al., 2004), or even multiple arousal-related nuclei 

concurrently (Blanco-Centurion et al., 2007), did not significantly alter daily wake levels in 

rodents. These studies serve to highlight the close-to failsafe redundancies in the organization of 

sleep-wake systems that serve to maintain consciousness even in the event of localized brain 

injury (Pal and Mashour, 2011). Consequently, it is unlikely that a single, discrete locus is 

sufficient to produce a state of sleep or arousal; rather, it appears that a diffuse network 

comprising of multiple neuroanatomical sites and neuromodulatory systems is responsible for 

orchestrating states of consciousness (Sulaman et al., 2023). Therefore, it follows that there 

likely is a similarly distributed system underlying both anesthetic induction and emergence, and 
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that the anesthetic state is not mediated by a single structure (Pal and Mashour, 2011; Leung et 

al., 2014; Moody et al., 2021). To that end, the next section of this chapter will explore the sub-

cortical nuclei implicated in the functional network of unconsciousness, with emphasis on the 

intersection of functions in both sleep and anesthetic states. 

 

1.6 Subcortical interfaces of sleep and anesthesia 

1.6.1 Anterior hypothalamus 

Reported symptoms of insomnia in patients with damage to the anterior hypothalamus led 

to the discovery of the preoptic area (POA) as one of the first brain loci to have a role in sleep-

wake regulation (von Economo, 1930). To confirm these clinical case descriptions, a subsequent 

experimental study used systematic lesioning in discrete hypothalamic sections of the rat brain 

and concluded that the POA is a “sleep center” (Nauta, 1946). This hypothesis gained traction 

with the development of neurobiological techniques, starting with successive lesion (Sallanon et 

al., 1989) and inactivation studies (Lin et al., 1989), and was further substantiated by elevated c-

FOS (a marker of neuronal activation) immunohistochemistry following sleep episodes. This c-

FOS staining was found in a population of GABAergic neurons in the ventrolateral preoptic area 

(VLPO) and median preoptic nucleus (MnPO), defining these regions and cells as prominent 

sleep-promoting units (Sherin et al., 1996; Szymusiak et al., 1998; Gong et al., 2004).  

The POA also plays an important role in the homeostatic functions of regulating blood 

pressure, electrolytic balance, sexual behaviour, and most importantly thermoregulation, which 

intersects with sleep regulation and brain state  (Szymusiak et al., 2007; Takahashi et al., 2009; 
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Harding et al., 2018). The POA is well situated as a hub for sleep promotion, as it sends 

inhibitory projections which target some of the major wake-promoting centres of the brain, such 

as the orexinergic-rich perifornical area of the lateral hypothalamus (LH) (Yoshida et al., 2006), 

the noradrenergic locus coeruleus (LC), the serotonergic dorsal and medial raphe nuclei (DRN; 

MRN), and the tuberomammillary nucleus (TMN) in the posterior hypothalamus, which is the 

sole source of histamine in the central nervous system (Sherin et al., 1998; Steininger et al., 

1999; Steininger et al., 2001; Lin et al., 2011). In turn, these areas often provide reciprocal 

innervation of the POA subnuclei which can inhibit sleep-promoting POA neurons, and activate 

wake-promoting POA neurons, leading to rapid arousal as demonstrated by activation of 

GABAergic terminals from the LH, or noradrenergic terminals from the LC in the VLPO 

(Venner et al., 2019; Liang et al., 2021). Similarly, the VLPO-TMN circuit is hypothesized to be 

a mutually inhibitory loop that likely plays a particularly important role in sleep generation, as 

inactivation of the TMN can reverse symptoms of insomnia associated with POA lesions, and 

promote sleep (Liu et al., 2010b; Thakkar, 2011; Weber and Dan, 2016; Chung et al., 2017). This 

mutually inhibitory interaction is also supported by the observation that systemic injection of the 

anesthetic GABAA receptor agonists propofol and pentobarbital simultaneously significantly 

increased and decreased c-FOS expression in the VLPO and the TMN, respectively (Nelson et 

al., 2002). 

A similar pattern of elevated VLPO c-FOS activation was not observed with ketamine, an 

anesthetic that antagonizes NMDA receptor function, but has been reported with a variety of 

other anesthetics, including isoflurane and the sedative dexmedetomidine (DEX) (Nelson et al., 

2003; Lu et al., 2008; Moore et al., 2012). As a selective α2 adrenergic agonist, the primary 

effects of DEX are on metabotropic α2 Gi–protein coupled receptors (Jasper et al., 1998), which 
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are abundant in the noradrenergic LC (Correa-Sales et al., 1992). Consequently, it has long been 

presumed that the main sedative effect of DEX arose from direct inhibition of the LC through α2 

autoreceptors and the subsequent loss of excitatory noradrenergic output (Yu et al., 2018). 

However, while the LC is indeed inhibited by DEX through α2 receptors (Lakhlani et al., 1997), 

NREM-like sedation still occurs when DEX is administered to α2A receptor knockout animals 

(Gilsbach et al., 2009), indicating that the sedative effect of DEX is unlikely to be solely 

mediated by inhibition of the LC via these receptors. This hypothesis initially gained traction 

with a study that demonstrated elevated c-FOS levels in the VLPO following administration of 

DEX, implicating the VLPO in DEX-induced sedation (Nelson et al., 2003). More recently, it 

has been demonstrated that, through a pharmacogenetic technique known as TetTagging 

(Reijmers et al., 2007; Garner et al., 2012), the experimental reactivation of neurons that became 

c-FOS positive during a low, systemic dose of DEX or during recovery sleep following a period 

of sleep deprivation, induced NREM-like sleep and strong hypothermia (Zhang et al., 2015). 

Importantly, these effects were mediated by neurons in the POA, indicating that a subcortical 

structure other than the LC was sufficient to produce the sedative response associated with DEX 

(Yu et al., 2018).  

However, while the POA plays a pivotal role in the regulation of NREM sleep, it is also 

important to note that the POA is highly heterogeneous, and thus is not exclusively somnergic 

(Moffitt et al., 2018; Sulaman et al., 2023). This molecular and functional complexity has led to 

some perplexingly inconsistent outcomes in studies assessing the role of the POA in promoting 

unconsciousness or arousal in sleep and anesthesia. For instance, activation of POA tachykinin 1 

neurons promoted sleep in one study (Chung et al., 2017), but both strongly consolidated 

wakefulness, and produced partial resistance to isoflurane and sevoflurane induced 
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unconsciousness in another (Reitz et al., 2021). Similarly, isoflurane has been demonstrated to 

directly depolarize sleep-promoting VLPO neurons (Moore et al., 2012), and optogenetic or 

chemogenetic activation of VLPO GABA neurons co-expressing galanin has been shown to 

increase NREM sleep (Kroeger et al., 2018), yet another study did not show changes in sleep-

wake architecture or isoflurane induction or recovery time following chemogenetic activation of 

VLPO GABA neurons (Vanini et al., 2020). Taken together, these conflicting results suggest that 

fully elucidating the specific contributions of the heterogenous neuronal populations of the POA 

to the regulation of unconsciousness will take both time, and potentially the development of 

more precise methods for distinguishing these populations in vivo, as a single molecular marker 

may not be sufficient (Reitz and Kelz, 2021). 

 

1.6.2 Posterior Hypothalamus 

In the posterior hypothalamus, the TMN appears to have a pivotal role in endogenous 

sleep-wake circuitry, given the trifecta of: 1) the role of histamines in regulating aspects of 

wakefulness, such as cortical activation and behavioural arousal (Anaclet et al., 2009; Zant et al., 

2012); 2) the widespread projections throughout the brain of histaminergic neurons solely 

originating in TMN (Kohler et al., 1985; Staines et al., 1987); and 3) the strong inhibitory inputs 

to the TMN from the sleep-active and sleep-promoting GABAergic POA neurons discussed 

above (Chung et al., 2017). Almost a decade ago, the TMN was postulated to have a fundamental 

role in transitions between unconsciousness and arousal, which was thought to occur through 

inhibition of the TMNs wake-promoting histaminergic drive to the rest of the brain by the 

increased inhibitory GABA input from either the VLPO, or through GABAergic agonism via 
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hypnotic actions using anesthetics such as propofol (Zecharia et al., 2009; Saper et al., 2010). 

However, when it was found that selective genetic ablation of GABAA receptors from histamine-

containing neurons had no influence on basal sleep-wake architecture or propofol-induced 

LORR, this hypothesis was called into question (Zecharia et al., 2012). Notwithstanding, 

subsequent studies demonstrated that acute in vivo optogenetic silencing of histamine neurons 

induced a transition to NREM sleep in waking mice (Fujita et al., 2017), and that targeted 

pharmacogenetic inhibition of histamine neurons with the GABAergic sedative zolpidem 

(Ambien) significantly reduced latency to, and increased time spent in NREM sleep (Uygun et 

al., 2016). In light of this recent evidence, the authors of Zecharia et al. (2012) have interpreted 

the incongruity of their results to be due to the inherent compensatory drive of the central 

nervous system in response to the chronic loss of histaminergic GABAA receptors (Yu et al., 

2018). Thus, while it appears that the TMN, or its inhibition thereof may not induce arousal or 

sleep per se, it undoubtedly plays a role in the endogenous sleep-wake circuit (Takahashi et al., 

2009; Yu et al., 2018). 

 

1.6.3 Lateral Hypothalamus 

The perifornical area of the lateral hypothalamus is recognized as being predominantly 

populated by orexinergic (also called hypocretinergic) neurons, which are highly active during 

waking behaviours and have diffuse projections throughout the brain, including monoaminergic 

brainstem nuclei and cholinergic BF targets (Lee et al., 2005a; Mileykovskiy et al., 2005; 

Arrigoni et al., 2010; Lin et al., 2011). Loss of orexinergic influence results in narcolepsy (Lee 

and Dan, 2012), whereas optogenetic stimulation of orexinergic neurons induces wakefulness 
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(Adamantidis et al., 2007). The wake-promoting influence of orexin is also speculated to have an 

integral role in facilitating emergence from anesthesia, as ablation of orexinergic neurons does 

not affect the induction of isoflurane anesthesia (a GABAergic volatile anesthetic), but 

significantly delays emergence from anesthesia (Kelz et al., 2008). A similar effect has been 

observed with sevoflurane, wherein chemogenetic activation of orexinergic projections from the 

LH to the lateral habenula, which is a nuclei known to consolidate NREM sleep and mediate 

hypnosis in propofol anesthesia, both reduced anesthetic depth and facilitated emergence (Zhou 

et al., 2023).  

The promotion of emergence from anesthesia is not limited to volatile anesthetics, 

propofol decreases c-FOS expression in orexinergic LH neurons, while intracerebroventricular 

(ICV) or intra-nucleus basalis microinjection of orexin-A both expedite emergence from 

propofol-induced anesthesia (Shirasaka et al., 2011; Zhang et al., 2012). Furthermore, a 

decreased time in the unconscious LORR state was observed for both propofol and DEX 

following ICV orexin injection (Zecharia et al., 2009). However, a similar effect is not observed 

in ketamine anesthesia (Zecharia et al., 2009), suggesting that the primary pharmacological 

mechanism of this anesthetic agent intercedes the properties of orexinergic potentiation of 

arousal from anesthesia. 

 

1.6.4 Basal Forebrain 

 Based on the organization of anatomical connections alone, it is clear that the basal 

forebrain (BF) likely has a central role in coordinating behavioural states of consciousness. The 

BF receives input from other arousal-related nuclei, including monoaminergic efferents from the 
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LC, dorsal and medial raphe, substantia nigra (SN), and ventral tegmental area (VTA); 

cholinergic and glutamatergic efferents from the penduculopontine nucleus and laterodorsal 

tegmental nucleus; and orexinergic and histaminergic efferents from the hypothalamus (Vertes, 

1988; Zaborszky et al., 1991; Zaborszky and Duque, 2000). In turn, BF neurons project to the 

neocortex, thalamus, hippocampus and entorhinal cortex (Mesulam et al., 1983; Vertes and 

Kocsis, 1997; Semba, 2000). While the BF contains both sleep-promoting and wake-promoting 

neuronal populations that are spatially intermingled (Xu et al., 2015), the BF plays a crucial role 

in cortical activation (Sulaman et al., 2023), subsequently this section will focus on the arousal-

related cholinergic BF neurons.  

High acetylcholine (ACh) levels in the CNS are associated with active EEG states, as 

cholinergic BF neurons fire maximally during wakefulness and REM sleep (Lee et al., 2005b). 

These neurons may serve as a target for the sedative-hypnotic effects of anesthesia, as the 

intrinsic excitability of BF cholinergic neurons is significantly decreased following the in vitro 

application of propofol (Chen et al., 2019). Accordingly, pharmacogenetic activation of BF 

cholinergic neurons reduced the anesthetic potency of propofol and isoflurane, whereas selective 

lesioning of cholinergic neurons in the BF amplified the anesthetic potency of propofol, 

pentobarbital, and isoflurane resulting in increased delta power and LORR duration (Leung et al., 

2011; Luo et al., 2020). However, this effect is not observed with halothane (another volatile 

anesthetic), which suggests that the observed effects of anesthesia on the cholinergic system are 

likely dependent on agent-specific pharmacological mechanisms (Leung et al., 2011). Other 

anesthetic studies have shown that infusion of histamine into the BF, mimicking the inputs from 

the LH, decreased the burst-suppression EEG ratio and latency to emergence from LORR under 

isoflurane (Luo and Leung, 2009), with similar results observed with infusion of norepinephrine, 
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mimicking BF input from the LC, under desflurane anesthesia (Pillay et al., 2011). As such, it is 

possible that some arousal-promoting influences affecting sleep and anesthesia from disparate 

nuclei of the sleep-wake system may be critically mediated by the BF as the interface with 

cortical and thalamocortical circuitry.  

Additionally, adenosine, a purine nucleoside that acts as a neuromodulator, shows 

increased concentration in the BF following sleep deprivation and is implicated in the 

homeostasis of sleep-wake architecture, particularly the induction of unconsciousness (Porkka-

Heiskanen et al., 1997; McCarley, 2007; Sulaman et al., 2023). Indeed, an anesthetic study found 

that, while latency to LORR under anesthesia was shortened when animals were sleep-deprived, 

local infusion of an adenosine antagonist into the BF of sleep-deprived animals both increased 

the latency to LORR, and decreased emergence from anesthesia (Tung et al., 2005). 

Furthermore, systemic administration of adenosine (which may act at adenosine receptors 

outside of the basal forebrain) reduced induction time and enhanced anesthetic potency for 

thiopental (a barbiturate) and propofol (Kaputlu et al., 1998), whereas caffeine, a potent 

adenosine antagonist, has been demonstrated to accelerate emergence from isoflurane anesthesia 

(Fong et al., 2017). This bidirectional effect has also been observed using systemic 

administration of adenosine 2A receptor agonists, which resulted in increased anesthetic potency 

and antagonists, which resulted in decreased anesthetic potency under propofol anesthesia (Guo 

et al., 2023). Thus, the hypnogenic influences of anesthesia and sleep are likely modulated by 

adenosine. 

 

1.6.5 Thalamus  
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 As the main gateway for sensory input to the cortex, with strong neuromodulatory 

influences from nuclei in the sleep-wake network such as the BF, and extensive reciprocal 

projections to the cortex, the thalamus has also been suggested to play a pivotal role in global 

brain state regulation; specifically, wake generation and wake-related processing (Levey et al., 

1987; Steriade, 2005; Sulaman et al., 2023). This is reflected by the inhibition of thalamocortical 

neurons by a variety of general anesthetics, including propofol, isoflurane and pentobarbital 

(Wan et al., 2003; Ying and Goldstein, 2005; Ying et al., 2009). However, as the thalamus is a 

functionally heterogeneous structure (Hudetz, 2012; Hauer et al., 2019), specific thalamic nuclei 

likely play different roles in the control of sleep-wake states, with higher order and midline 

thalamic structures ostensibly playing a larger role in the regulation of consciousness (Baker et 

al., 2014; Mease et al., 2016; Gent and Adamantidis, 2017).  

One such nucleus, the paraventricular thalamus (PVT) has been recently demonstrated to 

contribute not only to the control of transitions of consciousness under propofol anesthesia, and 

promote emergence from isoflurane anesthesia, but also to be critical in the promotion and 

persistence of physiological wakefulness (Ren et al., 2018; Wang et al., 2023). In accordance 

with the wake-promoting role of the thalamus, removal of the inhibitory influence of the 

GABAergic thalamic reticular nucleus on other specific thalamic nuclei resulted in an emergence 

from an anesthetic state (Herrera et al., 2016), an effect also observed with pharmacological or 

electrical stimulation (Alkire et al., 2007; Bastos et al., 2021). Furthermore, a recent study found 

that genetic blockade of glutamate release from the lateral habenula, an epithalamic nucleus, 

diminished sensitivity to the anesthetic properties of propofol and severely fragmented natural 

NREM sleep (Gelegen et al., 2018), again demonstrating that the unconsciousness of sleep and 

anesthesia are often modulated by the same nodes of the sleep-wake network. Taken together, 
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Figure 1.1 Selected excitatory and inhibitory pathways integral to induction and 

maintenance of unconsciousness in sleep and anesthesia.  

LC: Locus coeruleus, LH: Lateral hypothalamus, TMN: Tubomammillary nucleus, POA: 

Preoptic area, BF: Basal forebrain, SN: Substantia nigra, vlPAG: ventrolateral periaqueductal 

gray, VTA: Ventral tegmental area. 

  



27 
 

these studies suggest that the thalamus and the related nuclei thereof, are highly involved in the 

regulation of states of consciousness (and perhaps even states of awareness), although it has yet 

to be fully elucidated how these changes in state occur. 

 

1.6.6 Brainstem 

 Despite vacillations in the hypothesized role of specific monoaminergic brainstem nuclei 

in sleep and anesthesia, these loci are undoubtedly imperative in modulating states of conscious 

arousal. While (as previously discussed) the LC does not appear to be the sole mediator of the 

sedative effects of DEX, as initially hypothesized (Zhang et al., 2015), nor absolutely necessary 

for wakefulness, it has been consistently implicated in contributing to the regulation of arousal, 

given its role as the largest source of noradrenergic neurons in the brain, with projections to a 

vast array of targets in the CNS (Aston-Jones and Bloom, 1981; Espana and Berridge, 2006; 

Sulaman et al., 2023). This is perhaps best illustrated by the rapid termination of sleep by direct 

optogenetic stimulation of either the LC, or LC noradrenergic projections to the VLPO (Carter et 

al., 2010; Liang et al., 2021). Indeed, release of noradrenaline and neuronal firing in the LC were 

both reported to increase upon emergence from halothane anesthesia (Saunier et al., 1993) and, 

more recently, it has been determined that the excitatory noradrenergic pathway from the LC to 

the central medial thalamic nucleus accelerates emergence from propofol anesthesia (Fu et al., 

2017). Thus, it is feasible that the noradrenergic system works in synchrony with the orexinergic 

system to promote arousal and emergence from an anesthetic state – an idea that is also 

supported by the inability to elicit orexin-induced awakening when the LC is inhibited (Carter et 

al., 2012). Interestingly, the anesthetic action of ketamine (an NMDA-receptor antagonist) may 
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be facilitated by the LC, as lesions to the LC actually decreased the duration of LORR under 

ketamine, in contrast to the increased duration of LORR observed with thiopental (Kushikata et 

al., 2011). These observations suggest that the LC is involved in mediating anesthetic action 

depending on pharmacological specificity, as well as promoting arousal in the sleep-wake 

system.  

There is growing evidence that the central dopaminergic system of the VTA, SN and 

ventrolateral periacquaductal gray (vlPAG) also plays a central role in mediating anesthetic 

hypnosis. Dopaminergic neurons in the VTA are mainly active during wakefulness and REM 

sleep, and appear to be wake-promoting as pharmacogenetic activation induces and maintains 

wakefulness (Monti and Jantos, 2008; Oishi et al., 2017; Sulaman et al., 2023). In the context of 

anesthesia the effects are similar, inactivation or lesion of the VTA prolonged LORR induced by 

pentobarbital or propofol, respectively (Ma and Leung, 2006; Zhou et al., 2015), and optogenetic 

stimulation of the dopaminergic VTA neurons induced emergence and reanimation from 

isoflurane anesthesia (Taylor et al., 2016). Analogously, lesions to the dopaminergic neurons in 

the SN significantly increased the latency to recovery from propofol-induced anesthesia (Shi et 

al., 2017), and targeted lesions of the dopaminergic neurons in the vlPAG both reduced induction 

time and prolonged emergence from propofol anesthesia (Li et al., 2018). VTA GABAergic 

neurons are also a region of interest for the control of transitions of consciousness, because when 

they are chemogenetically activated they produce an NREM-like state of unconsciousness, and 

similarly enhance the effects of isoflurane anesthesia (Yin et al., 2019; Yu et al., 2019) 

Collectively, these results indicate that the VTA, SN and vlPAG play an important role in the 

reversible unconsciousness of  sleep and anesthesia. 
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 It is important to note that there is an alternative theory to the contemporary models of 

coordinated systems of disparate sleep-wake nuclei with failsafe redundancies. This theory, 

based on the “dedicated pathways” hypothesis of Moruzzi and Magoun (1949), postulates that 

anesthetics act to inhibit the mesopontine reticular activating system which then produces 

cortical and behavioural suppression. Specifically, this model suggests that anesthetic action is 

mediated by a single locus, the mesopontine tegmental anesthesia area (MPTA), which has both 

ascending and descending afferents in the CNS to key effector structures that themselves induce 

hypnosis, as well as analgesia and immobility secondarily (Devor and Zalkind, 2001). Bilateral 

injection of pentobarbital into the MPTA invoked a transient anesthesia-like state in rats, and the 

MPTA has been demonstrated to be differentially sensitive to other GABAergic anesthetics such 

as thiopentone (Voss et al., 2005). Furthermore, MPTA lesions decreased the sensitivity to the 

GABAergic anesthetics pentobarbital, propofol and etomidate (Minert and Devor, 2016; Minert 

et al., 2020), prolonged periods of wakefulness, and increased total time spent awake (Lanir-

Azaria et al., 2018). However, the lack of clear histological markers for this region likely impacts 

lesioning specificity. Moreover, despite improved localization, the immediate proximity of other 

arousal-related nuclei, such as the vlPAG, laterodorsal tegmental nucleus, and 

pendunculopontine tegmental nucleus, suggests these results require replication and further 

investigation (Minert et al., 2017). Nevertheless, the MPTA may represent a new node in the 

sleep-wake circuitry and, if so, further implicates the anesthetic appropriation of endogenous 

mechanisms of unconsciousness. 

 

1.7 Behavioural and electrophysiological commonalities  
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 Sleep and anesthesia align at more than just neuroanatomical targets; functional 

intersections also occur for specific behavioural and electrophysiological features. Among the 

most compelling evidence for the symbiotic relationship between sleep and anesthesia is the 

amelioration of total sleep debt following sleep deprivation by propofol (Tung et al., 2004), and 

the modulation of anesthetic potency by sleep deprivation, which significantly decreased latency 

to anesthetic induction and prolonged time to emergence from isoflurane and propofol (Tung et 

al., 2002). Similar results have been observed for sevoflurane, with reduced latency to induction 

of LORR and dissipation of NREM, but not REM sleep debt following sleep deprivation (Pal et 

al., 2011). These and similar results suggest that the reciprocity between sleep and anesthesia in 

terms of homeostasis may be both agent- and sleep state-specific (Mashour and Pal, 2012). If this 

is indeed the case, understanding the differences in the pharmacological and physiological 

actions of different anesthetics may offer insight into both endogenous sleep homeostatic 

processes and the functional relevance of NREM and REM states.  

It has long been held that anesthesia is not a suitable surrogate for the cyclic alternations 

of state that are observed in natural sleep, due to the unitary, coma-like burst-suppression 

activity, or NREM-like brain activity observed under most anesthetics (Tung and Mendelson, 

2004; Lydic and Baghdoyan, 2005; Adapa, 2017; Ward-Flanagan et al., 2022). However, 

spontaneous and cyclical alternations between an activated state of cortical desynchronization 

concomitant with hippocampal theta (~4 Hz), and a deactivated state of synchronous large 

amplitude, slow oscillations in the cortex and hippocampus has been observed under urethane 

anesthesia in both rats and mice (Clement et al., 2008; Pagliardini et al., 2013b). Interestingly, 

for urethane, the often lengthy transitional period between activated and deactivated states shows 

properties of light NREM states (i.e., prominent cortical spindling), while the transition from 
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deep slow-wave states to activated REM-like patterns is more rapid; both of these features of 

urethane anesthesia are similar to the state transition present in natural sleep cycles. While 

urethane is similar in nature to other anesthetics, in that at higher doses it has multiple sites of 

action, including, but not limited to GABA, NMDA, and AMPA receptors (Hara and Harris, 

2002); it differs in its primary pharmacological mechanism, which is to potentiate resting 

potassium conductance, subsequently inducing hyperpolarization of central neurons (Sceniak and 

MacIver, 2006). This distinct mechanism is illustrated by the initial reduction of tonic firing, and 

subsequent potentiation of bursting activity in ventrobasal thalamocortical neurons in mice 

anesthetized with urethane (Huh and Cho, 2013), and likely contributes to the unique anesthetic 

effects of urethane. 

In addition to the cyclic alternations between REM-like and NREM-like states that have 

periods similar to those typically observed in natural sleep, other physiological changes (e.g., 

heart rate, respiration, and muscle tone) that occur in relation to the stages of natural sleep show 

almost identical relations to the different stages present under urethane anesthesia (Clement et 

al., 2008; Whitten et al., 2009; Pagliardini et al., 2012). As such, urethane is already in use as a 

model in rodent studies of sleep-like neurophysiological processes, including, but not limited to: 

activity-dependent scaling of neuroplasticity in slow-wave sleep (Gonzalez-Rueda et al., 2018), 

sudden, unexpected death in epilepsy (Goldman et al., 2017), the role of astrocytes in changing 

cortical brain states (Poskanzer and Yuste, 2016), and urodynamic functions associated with 

changes in brain state (Crook and Lovick, 2016).  

Despite these numerous, and compelling overlaps, it should also be stressed that urethane 

is not identical to natural sleep. Besides the obvious need for pharmacological as opposed to 
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Figure 1.2 Comparison of electrographic features of natural sleep and urethane anesthesia. 

Traces are from separate recording sessions within the same rat. Both conditions demonstrate: 1) 

an activated state of cortical low-voltage fast activity concomitant with theta (~ 4 Hz) activity in 

the hippocampus, and 2) a deactivated state of slow (~ 1 Hz) synchronous activity in both the 

cortex and hippocampus. Importantly both conditions demonstrate spontaneous, cyclic 

alternations between these states that are also analogous in time frame. 
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physiological induction and lack of rousability, urethane also differs from sleep in that it does not 

produce the saccadic rapid-eye movements archetypical of REM sleep, and that it produces an 

overall slowing of forebrain activity, especially in hippocampal theta from ~ 6-9 Hz in naturally 

sleeping rats to ~ 4 Hz under urethane (Bland, 1986; Clement et al., 2008). These differences are 

undoubtedly important to keep in mind when using urethane as a model of sleep, especially as 

they require specific accommodations in analysis (i.e accounting for the frequency slowing) in 

order to fairly interpret results (Mondino et al., 2022; Ward-Flanagan et al., 2023). However, 

these differences do not preclude urethane from providing an excellent model of sleep-like 

neurophysiology, for in addition to the consistencies in neurophysiology outlined above, 

urethane also is also synonymous with natural sleep in terms of: 1) bidirectional sensitivity to 

central cholinergic neuromodulation, with agonism promoting REM sleep, and a REM-like 

activated state under urethane, and antagonism promoting NREM sleep and an NREM-like 

deactivated state under urethane (Clement et al., 2008; Arrigoni and Fuller, 2019), 2) the laminar 

and current source density profile of hippocampal theta during the tonic phase of REM sleep, and 

although slower, the activated state under urethane (Bland, 1986; Wolansky et al., 2006), and 3) 

changes in brain state in response to manipulations of forebrain-projecting cholinergic nuclei in 

the brainstem (Clement et al., 2008). 

Thus, urethane offers a unique experimental model to interrogate the mechanisms 

underlying sleep-like brain states and their alternations, and to further identify the roles of 

specific neuronal populations in promoting different states during unconsciousness (Walczak and 

Blasiak, 2017). However, while urethane provides a long-acting, stable anesthetic effect, the 

drawback associated with this stability is systemic toxicity, which ethically limits the use of 

urethane to terminal experiments (Maggi and Meli, 1986; Silver et al., 2021). As such, for 
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chronic experimental manipulations that require an anesthetic surrogate of slow-wave sleep, 

ketamine-xylazine is commonly used. Nonetheless, there are also caveats for ketamine-xylazine, 

including an elevated power in the gamma frequency (30 – 100 Hz; (Chauvette et al., 2011), and 

a unitary state of NREM-like slow oscillations evoked at a surgical plane of anesthesia (Sharma 

et al., 2010). This raised the question of whether other anesthetics could produce the same sleep-

like neurophysiology and surgical depth of anesthesia as urethane, without being limited to acute 

experimental preparations, especially in light of the growing focus on overlaps between arousal 

and anesthetic emergence.  

 

1.8 Pharmacological models of sleep – summary of findings 

 In Chapter 2, I use identical recording conditions to compare the spontaneous brain 

activity of urethane with that of five other commonly used research anesthetics at a surgical 

plane of anesthesia. Based on previous work in our lab, which showed that urethane produced 

sleep-like brain state alternations (Clement et al., 2008), and that ketamine-xylazine produced a 

unitary state of NREM-like global slow-oscillatory activity (Sharma et al., 2010), I hypothesized 

that urethane alone could provide a pharmacological model of the neurophysiological dynamics 

of natural sleep, while other anesthetics could provide adequate models of specific components 

of unconscious states. I show that, at a surgical plane of anesthesia, propofol, pentobarbital, and 

isoflurane all produced a coma-like brain state of burst-suppression, and that ketamine-xylazine 

produced the NREM-like state of global slow oscillations that had been previously observed. 

Surprisingly though, I show that not only urethane, but also chloral hydrate produced 

spontaneous, sleep-like alternations of brain state, which were not associated with a decrease in 



35 
 

anesthetic depth. To my knowledge, this is the first demonstration of these sleep-like brain state 

alternations under chloral hydrate anesthesia, which has important implications for modelling 

both brain state alternations, and anesthetic emergence, as unlike urethane, chloral hydrate is not 

limited to acute experimental paradigms. 

 The aim of Chapter 3 is to explore the mechanistic overlaps between sleep and urethane 

anesthesia, which potentially give rise to their well-documented parallels in measures of EEG 

and peripheral physiology. To that end, I measured the relative activation of ten sub-cortical 

nuclei within the endogenous sleep-wake circuit in rats using c-Fos as a marker of neuronal 

activity, across five behavioural conditions: 1) rats engaged in recovery sleep following sleep 

deprivation (i.e pressured sleep), 2) rats engaged in regular sleep without sleep deprivation (i.e 

unpressured sleep), 3) rats under urethane anesthesia following sleep-deprivation (i.e pressured 

anesthesia), 4) rats under urethane anesthesia without sleep-deprivation (i.e unpressured 

anesthesia), and 5) wake. When the patterns of activation across these ten sleep-wake nuclei was 

compared across these conditions, rats in the urethane conditions had near identical profiles to 

those in the unpressured sleep condition, irrespective of prior sleep deprivation. Consequently, it 

appears that urethane not only mimics sleep-like neurobiological measures, but also produces 

similar patterns of activity in neuroanatomical targets. However, it also seems that the state 

produced by urethane is highly stereotyped, and supersedes any internal homeostatic changes 

that typically occur in response to sleep debt. Urethane then, is similar to physiological sleep in 

terms of physiological correlates, but unlike sleep in terms of sensitivity to sleep pressure.  

 Chapter 4 assesses the assertion that chloral hydrate anesthesia does not provide adequate 

analgesia to serve as a sole anesthetic for surgical manipulations. If chloral hydrate is to serve as 

a pharmacological model of sleep, it is imperative that it can produce adequate analgesia for both 
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ethical considerations, as well as to limit the potential confounds of having to administer 

additional analgesics. I demonstrate that, in alignment with previous reports from the primary 

literature, chloral hydrate produces significant analgesia, and that importantly, this effect is not 

due to paralytic immobility.  

 In Chapter 5, I characterize a number of neurophysiological measures under chloral 

hydrate anesthesia to assess its utility as a pharmacological model of natural sleep. I show that 

chloral hydrate produces cyclic alternations of brain state that are strikingly similar to natural 

sleep in terms of individual components, the timing of the alternation cycles, as well as the 

sensitivity to cholinergic manipulations. Furthermore, I demonstrate that respiration co-varies 

with the brain state alternations in a sleep-like pattern, namely with increased respiration rate, 

respiratory variability and an increased incidence of sighs during forebrain activation. However, 

heart rate and temperature fluctuations under chloral hydrate did not correspond with the changes 

typically observed in natural sleep. Therefore, at present, urethane offers a more comprehensive 

pharmacological model of sleep, however chloral hydrate presents an exciting new tool to probe 

sleep-like brain state changes, and importantly, to explore anesthetic emergence – which are 

experiments that are not ethically feasible using urethane. 

 The overlaps and parallels between sleep and anesthesia cannot and, indeed, should not 

be ignored, as progress in one of these areas is often mutually informative of the other. The 

endogenous sleep-wake system is complex and intricate, and the value of having an additional 

model system to unravel the anatomical connectivity, neuromodulators and electrophysiology 

involved in eliciting and maintaining an unconscious state is immeasurable. From the ability of 

dexmedetomidine to promote sleep and reduce delirium (Skrobik et al., 2018), to the capacity of 

propofol as a substitute for specific aspects of natural sleep (Tung and Mendelson, 2004), and the 
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ability to model the dynamics of natural sleep using urethane in rodents (Pagliardini et al., 

2013a), the intersection of sleep and anesthesia offers exciting new opportunities to explore the 

shared neurobiological pathways of unconsciousness. While there has been exponential growth 

in this field, there is still much to understand, and it is clear that progress in this area of research 

will yield further important insights into the optimization of clinical approaches to sleep 

disorders, enhance surgical anesthesia interventions and, ultimately define consciousness. 
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2.1 Abstract 

 Anesthesia is a powerful tool in neuroscientific research, especially in sleep research 

where it has the experimental advantage of allowing surgical interventions that are ethically 

problematic in natural sleep. Yet, while it is well documented that different anesthetic agents 

produce a variety of brain states, and consequently have differential effects on a multitude of 

neurophysiological factors, these outcomes vary based on dosages, the animal species used, and 

the pharmacological mechanisms specific to each anesthetic agent. Thus, our aim was to conduct 

a controlled comparison of spontaneous electrophysiological dynamics at a surgical plane of 

anesthesia under six common research anesthetics using a ubiquitous animal model, the Sprague-

Dawley rat. From this direct comparison, we also evaluated which anesthetic agents may serve as 

pharmacological proxies for the electrophysiological features and dynamics of unconscious 

states such as sleep and coma. We found that at a surgical plane, pentobarbital, isoflurane and 

propofol all produced a continuous pattern of burst-suppression activity, which is a 

neurophysiological state characteristically observed during coma. In contrast, ketamine-xylazine 

produced synchronized, slow-oscillatory activity, similar to that observed during slow-wave 

sleep. Notably, both urethane and chloral hydrate produced the spontaneous, cyclical alternations 

between forebrain activation (REM-like) and deactivation (non-REM-like) that are similar to 

those observed during natural sleep. Thus, choice of anesthesia, in conjunction with continuous 

brain state monitoring, are critical considerations in order to avoid brain-state confounds when 

conducting neurophysiological experiments. 
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2.2 Introduction 

Anesthesia is one of the most common tools used in neuroscientific research. Its 

prevalence is unsurprising given the exceptional experimental control that it affords, granting 

researchers the ability to perform surgical manipulations that would otherwise be technically or 

ethically impossible (Ward-Flanagan and Dickson, 2019). Yet, despite the predominance of 

anesthesia in animal research, the appropriate choice of an anesthetic agent can be difficult, as 

neurophysiological effects vary by anesthetic agent (Purdon et al., 2015; Bonhomme et al., 

2019), dosage (Ferron et al., 2009a; Brown et al., 2010), animal model (Flecknell, 2016a), and 

pharmacological mechanisms (Krasowski et al., 1998; Franks, 2008; Aggarwal et al., 2019). 

Furthermore, while the agent-specific brain states produced by anesthetics can significantly 

impact experimental outcomes (Piccitto, 2018), often neither the choice of anesthetic agent is 

rationalized, nor the brain state reported in many neurophysiological studies using anesthesia.  

Consequently, our aim was to conduct a controlled comparison of the ongoing 

electrographic activity evoked at a surgical plane of anesthesia, under six common research 

anesthetics, using a ubiquitous research model, the Sprague-Dawley rat. Though at clinical 

doses, most anesthetics act at multiple molecular targets, for the sake of brevity we mainly 

focused on the primary pharmacological mechanisms of our chosen agents. In order for our 

comparison to serve as a preliminary guide for researchers in choosing a suitable anesthetic, we 

tested easily accessible, commonly used anesthetics with a variety of primary pharmacological 

actions, including: ketamine-xylazine (KET-XYL) which acts as an NMDA receptor antagonist 

(Harrison and Simmonds, 1985) and an alpha-2 adrenergic agonist (Greene and Thurmon, 1988), 

respectively; pentobarbital (PTB), isoflurane (ISO), propofol (PRO), and chloral hydrate (CH), 

which are all reported to share a primary pharmacological mechanism - potentiating GABAergic 
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activity (Nakahiro et al., 1989; Akaike et al., 1990; Hara et al., 1993; Lovinger et al., 1993; Hall 

et al., 1994). We also tested urethane (ethyl carbamate), which potentiates a resting potassium 

conductance in order to decrease membrane input resistance, thus hyperpolarizing excitatory 

neocortical pyramidal neurons as its primary pharmacological mechanism (Hara and Harris, 

2002; Sceniak and MacIver, 2006). 

We also reasoned that our direct comparison would serve to determine which, if any, 

anesthetic agents tested could act as pharmacological proxies for altered states of 

unconsciousness, such as sleep and coma (Brown et al., 2011). Previous work from our research 

group using rodents has established that urethane anesthesia produces EEG activity characterized 

by spontaneous, cyclical alternations between: 1) a state of forebrain activation (i.e., low-voltage 

fast activity in the cortex, concurrent with theta activity in the hippocampus; ~4 Hz), and 2) a 

deactivated state characterized by global, synchronous slow oscillatory activity (~1 Hz; 

(Wolansky et al., 2006; Clement et al., 2008)). These brain state dynamics closely resemble the 

spontaneous EEG fluctuations between rapid-eye movement (REM) and non-REM (nREM) in 

natural sleep in terms of periodicity, duration, and concomitant changes in physiology such as 

heart rate, breathing rate and temperature (Whitten et al., 2009; Pagliardini et al., 2012; 

Pagliardini et al., 2013a). Due to these previous findings, and the unusual primary 

pharmacological mechanism of urethane, we hypothesized that when compared to other 

commonly used anesthetics, only urethane anesthesia would serve as a viable pharmacological 

proxy for the full neurophysiological dynamics of natural sleep.   

Using identical recording conditions to enable direct comparisons, we monitored ongoing 

brain state dynamics via intracranial electrodes placed in the neocortex and hippocampus, as well 

as any associated changes in the plane of anesthesia either following bolus doses of the 
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anesthetic, or conversely during subsequent metabolism of the anesthetic agent. We evaluated 

consistencies and divergences in brain activity across our tested anesthetic agents at a surgical 

plane of anesthesia, using spectral analysis of the EEG recordings. Our comparison revealed that 

three different states could be observed: coma-like burst-suppression (PTB, ISO, PRO), nREM-

like slow-oscillatory activity (KET-XYL), and sleep-like cyclical oscillations between an REM-

like and NREM-like state (urethane, CH). 

 

2.3 Methods 

2.3.1 Subjects 

Thirty-six naïve male Sprague-Dawley rats (Charles River, and University of Alberta 

Science Animal Support Services) weighing on average 287.4±8.5 g (mean±SEM) were 

randomly assigned to one of the following anesthetic groups for acute electrophysiological 

recordings: urethane (n=10), KET-XYL (n=5), ISO (n=5), PTB (n=6), PRO (n=5), or CH (n=5). 

Animals were kept on a 12 hour light/dark cycle at 20±1°C, and housed in cages with no more 

than 4 rats per cage. All surgical procedures outlined herein conform to our animal use protocol 

(092) that was approved by the Biological Sciences Animal Care and Use Committee of the 

University of Alberta, in accordance with the guidelines of the Canadian Council on Animal 

Care. 

 

2.3.2 Surgery and anesthesia 
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 Initial induction of animals occurred in a plexiglass anesthetic chamber using 4% ISO in 

medical (100%) oxygen. Upon the loss of righting reflexes (Leung et al., 2014), animals were 

transferred to a nose cone and maintained at 1.5–2.5% ISO. All rats, except those assigned to the 

ISO anesthetic group, were subsequently implanted with a jugular catheter to allow for 

intravenous (i.v.) administration of their assigned anesthetic. Including knock-down time, the 

procedure to implant the jugular catheter took approximately 10-12 minutes, so rats in drug 

groups other than ISO received only a short exposure to ISO. Rats in the ISO anesthetic group 

were continuously administered anesthesia in gaseous form via a nose cone and were maintained 

at a surgical plane of anesthesia using 2% ISO, unless manipulated to evaluate changes in EEG 

dynamics associated with anesthetic depth. For all other animals, ISO was immediately 

discontinued following the implantation of the jugular catheter, and they were switched to i.v. 

administration of their respective anesthetic. Additionally, stereotaxic and surgical procedures 

outlined below took a minimum of 1 hour, so animals not in the ISO group had ample time to 

exhale and metabolize any excess ISO prior to EEG recordings. 

 To ensure animals were maintained at a surgical level of anesthesia, changes in anesthetic 

state were continuously monitored by observing for any changes in heart or breathing rates, 

particularly when changes in brain state were observed, and subsequently verified by 

administering a hind paw pinch. If a reflexive withdrawal was observed, then supplemental bolus 

doses (2% of the original dose) of the assigned anesthetic were administered until a stable plane 

of surgical anesthesia was restored. The dosages used to establish a surgical plane for each i.v. 

anesthetic group were as follows: urethane (1.70 g/kg); KET-XYL (93.8 mg/kg, 9.24 mg/kg); 

PTB (65.0 mg/kg); PRO (8.00 mg/kg bolus, 60.0 mg·kg-1·hr-1 continuous infusion); CH (200.0 

mg/kg bolus, 150.0 mg·kg-1·hr-1 continuous infusion). Additional bolus doses of anesthetic were 
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only delivered either when evaluating the effects of an increased dose of anesthetic on ongoing 

EEG measures, or if the animal exhibited a loss of surgical plane as evidenced by a reflexive 

withdrawal to a hind paw pinch. 

 

2.3.3 Stereotaxic and recording procedures 

 Following the initial surgical procedures, rats were secured in a stereotaxic frame (Kopf 

Instruments, Tujunga, CA, USA). Core body temperature was monitored and maintained at 37°C 

for the duration of the experiment using a servo-driven system connected to a heating pad and 

rectal probe (TR-100, Fine Sciences Tools, Vancouver, BC, Canada). For three of the drug 

groups (ISO, PRO, and CH) rats received continuous delivery of the anesthetic. This was 

achieved using a modified nose cone attached to the stereotaxic frame in the ISO anesthetic 

group, and a continuous infusion pump (Harvard Apparatus, Holliston, MA) in the PRO, and CH 

anesthetic groups. 

 Teflon-coated stainless steel wire was used to construct all recording electrodes (bare 

diameter 125 µm; A-M Systems Inc., Sequim, WA), and placement of recording electrodes was 

conducted using stereotaxic coordinates measured in relation to bregma. These electrodes were 

placed in the frontal neocortex (AP: +2.8 mm; ML: ±2.0 mm) in either superficial (DV: -0.1 to –

0.5 mm) or deep layers (DV: -1.0 to –1.3 mm), and the hippocampus (AP: -3.3 to -3.5 mm; ML: 

±2.3 to 2.5 mm; DV: -2.4 to –3.3 mm) to confirm any observed changes in forebrain state.  

Based on previous work from our lab (Wolansky et al., 2006), recorded field potential 

signals from the cortex and hippocampus were either: 1) measured against an electrically neutral 
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reference point, which was typically the grounded stereotaxic frame but in a few cases was a 

low-resistance uninsulated teflon wire ~2mm long placed vertically through the layers of frontal 

cortex, or 2) were differentially amplified by referencing one tip of a staggered bipolar electrode 

to another. Field potential recordings were then amplified at a gain of 1000, and then filtered 

between 0.1 to 500 Hz using a differential AC amplifier (Model 1700, A-M Systems Inc.; 

Sequim, WA, USA). Recorded signals were digitized online (at sampling frequency of 1 kHz) 

using either a Digidata 1322A A-D board in conjunction with the acquisition program AxoScope 

(Axon Instruments; Union City, CA, USA), or a PowerLab Pro combined with Lab Chart 8 

software (AD Instruments; Colorado Springs, CO, USA). 

 

2.3.4 Experimental design 

 Cortical and hippocampal field potential activity was recorded for a minimum of 70 

minutes for all animals regardless of anesthetic group. For the purposes of this study, a surgical 

plane of anesthesia was operationally defined as a loss of reflexive withdrawal from a 

nociceptive stimulus (i.e., withdrawal of a paw when pinched) and an absence of reactivity while 

in the stereotaxic frame. All animals were maintained at surgical plane of anesthesia at the 

average effective dosage of the designated anesthetic. Changes in electrophysiological activity in 

response to discontinuation of supplementary doses of anesthesia were recorded for 10–40 

minutes depending on when the animal responded to the nociceptive stimulus. Subsequently, the 

animal was restored to a surgical plane using supplementary doses of anesthetic. Following 

termination of the EEG recording, rats were euthanized by transcardial perfusion with saline.  
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2.3.5 Statistical analyses 

 Analyses were conducted offline on the previously acquired digitized files. Visual 

inspection of raw EEG signals was used to segment data based on recorded bolus i.v 

administrations of anesthetics, or tagged reports of changes in anesthetic state. Data was 

segmented into two groups: 40 minute epochs at a given anesthetic dose, to characterize changes 

in spectral power over time using a spectrogram, and 2-5 minute epochs to assess differences in 

spectral power at specific time points in the recording. Spectral power was computed using 

Welch’s periodogram method on Hanning-windowed data of 6-second epochs with a 2-second 

overlap (MATLAB: Mathworks, Natick, MA) for analysis. Spectrograms were computed using 

30 second epochs separated by 10 seconds across the analysed segment. The computation of 

spectral power also included an estimate of the upper and lower 95% confidence limits which 

enabled us to calculate significant changes in power across our manipulations. Plots of the 

analyzed data were subsequently created using Origin software (Microcal Software, North 

Hampton, MA). Averages were computed as arithmetic means and include the standard error of 

the mean. 

 Both state changes, and cycle duration in urethane and CH were characterized by first 

extracting the peak frequency of slow oscillatory power in the cortex either alone, or along with 

the peak frequency of theta in the hippocampus to create a ratio of slow oscillatory power 

compared to theta power across time. Then the state change threshold was established by 

determining the saddle point of the bimodal power distribution, allowing for calculation of cycle 

duration and the proportion of time spent in deactivated or activated states on a cycle by cycle 

basis. In CH, where rats spent 100% of time in deactivated patterns following bolus doses, and 
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no threshold crosses occurred, cycles were estimated based on any small changes observed in the 

raw EEG traces or spectrograms. 

Changes in the duration of inter-burst intervals during burst-suppression activity in the 

PTB, ISO and PRO groups were compared over a span of 3 minutes both pre- and post-bolus 

administration for each anesthetic using a 2-way ANOVA. Since we were only interested in the 

effect of dose, only this component of the analysis was reported. The threshold for detection of 

burst activity was set at half of the peak amplitude over the six minutes assessed per animal, with 

an average threshold of 0.18 mV±0.01 mV (n=9). Statistical significance was set at α=0.05. 

 

2.4 Results 

2.4.1 Urethane 

 As with our previous studies (Wolansky et al., 2006; Clement et al., 2008), rats in the 

urethane anesthetized group exhibited robust cyclical and spontaneous alternations of forebrain 

state during long-term neocortical and hippocampal local field potential recordings (Figure 

2.1A,B). Two electrographically distinct states were observed: an activated pattern, consisting of 

low-voltage fast activity in the neocortex, concomitant with rhythmic theta activity (3.90±0.13 

Hz) in the hippocampus; and a deactivated state characterized by large amplitude, slow 

oscillatory (~ 1 Hz: CTX: 1.18±0.07 Hz; HPC: 0.96±0.09 Hz) activity in both the neocortex and 

the hippocampus (Figure 2.1C). The average period for these highly rhythmic state alternations 

was 11.6±1.0 min (n=10).   
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Figure 2.1 Spontaneous and cyclic alternations of brain state under urethane anesthesia. 
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Figure 2.1 Spontaneous and cyclic alternations of brain state under urethane anesthesia. A, 

Continuous, 40-minute duration cortical (CTX) and hippocampal (HPC) EEG traces. 10-second 

samples of activated (i) and deactivated (ii) states are expanded in C. B, Spectrograms of CTX 

(top) and HPC (bottom) EEG traces in A. C, Power spectra for the CTX and HPC during an 

activated state (left), and a deactivated state (right), with insets of 10-second raw traces 

representative of each state. D, A 60-minute cortical EEG sample (top). Arrows indicate 

administration of supplemental doses of urethane in increments of 0.01 ml. The sample trace is 

denoted by the grey box in both the scatterplots of the period length of cycles across time (linear 

fit, n=17, p=0.74) and the percentage of time spent in deactivated per cycle (linear fit, n=17, 

p<0.01). E, A 60-minute cortical EEG sample (top) of metabolism of urethane over time. The 

sample trace is denoted by the grey box in both the scatterplots of the period length of cycles across 

time (linear fit, n=16, p=0.11) and the percentage of time spent in deactivated per cycle (linear fit, 

n=16, p<0.01). 
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Furthermore, additional bolus doses of urethane did not change the rhythmicity nor the 

periodicity of state changes, although they did change the proportion of time spent in the two 

states. In a subset of urethane anesthetized rats, supplemental doses of urethane (0.52±0.14 g/kg; 

n=4) decreased the proportion of time spent in the activated state (42.2±12.0% per cycle; Figure 

2.1D). However, in the subset of rats that were not administered supplemental doses of urethane, 

the gradual metabolism of urethane (over an average time period of 2.46±0.28 hours; n=6) 

increased the proportion of time spent in the activated state (29.83±6.62% per cycle; Figure 

2.1E). 

During these long-term recordings, anesthetic plane was monitored via a nociceptive 

stimulus to the hind paw. However, consistent with our previous observations (Clement et al., 

2008), no reflexive withdrawal response was observed in any of the urethane anesthetized 

animals regardless of brain state, indicating that the observed changes in brain state were not due 

to a decline in anesthetic plane. 

 

2.4.2 Ketamine-xylazine 

 In accordance with our previous research (Sharma et al., 2010), KET-XYL anesthesia 

was found to evoke a particularly stable and unitary state of large amplitude, slow oscillatory 

activity in both the neocortex and hippocampus (Figure 2.2A,B) at an average peak frequency of 

1.6±0.07 Hz (n=5; Figure 2.2C). We also observed some slow-oscillation coupled beta activity in 

the cortex with a wide bandwidth range between 10-25 Hz (the 10 Hz peak in 2C is an exemplar 

such activity). Over a 40-minute period of metabolism, there was a gradual decrease in the  
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Figure 2.2 Global slow-oscillatory activity under ketamine-xylazine anesthesia. 
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Figure 2.2 Global slow-oscillatory activity under ketamine-xylazine anesthesia. A, 

Continuous, 40-minute duration cortical (CTX) and hippocampal (HPC) EEG traces. 5-minute 

(grey box) and 10-second (black line) samples from the beginning (i) and end (ii) of the are further 

analyzed in in C B, Spectrograms of CTX and HPC traces from A. C, Power spectra of a 5-minute 

selection (grey box) from the EEG traces in A, with an inset of a 10-second raw CTX and HPC 

EEG trace (black line) from the beginning of A (left panel, i) and end of A (right panel, ii) D, The 

average difference in spectral power over a 40 minute metabolism period, plotted using 2-minute 

samples pre and post-metabolism to denote the average increment or decrement of power (n=3). 

E, Pre-bolus: A 2-minute sample of CTX and HPC traces during a surgical plane of ketamine-

xylazine anesthesia. Post-bolus: A 2-minute sample of CTX and HPC traces following a bolus 

infusion of ketamine-xylazine (16.6±1.9 mg/kg and 1.5±0.1 mg/kg; n=5). F, The average 

difference in spectral power following bolus infusion, plotted using 2-minute samples pre and post 

bolus to denote average increment or decrement of power (n=5). 
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amplitude of slow oscillatory local field potentials in the raw neocortical and hippocampal 

recordings, which could also be observed in the power spectra in the 0.5–2 Hz bandwidth (Figure 

2.2D). While this state of synchronized slow oscillatory activity resembled the activity observed 

during the deactivated state under urethane, KET-XYL anesthetized rats did not exhibit any 

cyclical alternations in brain state while at a surgical plane.  

Supplemental i.v. bolus doses of KET-XYL (16.6±1.9 mg/kg and 1.5±0.1 mg/kg; n=5), 

consistently and rapidly increased the amplitude of the slow oscillatory activity in the neocortex 

and hippocampus (Figure 2.2E,F). In spectral analyses, these increases were observed in the 

power of the slow oscillatory signal (~1 Hz) and gamma bandwidth (30–40 Hz; Figure 2.2F). 

The differential pharmacodynamic and pharmacokinetic profiles of ketamine and xylazine likely 

have a role in the brain state effects we observed following bolus doses and metabolism of the 

drugs, as each drug would exert a more powerful influence dependent on time from 

administration. 

On the other hand, when animals were left to metabolize the drug over long periods (> 40 

minutes), a shift in both brain and physiological state (i.e., increased respiration rate) could 

suddenly occur. Brain state during this time period exhibited patterns of neocortical low-voltage 

fast activity, and hippocampal theta similar to the activity observed in the activated state in 

urethane anesthetized rats and during REM sleep. However, in contrast with the stable anesthetic 

plane produced by urethane, these electrophysiological changes in KET-XYL coincided with a 

reflexive withdrawal to a hind paw pinch. This key difference indicates that the observed shifts 

in EEG state were reflective of a loss of surgical plane, rather than a neurophysiological state 

analogous to REM in natural sleep or the activated state under urethane. Accordingly, when 

animals exhibited these shifts, they were promptly administered a supplementary dose of KET- 
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Figure 2.3 Burst-suppression activity under pentobarbital anesthesia. 
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Figure 2.3 Burst-suppression activity under pentobarbital anesthesia. A, Continuous, 40-

minute duration cortical (CTX) and hippocampal (HPC) EEG traces. 5-minute (grey box) and 10-

second (black line) samples from the beginning (i) and end (ii) of the are further analyzed in in C. 

B, Spectrograms of CTX and HPC EEG traces in A. C, Power spectra of a 5-minute selection 

(grey box) from the EEG traces in A, with an inset of a 10-second raw CTX and HPC EEG trace 

(black line) from the beginning of A (left panel, i) and end of A (right panel, ii). D, The average 

difference in spectral power over a 40 minute metabolism period, plotted using 2-minute samples 

pre and post-metabolism to denote the average increment or decrement of power (n=3). FE, Pre-

bolus: A 2-minute sample of raw CTX and HPC traces during surgical plane of pentobarbital 

anesthesia. Post-bolus: A 2-minute sample of activity following a bolus infusion of pentobarbital 

(6.5 mg). F, The duration of isoelecticity (ISI) in pentobarbital anesthetized rats significantly 

increased by 6.8±2.8 s (n=3; F(1,503) =163.5; P < 0.0001) following a 6.5 mg bolus dose of 

pentobarbital (individual animals are represented in black, average in red). G, The average 

difference in spectral power pre to post-bolus infusion, plotted using 2-minute samples pre and 

post-metabolism to denote increment or decrement of power (n=3). 
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XYL to restore a surgical plane of anesthesia. This promptly restored the slow-wave pattern that 

was characteristic of the baseline anesthetized recordings. 

2.4.3 Pentobarbital  

 Burst-suppression activity was consistently observed at a surgical plane in both the 

neocortex and hippocampus of PTB anesthetized rats (Figure 2.3A,B). Burst-suppression is a 

pattern of activity characterized by isoelectricity interspersed with high-amplitude spikes and 

typically serves as an indicator of very deep levels of anesthesia (Derbyshire et al., 1936; Swank 

and Watson, 1949). It is also associated with brain activity observed in patients with brain 

damage or coma (Brown et al., 2010).  

Across neocortical and hippocampal sites, bursts occurred with a high degree of 

coincidence (Figure 2.3C). However, during periods of isoelectricity in the neocortex, the 

hippocampus showed low-voltage, faster activity with a peak amplitude in the 11–18 Hz 

bandwidth (Figure 2.3C). Over 40-minute periods of recording, without supplemental infusions 

of PTB, we observed a near-linear increase in electrographic amplitude in both the neocortex and 

the hippocampus (Figure 2.3A-D). Correspondent with these increases in amplitude was a 

gradual return of spectral power for all frequencies, with a preferential increase in lower 

frequency bandwidths (0–10 Hz; Figure 2.3D). 

A subset of this group of rats was administered bolus increases of PTB. At baseline, in 

the pre-bolus phase, we observed an average isoelectric period between bursts of 1.1±0.1 s (n=3), 

during a stable surgical plane of anesthesia (Figure 2.3E,F). Subsequently, when a bolus dose of 

PTB (6.5 mg) was administered, the duration of isoelectric periods between bursts significantly 

increased on average by 6.8±2.8 s (n=3; F(1,503) = 163.5; P < 0.0001; Figure 2.3F). The 
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concurrent periods of isoelectricity in the cortex, and low-voltage fast activity in the 

hippocampus observed post-bolus infusion translated to a decrease in spectral power across all 

frequencies, with lower frequencies (0.5–4.5 Hz) being preferentially depressed (Figure 2.3G).  

When rats were allowed to metabolize the bolus dose without additional infusions, we 

observed a reciprocal and significant change in the isoelectric inter-burst interval; an average 

decrease of 6.2±3.2 s over 40 minutes (n=3; F(1,459) = 183.9; P < 0.0001. While spectral power 

(and signal amplitude) gradually recovered to pre-infusion levels, there were no dramatic shifts 

in brain state, nor in anesthetic plane. 

 

2.4.4 Isoflurane 

 At a surgical plane of anesthesia, ISO (2.0% in medical oxygen) also generated a burst-

suppression pattern of electrographic activity in the forebrain, with remarkable similarities to the 

pattern of burst-suppression activity observed under PTB (Figure 2.4A,B). As with PTB, bursts 

tended to occur concomitantly at both neocortical and hippocampal sites, while periods of 

isoelectricity in cortex corresponded to low-voltage fast activity (8–15Hz; n=5) in the 

hippocampus (Figure 2.4C).  

We also recorded EEG activity under reduced concentrations, while closely monitoring 

anesthetic state. At a concentration of 1.5% ISO, the average inter-burst interval was 2.9±1.7 s 

(n=3; Figure 2.4D-F). Subsequent changes from this to a higher concentration (2%) significantly 

increased the duration of the isoelectric period between bursts, which corresponded to an average  
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Figure 2.4 Burst-suppression activity under isoflurane anesthesia at 2%. 
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Figure 2.4 Burst-suppression activity under isoflurane anesthesia at 2%. A, Continuous, 40-

minute duration cortical (CTX) and hippocampal (HPC) EEG traces. A 5-minute (grey box) and 

10-second (black line) sample from the 40-minutes at 2% isoflurane of the are further analyzed in 

in C.  B, Spectrograms of CTX and HPC EEG traces in A. C, Power spectra of a 5-minute selection 

(grey box) from the EEG traces in A, with an inset of a 10-second raw CTX and HPC EEG trace 

(black line) from A. D, Inter-spike intervals (ISI) in isoflurane anesthetized rats significantly 

increased by 24.4±14.6 s (n=3; F(1,263) = 96.11; P < 0.0001) following a shift from 1.5% to 2% 

isoflurane (individual animals are represented in black, average in red). E, The average differences 

in spectral power between 2-minute samples from 1.5% and 2% isoflurane are plotted to denote 

average increment or decrement of power with increased isoflurane concentration (n=3). F, One-

minute samples of CTX and HPC EEG traces at 1%, 1.5% and 2%, with 8 second expansions to 

the right of each 1-min trace. 
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increase of 24.4±14.6 s (F(1,263) = 96.11; P < 0.0001; Figure 2.4D). Interestingly, at further 

decreased concentrations of ISO (1%), we observed changes in brain state in 3 of the 5 rats 

tested. Unlike the effects observed at 1.5%, these changes in brain state were marked by a shift in 

neocortical activity from burst-suppression to low-voltage fast irregular activity, and the 

appearance of theta activity (3–12 Hz) in the hippocampus. While the state produced by this 

transition was reminiscent of the activated state observed in urethane anesthesia and REM sleep, 

it was also accompanied by a reflexive withdrawal to a hind paw pinch, indicating a loss of 

surgical plane. This was immediately rectified with an increase in the delivered concentration of 

ISO to 2% in order to restore an appropriate level of anesthesia, which was accompanied by a 

broadband decrease in power (Figure 2.4E). Therefore, our results show that at surgical planes of 

anesthesia, the only form of activity apparent in the forebrain was burst-suppression, and any 

observed changes in state-dependent activity were reflective of a loss of surgical plane. 

 

2.4.5 Propofol 

 Due to a relatively short duration of anesthetic effect, PRO is often administered via 

continuous infusion to ensure a stable plane of anesthesia (Flecknell, 2016c). Thus, we 

investigated the neurophysiological state evoked by PRO at a steady rate of infusion, and 

assessed differences in circulating levels of PRO by administering supplementary bolus doses, 

and/or by temporarily discontinuing continuous infusion until a change in brain state (or 

anesthetic plane) was observed.  

 At a continuous infusion rate of 60 mg·kg-1·hr-1, PRO induced a stable pattern of burst-

suppression activity (Figure 2.5A-C), consistent with previous reports (Kenny et al., 2014),  
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Figure 2.5 Burst-suppression activity under propofol anesthesia. 
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Figure 2.5 Burst-suppression activity under propofol anesthesia. A, Continuous, 40-minute 

duration cortical (CTX) and hippocampal (HPC) EEG traces. A 5-minute (grey box) sample is 

further analyzed in D, and a 10-second (black line) sample is expanded in B. B, Expanded 10-

second trace of CTX and HPC from A (black line). C, Spectrograms of CTX and HPC traces in 

A. D, Power spectra of a 5-minute selection from A (grey box), representative of the activity 

observed throughout the 40-minute duration of the trace in A, due to continuous delivery of 

propofol. Noise at 60 Hz has been obsfucated by a white box. E, Pre-bolus: A 2-minute sample of 

CTX and HPC traces during a surgical plane of propofol anesthesia. Post-bolus: A 2-minute 

sample of activity following a bolus infusion of propofol (2 mg). F, The average difference in 

spectral power following a bolus (2mg) of propfol, plotted using 2-minute samples pre and post-

metabolism to denote the average increment or decrement of power (n=3). G, Inter-spike intervals 

in propofol anesthetized rats significantly increased by 1.1±0.4 s (F(1,574) = 136.0; P < 0.0001; n=3) 

following a 2 mg bolus dose of propofol. H, Pre-metabolism: A 4-minute sample of pre-

metabolism activity in the CTX and the HPC during propofol anesthesia. Post-metabolism: A 4-

minute sample of activity following 10 minute metabolism of a bolus. I, The average difference in 

spectral power over a 10 minute metabolism period, plotted using 2-minute samples pre and post-

metabolism to denote the average increment or decrement of power (n=3). 
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which showed amplified power in the 0.5–2 Hz bandwidth (Figure 2.5C,D). This activity was 

similar to the burst-suppression activity observed in both PTB and ISO, albeit with a shorter 

average period of isoelectricity during inter-burst intervals (0.83±0.06 s; n=3). A bolus infusion 

(2 mg) of PRO produced a broadband decrease in power (Figure 2.5E,F), accompanied by a 

significant increase in the average period of isoelectric activity between bursts of 1.1±0.4 s 

(F(1,574) = 136.0; P < 0.0001; n=3; Figure 2.5G). This observed increase in inter-burst interval 

was analogous to the increases in isoelectric activity observed in both ISO and PTB following 

supplemental doses of anesthetic.  

Temporary suspension of the continuous infusion of PRO (over 10 minutes) coincided 

with a gradual increase of broadband power, with a preferential increase in the delta 

frequencybandwidth (0-3 Hz) in both the neocortex and the hippocampus (Figure 2.5H,I). 

Additionally, over these 10 minutes, the duration of isoelectric inter-burst intervals significantly 

decreased by an average of 1.1±0.2 s (n=3; F(1,562) = 87.6; P < 0.0001). However, this transition 

coincided with a reflexive withdrawal of the hind paw to a nociceptive stimulus indicating a loss 

of surgical plane, and was subsequently rectified by returning the animal to continuous infusion 

of PRO. Hence, PRO, PTB and ISO all appear to evoke a similar burst-suppression pattern of 

altered brain activity during surgical planes of anesthesia. 

 

2.4.6 Chloral hydrate 

Similar to the PRO group, we administered CH at a constant rate of infusion (150 mg·kg-

1·hr-1), following an initial bolus dose of 200 mg/kg. Perhaps surprisingly, especially based on its 

similar pharmacological profile to PTB, ISO and PRO; CH anesthetized rats exhibited  
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Figure 2.6 Spontaneous and cyclic alternations of brain state under chloral hydrate 
anesthesia. 
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Figure 2.6 Spontaneous and cyclic alternations of brain state under chloral hydrate 

anesthesia. A, Continuous, 40-minute duration cortical (CTX) and hippocampal (HPC) EEG 

traces. 10-second samples of activated (i) and deactivated (ii) states are further analyzed in C. B, 

Spectrograms of CTX (top) and HPC (bottom) EEG traces in A. C, Power spectra for the CTX 

and HPC during an activated state (left, i), and a deactivated state (right, ii), with insets of 10-

second raw traces representative of each state. D, A 65-minute cortical EEG sample (top). Black 

lines indicate administration of supplemental doses of chloral hydrate in increments of 15 mg (0.15 

mL). The sample trace is denoted by the grey box in both the scatterplots of the period length of 

cycles across time (linear fit, n=18, p=0.26) and the percentage of time spent in deactivated per 

cycle (linear fit, n=8, p=0.003). Grey lines indicate supplemental doses of 5 mg of chloral hydrate 

(0.5 mL), and blue lines indicate a stoppage of continuous infusion of chloral hydrate. Continuous 

infusion resumed with the next black line and bolus infusion. Unfilled boxes are estimated cycles 

(see methods). E, A 65-minute cortical EEG sample (top) of metabolism of chloral hydrate over 

time. The sample trace is denoted by the grey box in both the scatterplots of the period length of 

cycles across time (linear fit, n=20, p=0.44) and the percentage of time spent in deactivated per 

cycle (linear fit, n=7, p<0.001). Blue lines indicate a stoppage of continuous infusion of chloral 

hydrate. Continuous infusion resumed with the next black line and bolus infusion. Unfilled boxes 

are estimated cycles (see methods). 
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spontaneous, and cyclically occurring alternations between two distinct forebrain states, 

remarkably like those observed during urethane anesthesia (Figure 2.6A-C and Figure 2.1A-C). 

We observed both a state of forebrain activation that consisted of low-voltage, fast activity in the 

cortex, coinciding with a prominent theta (3.30±0.11 Hz) oscillation in the hippocampus, 

alternating with a deactivated state consisting of large amplitude slow oscillatory activity in both 

the cortex (0.73±0.07 Hz) and hippocampus (0.64±0.03 Hz; Figure 2.6B,C). The average period 

of these cyclical alternations was also highly similar to the period observed in urethane, at 

10.12±0.58 minutes per cycle. 

 Further overlaps with urethane were observed when a subset of rats were given 

supplemental bolus doses of CH in addition to the continuous infusion (total supplemental dose: 

50.0±5.0 mg, n=3; Figure 2.6D). During the first two 15mg i.v. bolus infusions, the proportion of 

time spent in the activated state decreased by an average of 16.65±4.14% per cycle, with an 

inverse increase in the proportion of time spent in the deactivated state (Figure 2.6D). We did not 

include the change in proportion of time spent in the activated state from the second to third 15 

mg bolus in our calculations, since 2 of the 3 animals reached a ceiling after the second bolus 

infusion, spending 100% of the cycle in the deactivated state, meaning that no change was 

observed from the second to third bolus infusion. 

 When continuous infusion of CH was discontinued in the same rats (Figure 2.6E), we 

observed an average increase of 12.47±3.68% in the proportion of time spent in the activated 

state per cycle, once a distinguishable change in proportion of time spent in the activated state 

was observed. Importantly, neither additional doses of CH, nor metabolism altered the period 

length of each cycle (Figure 2.6E). 
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In a final parallel to urethane anesthesia, these electrophysiological dynamics do not appear 

to be due to a lessening of anesthetic state. During baseline recordings, all rats in the CH condition 

were receiving a continuous infusion of the drug, and we also observed no reflexive withdrawal 

response to a hind paw pinch, irrespective of brain state. 

 

2.5 Discussion 

Under identical recording conditions, each of the six anesthetic agents tested produced one of 

three distinct patterns of EEG activity at a surgical plane of anesthesia:  

1. Burst-suppression, which is a brain state characterized by short periods of high-amplitude, 

high-frequency bursts interspersed with longer periods of isoelectric activity, and is typically 

associated with brain damage, hypothermia or coma (Brown et al., 2010). This pattern of 

EEG activity was observed during PTB (Van Ness, 1990), ISO (Adamantidis et al., 2007), 

and PRO (Kenny et al., 2014) anesthesia. 

2.  A unitary state of synchronized, slow-oscillatory activity similar to the rhythmic on-off 

(up/down) field fluctuations observed during NREM sleep (Sheroziya and Timofeev, 2014) 

was observed during KET-XYL anesthesia. 

3.  Spontaneous, cyclical alternations between activated and deactivated brain states analogous 

to the REM/NREM cycle during natural sleep, in terms of both electrographic features and 

dynamics, was observed during both urethane (Clement et al., 2008) and CH anesthesia.  
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The agent-specific diversity of these brain states highlights how crucial an appropriate choice of 

anesthetic is within an experimental paradigm, and indeed the necessity to report brain state in 

order to accurately interpret in vivo neurophysiological experimental outcomes (Piccitto, 2018). 

 It is important to note that any major deviations of forebrain activity towards more 

activated patterns, from either the patterns of burst suppression produced by PTB, ISO, and PRO, 

or from the slow-oscillatory activity observed during KET-XYL following periods of 

metabolism (or in the case of ISO, a lower gaseous concentration) were associated with a loss of 

surgical plane of anesthesia. In these cases, the loss of a clinical plane of anesthesia was 

indicative of an imminent return to consciousness. Consequently, continuous observation of 

brain state not only contextualizes neurophysiological experimental outcomes, but also serves as 

an online index of depth of anesthesia when agent-specific EEG signatures are monitored 

appropriately (Purdon et al., 2015). 

In contrast to the metabolically coupled changes in brain state observed in PTB, ISO, 

PRO and KET-XYL, we have previously demonstrated that brain state alternations under 

urethane anesthesia are not associated with a lessening of anesthetic plane (Clement et al., 2008), 

nor are they significantly altered over long recording periods (Silver et al., 2021). Here, we 

further demonstrate that not only in urethane, but also in CH, that no reflexive withdrawal to a 

hind paw pinch was observed in either the activated or the deactivated brain state, and 

furthermore, that bolus infusions or metabolism of urethane or CH did not alter the periodicity of 

brain state alternations, only the proportion of time spent in either the activated or deactivated 

state per cycle. These data indicate that the alternations between dichotomous brain states under 

the two anesthetics were not attributable to changes in anesthetic plane. In this respect, both 

urethane and continuous i.v. administration of CH provide extremely stable and tractable 
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experimental models for the alternating electrophysiological features and dynamics of sleep, 

while also allowing for surgical manipulations that might not be technically or ethically feasible 

in naturally sleeping animals. 

 

2.5.1 Anesthesia as a model for the brain states associated with altered states of 

consciousness 

The dose-dependent, and agent-specific control of brain state that is afforded by 

anesthesia provides an unparalleled pharmacological analog to mimic the brain states observed in 

many altered states of consciousness, such as specific components of natural sleep, and coma 

(Sharma et al., 2010; Brown et al., 2011). As we demonstrate here, KET-XYL has applications 

for modelling the large-amplitude, rhythmic slow-oscillatory activity, archetypical of NREM 

sleep. KET-XYL also provides the added experimental advantage of brain state stationarity, 

since the highly transient nature of natural sleep makes cohesive analysis of a single brain state 

technically challenging (Sharma et al., 2010). Accordingly, the stability of the forebrain slow 

oscillation under KET-XYL provides a useful means to explore aspects of NREM such as the 

hippocampal slow oscillation (Wolansky et al., 2006), and intracellular thalamocortical dynamics 

(Sheroziya and Timofeev, 2014).  

Anesthesia is also an excellent tool for replicating brain states associated with coma. This 

is perhaps best evidenced by its clinical use for inducing medical coma in order to manage 

conditions such as refractory status epilepticus and in treating traumatic brain injuries (Selman et 

al., 1981; Yang et al., 2019). Our data shows that surgical plane levels of PTB, ISO, and PRO all 

provide effective models to probe the mechanistic complexities of the coma-like brain state of 
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burst-suppression, such as cortical hyperexcitability (Ferron et al., 2009a), neurovascular 

coupling (Liu et al., 2010a), and local cortical spatiotemporal dynamics (Lewis et al., 2013). 

Indeed, ISO was recently shown to exhibit the same dysregulation in homeostatic neural firing 

rates as NREM in pre-symptomatic mouse models of familial Alzheimer’s disease (Zarhin et al., 

2022), indicating that ISO may serve as a useful model to explore the connection between 

subclinical epileptiform activity and network hyperexcitability observed in some models of 

Alzheimer’s disease (Kroeger and Amzica, 2007; Brown et al., 2018).  

However, it is important for researchers choosing any of these anesthetics to be aware 

that PTB, ISO and PRO produce agent-specific differences in both burst-suppression 

architecture, and duration of suppression (Akrawi et al., 1996; Fleischmann et al., 2018), which 

may arise from differential pharmacological mechanisms, such as distinct binding sites on 

GABA-A receptors (Krasowski et al., 1998). Likewise, KET-XYL has its own experimental 

caveats, as it has been reported to elicit highly elevated power in the gamma bandwidth (30–100 

Hz; (Chauvette et al., 2011)), which we also observed when we administered supplementary 

bolus doses of KET-XYL. Consequently, further considerations may need to be taken into 

account based on agent-specific neurophysiological characteristics, and findings in these models 

would likely need to be replicated in the endogenously occurring altered state of consciousness. 

In addition, researchers employing any of these anesthetics to model specific brain states would 

need to continuously monitor brain state (Piccitto, 2018). Nonetheless, when the limitations of a 

pharmacological agent are accounted for in both experimental design and analysis, these agents 

provide an invaluable analogs to probe the altered states of arousal of coma and slow-wave sleep 

(Brown et al., 2011; Bonhomme et al., 2019). 
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2.5.2 Anesthesia and sleep 

Anesthesia shares a number of mechanistic overlaps with sleep. First, and foremost 

anesthesia co-opts endogenous sleep-related circuits by recruiting sleep-promoting nuclei such as 

the lateral habenula, and the ventrolateral preoptic area, and simultaneously suppressing arousal-

promoting nuclei such as the tuberomammillary nucleus and the dorsal raphe (Franks, 2008; 

Gelegen et al., 2018; Hemmings et al., 2019). More recently, it has been demonstrated that the 

optogenetic reactivation of a population of neuroendocrine anesthesia-activated neurons in the 

supraoptic nucleus promoted slow-wave sleep, and that ablation of these same cells conversely 

led to a significant loss of both slow-wave and REM sleep, and shorter duration of general 

anesthesia (Jiang-Xie et al., 2019). Furthermore, sleep and anesthesia have a reciprocal influence 

on one another, Sleep deprivation affects both the induction and recovery from anesthesia (Tung 

et al., 2002), and sleep debt induced by sleep deprivation can be attenuated by specific 

anesthetics (Tung et al., 2004; Pal et al., 2011). These commonalities imply that there are shared 

neurobiological processes across the two conditions. As such, while anesthesia may not be a 

perfect replication of physiological sleep (Akeju and Brown, 2017), the many mechanistic and 

behavioural overlaps between these two state of unconsciousness, combined with the 

comprehensive experimental control granted by anesthesia makes it is an optimal tool for the 

unravelling the intricacies of the spontaneous EEG dynamics of sleep.  

Of all the anesthetics we tested, at a consistent and deep surgical plane of anesthesia only 

urethane and CH produced the spontaneous, cyclic alternations between a REM-like activated 

state and NREM-like deactivated state consistent with the quintessential EEG features and 

dynamics observed in natural sleep. Urethane has long been recognized as an unusual anesthetic 

in terms of the EEG patterns it produces (Lincoln, 1969; Robinson et al., 1977; Détári and 
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Vanderwolf, 1987), and its primary mechanism for inducing unconsciousness – which is to 

hyperpolarize central nervous system neurons by potentiating resting potassium conductance, 

thus decreasing membrane input resistance (Sceniak and MacIver, 2006). Moreover, the 

exceptionally slow pharmacokinetics of urethane induces a long lasting, stable plane of surgical 

anesthesia with minimal depression of both the autonomic nervous system and 

neurotransmission in the central nervous system (Maggi and Meli, 1986; Dringenberg and 

Vanderwolf, 1995; Silver et al., 2021). Unfortunately, this prolonged metabolism of urethane 

also contributes to the sustained exposure to its carcinogenic effects (Maggi and Meli, 1986; 

Hara and Harris, 2002). Due to these ethical considerations, urethane anesthesia is typically 

limited to acute animal experimental preparations (Maggi and Meli, 1986).  

Consequently, it is of great interest that CH anesthesia produced a pattern of EEG activity 

remarkably similar to urethane as CH is considered an acceptable anesthetic for recovery 

surgeries (Field et al., 1993; Flecknell, 2016b), and indeed is still in use as a clinical sedative 

primarily for pediatric patients (Lian et al., 2020). This suggests that CH could provide 

researchers an avenue to perform controlled neurophysiological manipulations under a sleep-like 

state of CH anesthesia, and then assess behavioural outcomes. Such a paradigm would be 

especially useful in assessing the role of brain state in memory consolidation, and may also 

provide an ethical alternative to methods currently employed to bias brain state like sleep 

deprivation which inevitably induce stress. Yet, the extent to which CH mimics the dynamic 

physiological measures observed in both urethane and sleep remains unknown, and may not be 

identical, as it has been reported to dose-dependently depress cardiovascular and respiratory 

functions (Field et al., 1993). Nonetheless, there are several pharmacological similarities 

between CH and urethane that suggest a greater overlap in neurophysiology may exist. 
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2.5.3 Pharmacological mechanisms influencing brain state 

We theorize two potential reasons for the inconsistencies in brain state evoked by CH and 

the other GABAergic anesthetics. First, at the dosages required to produce a surgical plane of 

anesthesia, all of the anesthetic agents we tested are acting at multiple neurophysiological targets 

in addition to potentiating GABAergic activity (Hara and Harris, 2002; Garcia et al., 2010; 

Hemmings et al., 2019). Secondly, CH is unique from the other GABAergic anesthetics, as it is 

first metabolized into 2,2,2-trichloroethanol, which then exerts the anesthetic effects that 

potentiate GABA-A receptor mediated activity (Butler, 1948; Krasowski and Harrison, 2000; 

Hemmings et al., 2019). Interestingly, urethane is also metabolized into ethanol and carbamic 

acid (Maggi and Meli, 1986), albeit, much more slowly (Nomeir et al., 1989; Sotomayor and 

Collins, 1990). Both ethanol and urethane are considered to have a diffuse spectrum of action, 

with actions that modestly enhance activity at glycine, GABA-A and nicotinic acetylcholine 

receptors, while simultaneously inhibiting AMPA and NMDA receptors (Hara and Harris, 2002; 

Teppema and Baby, 2011). Subsequently, the metabolism of CH into a chlorinated ethanol 

isomer may partially elucidate the parallels in EEG activity and dynamics we observed during 

both CH and urethane anesthesia, in addition to the inconsistencies with the pattern of burst-

suppression activity evoked by other GABAergic anesthetics. 

 

2.6 Conclusions 



74 
 

While the concept of agent-specific effects on brain state such as those we observed in 

the current study may be considered common knowledge to many researchers in the field of 

anesthesia, often the effects of a chosen anesthetic on brain state and related evaluations can be 

overlooked when conducting neurophysiological experiments (Piccitto, 2018). Our results 

clearly demonstrate why the choice of anesthetic agent is a crucial element for researchers to 

take into consideration when designing and conducting neurophysiological experiments under 

anesthesia, as the evoked brain state can significantly impact experimental output. Furthermore, 

as EEG becomes a more prevalent tool clinically for measuring depth of unconsciousness in both 

anesthesia and coma, it will be paramount to explore the pharmacological mechanisms of action 

driving agent-specific differences in EEG signatures between anesthetics (Hemmings et al., 

2019), in order to improve clinical perioperative outcomes (Brown et al., 2014).  

A better understanding of the intricacies of both the neural targets and pathways that 

interplay to induce and maintain unconsciousness in anesthesia not only has implications for the 

refinement and optimization of anesthetic interventions, but also for understanding the 

neurobiological causes of sleep disorders (Kelz and Mashour, 2019). The overlap with natural 

sleep of electrophysiological dynamics observed in CH, in addition to the physiological overlaps 

observed in urethane suggest that these anesthetics are unprecedented tools for probing 

unconsciousness and the extent to which anesthesia co-opts endogenous sleep pathways. This is 

because the intertwined pharmacological and physiological unconscious states of sleep and 

anesthesia are mutually informative, and ultimately offer novel opportunities to explore the 

mechanisms responsible for unconsciousness (Ward-Flanagan and Dickson, 2019).  
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3.1 Abstract 

Investigations into the neural mechanisms that govern the physiological processes 

underlying unconsciousness during sleep are hindered by its fragility in terms of arousal. 

Consequently, the highly tractable nature of unconsciousness produced by anesthetics provides a 

powerful tool to unravel the potentially shared neural pathways of unconsciousness in sleep and 

anesthesia. Urethane anesthesia, in particular, shows marked parallels to sleep in terms of the 

spontaneous, cyclical alternations of central brain state and correlated peripheral physiological 

measures. In order to more critically evaluate the extent of this overlap within known sleep-wake 

circuitry, we designed a preliminary study that compared levels of neural activation using c-Fos 

immunohistochemistry in various brain areas known to differentiate sleep versus wake 

conditions across both urethane anaesthesia and natural sleep, in both sleep deprived and non-

sleep deprived conditions. Both natural sleep and urethane anesthetized groups were also 

compared to a forced wake condition. Our results show that the pattern of neural activation 

across unpressured natural sleep and urethane anesthesia conditions were highly comparable.  
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3.2 Significance statement 

Research over the past 30 years has made it increasingly clear that sleep and anesthesia 

can share neural pathways in producing an unconscious state. Consequently, understanding how 

sleep and anesthesia intersect within the brain can lead to significant insights about the neural 

correlates responsible for the initiation and maintenance of unconsciousness. Urethane, an acute 

research anesthetic, produces a behavioural and neurophysiological condition remarkably akin to 

natural sleep. By comparing markers of neural activity within 10 well-established sleep-wake 

nuclei, we observed parallel patterns of activation between behaviourally-defined natural sleep, 

and urethane anesthesia. Our results indicate that urethane anesthesia may co-opt endogenous 

sleep pathways, and therefore is an important analog to investigate further.  
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3.3 Introduction 

Though sleep is undeniably vital for optimal neurobiological functioning, identifying the 

neural mechanisms necessary for inducing and maintaining unconsciousness has remained a 

difficult enterprise due to the complex and fragile nature of sleep (Opp and Toth, 2003; Taveras 

et al., 2008; Iranzo, 2016; Ward-Flanagan and Dickson, 2019). As the pharmacological 

counterpart to physiological unconsciousness, anesthesia shares not only clear behavioural 

parallels to sleep, but also many mechanistic overlaps that suggest shared endogenous pathways 

for eliciting unconsciousness (Tung et al., 2004; Lydic and Baghdoyan, 2005; Gelegen et al., 

2018; Jiang-Xie et al., 2019). Furthermore, anesthesia has the experimental advantage of 

allowing surgical manipulations, alleviating many of the technical and ethical challenges present 

in experimental protocols that study natural sleep (Ward-Flanagan and Dickson, 2019). In this 

respect, anesthesia constitutes a powerful tool for advancing our knowledge of the mechanisms 

underlying unconscious states, including sleep.  

 Yet, despite behavioural and mechanistic similarities to natural sleep, at a surgical plane 

most anesthetics elicit a physiological state that in toto, does not resemble sleep. Specifically 

with respect to brain-derived neurophysiological measures, most anesthetics produce either a 

unitary state of slow oscillatory electroencephalographic (EEG) activity, or a coma-like state of 

burst-suppression, neither of which resembles the full and complex dynamics of natural sleep 

(Ferron et al., 2009b; Sharma et al., 2010; Chauvette et al., 2011). In contrast to other 

anesthetics, the acute laboratory anesthetic urethane produces spontaneous, cyclical alternations 

between: 1) an NREM-like deactivated state of large amplitude, slow oscillatory activity (~1 

Hz), and 2) a REM-like activated state of low-voltage fast cortical activity, concurrent with theta 

(~ 4Hz) activity in the hippocampus (Wolansky et al., 2006; Clement et al., 2008). Moreover, the 
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periodic cycling observed between these states in urethane is not only consistent with the average 

REM/NREM time period observed in natural sleep, but also covaries with physiological changes, 

such as respiratory rate/variability, heart rate, core temperature, urodynamics, and pupillary 

diameter, again in a manner parallel to natural sleep (Whitten et al., 2009; Blasiak et al., 2013; 

Pagliardini et al., 2013a; Crook and Lovick, 2016). Thus, urethane anesthesia provides an 

unparalleled pharmacological model for natural sleep in terms of behavioural, electrographic and 

physiological elements.  

As such, our aim was to conduct a preliminary comparison of the levels of neural 

activation between the sleep-like pharmacological state of urethane anesthesia and natural sleep 

itself, in order to assess the extent to which they intersect within known sleep-wake circuitry. To 

that end, we measured the expression of c-Fos, an immediate early gene that has been 

extensively used to anatomically assess neuronal activity in in vivo experiments (Dragunow and 

Faull, 1989; Chaudhuri, 1997; Chaudhuri et al., 2000; Szyndler et al., 2009; Kawashima et al., 

2014). We examined five different experimental groups of rats for differences in c-Fos 

expression: 1) a sleep deprived group that subsequently received urethane for a 2 hour 

experimental period (SD-urethane), 2) a sleep deprived group that later received saline for the 

experimental period (SD-saline), 3) a non-sleep deprived group that later received urethane for 

the experimental period (nonSD-urethane), 4) a non-sleep deprived group that then received 

saline for the experimental period (nonSD-saline), and 5) a non-sleep deprived group that were 

subsequently maintained awake for the experimental period (nonSD-wake).  

We chose these conditions as the five groups allowed us to directly compare the patterns 

of c-Fos expression across multiple manipulations: 1) groups experiencing normal, unpressured 

sleep and pressured, recovery sleep (nonSD-saline and SD-saline, respectively); 2) groups 
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undergoing urethane anesthesia following sleep deprivation or not (SD-urethane and nonSD-

urethane); 3) both urethane groups to pressured, and unpressured natural sleep groups; and 4) the 

awake group (nonSD-wake) to all other groups. 

Within these five experimental groups, we investigated cFos expression in ten established 

sleep-wake nuclei, including: the ventrolateral preoptic area (VLPO); the lateral habenula (LHb); 

the tubomammillary nucleus (TMN); the locus coeruleus (LC); the dorsal raphe (DR); the 

ventrolateral periaqueductal grey (vlPAG); the laterodorsal tegmentum (LDT); the 

pedunculopontine tegmentum (PPT); the lateral hypothalamus (LH); and the basal forebrain 

(BF). A summary of the evidence supporting the role of these regions of interest (ROI) in 

endogenous sleep-wake circuitry can be found in Table 1. In the present study, we demonstrate 

that urethane anesthesia produces highly similar patterns of activation in sleep-wake ROI to 

unpressured sleep (nonSD-saline), irrespective of whether urethane is delivered to rats in either 

sleep deprived or non-sleep deprived conditions. 

 

3.4 Methods 

3.4.1 Subjects 

Data were obtained from 20 male Sprague-Dawley rats weighing between 248 and 370g, 

averaging 305.2 ± 9.24g. The rats used were exclusively male to ensure consistency with our 

previous studies using urethane anesthesia (Clement et al., 2008; Whitten et al., 2009; Pagliardini 

et al., 2013a; Pagliardini et al., 2013b). Animals were kept on a 12-hour light/dark cycle at 20 ± 

1⁰C, and housed in cages containing no more than 4 rats per cage. Cages were polycarbonate  
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Region of 
Interest 

In Sleep In Recovery Sleep/Sleep 
Deprivation 

In Anesthetics 

Wake-Related Nucleus 

TMN Strongly implicated in the 
generation of wakefulness 
based on inhibition, firing 
rate, and c-Fos studies (Lin et 
al., 1989; Ko et al., 2003; 
Takahashi et al., 2006) 
 

Increased c-Fos 
immunoreactivity 
following forced 
wakefulness (sleep 
deprivation with no 
recovery sleep) (Ko et al., 
2003; Takahashi et al., 
2006) 

Low levels of c-FOS 
immunoreactivity in 
dexmedetomidine, 
propofol, and pentobarbital 
(Nelson et al., 2002; 
Nelson et al., 2003) 

NREM-Related Nuclei 

VLPO Strongly implicated in the 
generation of NREM sleep 
based on lesion, firing rate, 
and c-Fos data (McGinty and 
Sterman, 1968; Koyama and 
Hayaishi, 1994; McGinty et 
al., 1994; Alam et al., 1995; 
Sherin et al., 1996; 
Szymusiak et al., 1998; Lu et 
al., 2000; Gong et al., 2004) 

Increased c-Fos 
immunoreactivity in 
recovery sleep correlated 
to increase NREM 
percentage (Gong et al., 
2004) 

c-Fos immunoreactivity 
correspond to volatile 
anaesthetic induce 
unconsciousness (Moore et 
al., 2012) 

LHb Implicated in the 
consolidation of NREM sleep 
(Gelegen et al., 2018) 

N/A c-Fos immunoreactivity 
seen in propofol anesthesia 
(Gelegen et al., 2018) 

vlPAG Strongly implicated in the 
generation of NREM and 
termination of REM sleep 
based on chemogenetic, 
optogenetic, and c-Fos 
studies (Sapin et al., 2009; 
Hsieh et al., 2011; Clement et 
al., 2012; Weber et al., 
2018b; Zhong et al., 2019) 

Increased c-Fos 
expression following 
REM-sleep deprivation 
(Sapin et al., 2009; 
Clement et al., 2012)  

N/A 

REM-Related Nuclei 

LDT Strongly implicated in the 
generation of REM sleep 
based on activation, lesion, 
optogenetic, and c-Fos 
studies (Thakkar et al., 1996; 
Maloney et al., 1999; Lu et 
al., 2006; Van Dort et al., 
2015) 

Decreased c-Fos 
expression following 
REM-sleep deprivation 
(Maloney et al., 1999) 

N/A 

PPT Strongly implicated in the 
generation of REM sleep 
based on activation, lesion, 

Decreased c-Fos 
expression following 

N/A 
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optogenetic, and c-Fos 
studies (Shouse and Siegel, 
1992; Datta et al., 1997; 
Maloney et al., 1999; Lu et 
al., 2006; Petrovic et al., 
2013; Van Dort et al., 2015) 

REM-sleep deprivation 
(Maloney et al., 1999) 

LH Likely involved in REM 
sleep production based up 
firing rate, inhibition and c-
Fos studies (Alam et al., 
2002; Hsieh et al., 2011; 
Clement et al., 2012; 
Choudhary et al., 2014; 
Khanday and Mallick, 2015)  

Increased c-Fos 
expression following 
recovery sleep from 
REM-SD (Clement et al., 
2012) 

Implicated in the induction 
and emergence from 
anesthetics (Shirasaka et 
al., 2011; Zhang et al., 
2012) 

LC Strongly implicated in the 
generation of wakefulness 
based on activation, firing 
rate, and c-Fos studies 
(Aston-Jones and Bloom, 
1981; Cirelli et al., 1996; 
Berridge and Waterhouse, 
2003; Nelson et al., 2003; 
Carter et al., 2010; Vazey 
and Aston-Jones, 2014; 
Zhang et al., 2015) 

Increased c-Fos 
immunoreactivity 
following forced 
wakefulness (sleep 
deprivation with no 
recovery sleep) (Cirelli et 
al., 1996; Nelson et al., 
2003) 

Low levels of c-FOS 
immunoreactivity in 
dexmedetomidine, 
propofol, and pentobarbital 
(Cirelli et al., 1996; Nelson 
et al., 2003) 

DR Implicated in the generation 
of wakefulness based on 
firing rate and c-Fos studies 
(Jacobs and Fornal, 1991; 
Cirelli et al., 1995) 

Increased c-Fos 
immunoreactivity 
following forced 
wakefulness (sleep 
deprivation with no 
recovery sleep) (Cirelli et 
al., 1995) 

N/A 

BF Diverse firing patterns, 
optogenetic effect, and c-Fos 
expression based on 
behavioural state of the 
animal and neurotransmitter 
phenotype: primarily wake-
promoting (Greco et al., 
2000b; McKenna et al., 
2009; Hassani et al., 2010; 
Xu et al., 2015)  

N/A N/A 

 
Table 3.1 Overview of the regions of interest (ROI).  

The involvement of the 10 investigated ROI in spontaneous sleep, recovery sleep and anesthetics 

where possible.   
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shoe-boxed shaped with wire tops, aspen wood chip bedding, and a PVC tube for enrichment. 

Standard rat chow and water were provided ad libitum. Welfare checks were preformed daily 

while animals were housed prior to experiments. All methods used in this study conform to the 

animal use protocol approved by the Biological Sciences Animal Care and Use Committee of the 

University of Alberta, in accordance with the guidelines established by the Canadian Council on 

Animal Care.  

 

3.4.2 Power calculations 

To determine if the present study was adequately powered, the minimum sample size 

required to detect a significant difference was calculated. As the primary goal was to ensure that 

the study was adequately powered to determine between the sleep deprived and non-sleep 

deprived groups, we used the typical differences in c-Fos expression in the VLPO, a nucleus 

with significant differences between recovery sleep and spontaneous sleep, to calculate sample 

size. Based on data from previous literature (Gong et al., 2004), given α=0.05 and β=0.20, the 

minimum sample size to detect differences between recovery and spontaneous sleep in the 

VLPO was 2 animals per group. As such, 4 animals per group is more than adequately powered 

to distinguish between sleep deprived and non-sleep deprived animals.  

 

3.4.3 General methodology 

All experiments began with a 3-hour habituation period on the day preceding the 

experiment in order to reduce stress within the experimental environment. The next day, all 
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animals were placed into one of two 6 h pre-experimental (i.e. day 2 at T=0) conditions 

consisting of either sleep deprivation or non-sleep deprivation. The pre-experimental conditions 

were designed to prime the animals in the sleep deprived group to have increased homeostatic 

sleep pressure (pressured), and to allow the animals in the non-sleep deprived group to have 

unaffected levels of homeostatic sleep pressure (unpressured) in the subsequent experimental 

(i.e. day 2 at T=6 hrs) condition. In all cases, two animals were yoked in each sleep deprived or 

non-sleep deprived situation. Following the pre-experimental condition, rats received a tail vein 

injection of either urethane or saline, and were subsequently placed into one of three 2 h 

experimental (i.e., day 2 at T=6 hrs) conditions. Each yoked pair was counterbalanced, with one 

rat receiving urethane and the other receiving saline. The animals that received urethane became 

the SD-urethane and nonSD-urethane groups, while the animals that received saline became the 

SD-saline and the nonSD-saline groups. The final experimental group received saline following 

the non-sleep deprived pre-experimental condition, and these rats were then placed into enforced 

wakefulness using the same sleep deprivation method used in the pre-experimental phase for the 

2 h experimental condition. This latter group was the nonSD-wake group. Following the 2 h 

experimental condition all animals were euthanized by transcardial perfusion, and histology was 

performed on the brains. The general methodology and timeline is outlined in Figure 3.1. 

 

3.4.4 Sleep deprivation 

Rats were sleep deprived at the beginning of their light phase using the well characterized 

disk-over-water (DOW) method for sleep deprivation (Bergmann et al., 1989). The DOW 

method provides gentle, but consistent physical stimulation by placing rats on a periodically  
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Figure 3.1 Experimental timeline.  

Experiments began with a 3-hour habituation period in the stationary disk-over-water (DOW) 

apparatus (each condition with a blue background indicates placement in the DOW apparatus). On 

day 2, at the beginning of the light cycle (T=0 hours), animals were assigned to two possible pre-

experimental conditions (Phase 1) in the DOW apparatus: disk spinning (i.e., sleep-deprived: SD) 

or disk stationary (i.e., not sleep deprived: non-SD). Following 6 hrs of either condition (T=6 

hours), animals were separated into one of three experimental conditions (Phase 2). In one, animals 

that were previously in the non-SD group were given a tail vein injection of saline and then placed 

back in the DOW apparatus with disk spinning (saline + SD).  In the other two groups, animals 

were given a tail vein injection of either urethane or saline. Urethane anesthetized animals were 

warmed during this period while saline-treated animals were placed in a novel cage. In all cases in 
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which animals were not anesthetized, they were video monitored throughout the procedures. 

Following 2 hrs of the experimental conditions (at T=8 hours), animals were euthanized and 

perfused, and immunohistochemistry (IHC) was subsequently performed following cryoprotection 

of brains. Animals were run 2 at a time per experiment and were yoked in the DOW apparatus as 

such: SD-saline and SD-urethane, as well as nonSD-saline and nonSD-urethane were paired. 

NonSD-wake animals were run in simultaneous yoked pairs.        
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rotating disk over a tray of water deep enough to ensure the rats cannot sleep in the water. The 

disk was situated between two separate chambers, allowing 2 rats to be sleep deprived at a time 

in order to ensure parallel behavioural experiences in both saline and urethane groups. The disk 

rotated slowly (3.75 rpm) for 8 seconds followed by a 15 second pause in alternating directions, 

and each chamber allowed the rat ad libitum access to both food and water (Chang et al., 2006b). 

To reduce stress, rats were habituated to the DOW apparatus for 3 hours in stationary mode 24 

hours prior to the experiment. 

Following sleep deprivation, rats were briefly anesthetized in an enclosed chamber using 

4% isoflurane mixed with 100% oxygen. Upon the loss of righting reflexes, the rats were 

transferred to a nose cone and maintained on isoflurane (2.0 to 2.5%), while a 22G tail vein 

catheter was inserted for delivery of either an anesthetic dose of urethane (1.6 ± 0.06 g/kg) or an 

equivalent volume of saline. The SD-saline rats were returned to their home cages for 2 h to 

engage in recovery sleep, while the SD-urethane rats were placed on a servo-controlled heating 

pad (Harvard Apparatus, Holliston, MA) for 2 h to maintain a core temperature of 37°C during 

anesthesia. The time window of 2 hours was chosen to optimize expression and visualization of 

c-Fos protein during these behavioural states (Chaudhuri et al., 2000). 

 

3.4.5 Non-sleep deprivation and wake 

Animals in the non-sleep deprived and wake groups were subjected to a similar 

habituation protocol outlined in the sleep deprivation paradigm. However, in the non-sleep 

deprived and wake groups the disk did not rotate during the pre-experimental (i.e. day 2 at T=0) 
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6 hour period at the beginning of the light phase, thus allowing the animals to potentially sleep 

on the disk.  

Following the 6 h in the DOW apparatus, the non-sleep deprived and wake rats were also 

anesthetized with 4% isoflurane and fitted with a tail vein catheter. Parallel to the sleep deprived 

group, rats in the non-sleep deprived group received either an anesthetic dose of urethane (1.6 ± 

0.06 g/kg) or an equivalent volume of saline, and were placed on a heating pad during 

anesthesia, or back in their home cages, respectively, for 2 hours (day 2 at T=6 hrs). However, 

rats in the wake group received saline only, and then were placed back in the DOW apparatus 

with the disk rotation activated as above to ensure a consistent and constant wake state for the 2-

hour window prior to evaluation of c-Fos expression. 

 

3.4.6 Perfusions, extraction and tissue preparation 

Following the 2 h experimental window (day 2 at T=8 hrs), rats were quickly 

anesthetized using a brief isoflurane exposure in a closed container, and then were immediately 

transcardially perfused with phosphate-buffered saline (PBS, Gibco, Fischer Scientific, 

Pittsburgh, Pennsylvania, USA) followed by 4% paraformaldehyde (PFA, Fischer Scientific) 

(see Figure 3.1 for a full timeline of experiments). Extracted brains were stored in PFA for a 

minimum of 48 h, and then transferred to a cryoprotective 30% sucrose-PFA solution for a 

minimum of 48 h. Once saturated, the brains were removed from solution and flash frozen using 

compressed carbon dioxide, and then cut on a sagittal plane in 60 µm sections using a rotary 

microtome (Leica, Germany). In total, 24 slices were taken consecutively from the same 

hemisphere, centered roughly 1 mm lateral of the midline (Figure 3.2).   
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Figure 3.2 Histological illustration.  

(A) A dorsal illustration of a rat brain. The section highlighted with a blue box indicates the 

approximate region that the twenty-four 60μm slices were taken from. The figure is not drawn to 

scale. (B) A sagittal illustration of a rat brain, taken from the highlighted area in A. The 

approximate position of NREM-related nuclei are illustrated in red, REM-related in green, and 

wake-related in yellow. Note: not all nuclei were found on a single slice, they are all shown here 

for illustrative purposes only. The section and nuclei are not drawn to scale.   
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3.4.7 Histology 

Slices were first washed 3 times with PBS for 5 minutes each to remove any remaining 

PFA. Then, to reduce non-specific binding, slices were incubated with a blocking solution of 

10% normal donkey serum (NDS; Jackson ImmunoResearch Laboratories, Inc., West Grove, 

Pennsylvania, USA), and 0.3% Triton X-100 (MP Biochemical, Inc., Irving, California, USA) in 

PBS for 1 hour on an orbital shaker. Once the blocking solution was removed, the primary 

antibodies for c-Fos (1:1000 raised in rabbit, Santa Cruz Biotechnology, Inc., Dallas, Texas, 

USA) and a neuronal nuclear marker (1:500 NeuN, raised in mouse, Millipore, Burlington, 

Massachusetts, USA) were added to a solution contain 1% NDS and 0.3% Triton, and left to 

incubate for 24 hours on a shaker. The following day, the slices were again washed 3 times with 

PBS for 5 minutes per wash, and secondary antibodies which were conjugated to a fluorescent 

probe were added in solution of 1% NDS in PBS, in order to visualize c-Fos (1:100 Cy3-

conjugated AffiniPure Donkey Anti-Mouse IgG, Jackson ImmunoResearch Laboratories, Inc.) 

and NeuN (1:100 Cy5-conjgated AffiniPure Donkey Ant-Rabbit IgG, Jackson ImmunoResearch 

Laboratories) expressing neurons. Slices were incubated in the dark for a minimum of 2 hour on 

an orbital shaker, following which they were washed 3 times in PBS, mounted on a glass slide 

and cover slipped using a mounting medium to protect fluorescence (FluorSave, Millipore).  

 

3.4.8 Imaging 

All images were taken using a digital inverted microscope (EVOS FL, Advanced 

Microscopy Group, Bothell, Washington, USA), at 20x magnification in each independent 

fluorescent channel to allow for better visualization of the fluorescent signal while also 



91 
 

encompassing the nuclei of interest. Images were converted into 16-bit black and white images 

in ImageJ (U.S. National Institute of Health, Bethesda, Maryland, USA), and then run through 

the smooth function, which averages pixel brightness in order to remove single-pixel artifacts. 

NeuN images were first thresholded using standardized values taken from control images of the 

cerebellum in order to capture outlines of labeled neurons. This thresholded image was then 

overlaid on the corresponding c-Fos images. NeuN and c-Fos double labeled cells were counted 

by using the find maxima function in ImageJ to identify groups of pixels that were 10 units of 

intensity brighter than their surroundings within overlaid regions. A section-by-section analysis 

of the LC can be found in Table 3.2.  

In addition to sleep-wake circuitry ROI (see Table 1, and Figure 3.2), the preBötzinger 

Complex (preBötC), dentate nucleus of the cerebellum and paraventricular nucleus (PVN) of the 

hypothalamus were imaged for c-Fos expression. The preBötC is involved in respiration and is 

therefore active irrespective of sleep and anaesthesia (Munoz-Ortiz et al., 2017). It served as a 

positive control to ensure that the c-Fos staining protocol worked. The dentate nucleus is 

involved in movement and is not active and thus does not express c-Fos during sleep or 

anaesthesia, so it served as a negative control for our staining protocol. Lastly, the PVN 

expresses c-Fos during periods of acute and basal stress, and as such served as a measure for the 

level of stress experienced by the rat (Kovacs et al., 2018). A comparison of PVN expression 

between groups can be found in Figure 3.3. 
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 SD-Saline SD-Urethane NonSD-Saline NonSD-Urethane NonSD-Wake 
1 5 9 7 7 7 8 4 3 6 8 8 1 7 10 11 8 10 5 9 12 
2 12 6 9 4 8 5 6 3 14 7 6 5 8 8 8 6 11 6 9 13 
3 10 10 7 9 5 12 5 8 11 9 6 7 16 9 11 2 8 8 8 8 
4 6 8 9 10 6 5 7 6 12 4 5 6 14 6 11 9 10 7 14 9 
5 6 5 8 14 2 5 7 8 6 5 6 5 11 12 5 8 5 9 4 11 
6 7 10 8 7 5 5 6 10 11 9 6 15 9 6 7 10 6 7 6 4 
7 6 9 11 9 5 3 8 9 5 6 7 15 12 8 4 6 6 13 11 8 
8 5 12 11 5 3 5 5 7 7 4 6 7 9 7 9 7 9 10 5 9 

Total 57 69 70 65 40 48 48 54 72 52 50 61 86 66 66 56 65 65 66 74 

 

Table 3.2 Raw cell counts of locus coeruleus slices.  

The number of cFos+/NeuN+ double labeled cells in each imaged section of the Locus Coeruleus 

for all experiments.  Section numbers represent the order in which the sections were analyzed, 

representing sequential sections 60um apart. 
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Figure 3.3 PVN cell counts.   

The proportion of NeuN-cFos-IR cells for all experiments within the PVN. Each individual 

experiment is shown as a dot. The bars report the mean, with SEM error bars. 
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3.4.9 Video scoring 

In order to assess the proportions of time spent in various behaviours, videos taken during 

the initial 6 h (sleep deprived or non-sleep deprived) pre-experimental period and the subsequent 

2 h experimental period were scored by assessing behavioural states as follows: 1) active, 2) 

inactive but standing, or 3) inactive and laying down for periods greater than 20 seconds. The 

amount of time spent in each condition was converted to a percentage of total time.   

In two non-sleep deprived animals (one which received saline prior to the 2 hr 

experimental period and one which received urethane), activity rates were more consistent with 

the sleep deprivation data (i.e., active for >90% of the time during the 6 h pre-experimental 

period). We re-classified these 2 animals as sleep deprived for the rest of the analyses. Although 

another rat in the nonSD-wake group was also active for >95% of the 6 hour pre-experimental 

period, we did not re-classify the animal since the subsequent experimental condition of enforced 

wakefulness was unlikely to be greatly influenced by increased sleep pressure. We also verified 

that these three animals were better fits for their respective groups by the comparable c-Fos 

expression they exhibited.     

 

3.4.10 Data analysis 

All data analysis was conducted using Prism 8 (GraphPad Prism Software Inc, San 

Diego, CA). All values are reported as means with standard error of the mean (SEM). A 

parametric two-tailed t-test was used to compare difference between two means where 

applicable. Analysis of Variance (ANOVA) was conducted in all cases in which multiple means 
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(i.e., more than two) were being compared. In situations that the ANOVA determined a 

significant difference, a post-hoc Tukey multiple comparison test was performed to determine 

which group means showed significant differences. A Shapiro-Wilk test was used to verify the 

normality of the distribution, and if the distribution was determined to be non-parametric, a 

Mann-Whitney test was used to determine if the means differed significantly. 

 

3.5 Results 

3.5.1 Pre-experimental conditions (Day 2, T=0-6h) 

Twenty rats were used in the present study, with four rats in each experimental group. 

The mean weights were 305.2 ± 9.24g, with no significant difference in the mean weights of any 

of the five experimental groups (F (4,15) = 1.69, p=0.20). 

As shown in Figure 3.4, the sleep deprivation protocol used in this study effectively 

deprived rats of sleep, with the sleep deprived groups spending only 0.48 ± 0.32% of the 6-hour 

period in a sleeping posture. In contrast, the non-sleep deprived groups spent 26.40 ± 3.82% of 

the time in a sleeping posture (t(18)=5.47, p=1.01x10-4). As well, the average time spent active 

(sleep deprived: 92.83 ± 1.48%; non-sleep deprived: 71.09 ± 3.63%), and the average time spent 

inactive but standing (sleep deprived: 6.69 ± 1.70%; non-sleep deprived: 2.53 ± 0.63%), also 

differed significantly between the sleep deprived and non-sleep deprived groups (t(18)=4.69, 

p=3.66 x10-4; and t(18)=1.58, p=0.02 ; respectively) with inactivity being significantly higher in 

the non-sleep deprived group and activity being significantly higher in the sleep deprived group.   
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Figure 3.4 Behavioural activity during the pre-experimental condition (Day 2, T: 0-6 

hours). 

The percentage of time spent in each behavioural state of all animals during the 6 h pre-

experimental condition. Each individual animal is shown as a representative dot. The sleep 

deprived group is shown in white-filled circles and the non-sleep deprived group in grey-filled 

circles. The bars report the mean, and the error bars represent SEM. Note that one animal in the 

NonSD-wake condition was active for 97% of the time, but was not designated as sleep deprived 

for analysis because it wouldn’t have impacted the subsequent experimental period of enforced 

wakefulness. This was later confirmed to be the case since it had comparable c-Fos patterns to the 

other animals in the nonSD-wake group. Animals in the sleep-deprived group spent significantly 

less time in sleeping posture (Sleep-deprived: 0.48 ± 0.32%; non-sleep deprived: 26.40 ± 3.82%; 

t(18)=5.47, p=1.01x10-4), with significantly more time in inactive but standing (sleep deprived: 
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6.69 ± 1.70%; non-sleep deprived: 2.53 ± 0.63%; t(18)=1.58, p=0.02) and active (sleep deprived: 

92.83 ± 1.48%; non-sleep deprived: 71.09 ± 3.63%; t(18)=4.69, p=3.66 x10-4).  
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3.5.2 Experimental conditions (Day 2, T=6-8 h) 

Irrespective of pre-experimental conditions (SD-urethane or nonSD-urethane), rats that 

received anesthetic doses of urethane remained inactive and unresponsive for the entire 2 h 

recovery period. As shown in Figure 3.5, the animals in the SD-saline group spent 78.0 ± 1.2% 

of the time inactive in a sleeping posture, 1.6 ± 0.7% of the time inactive but standing and the 

remainder of the time (20.4 ± 1.3%) active. Rats in the nonSD-saline group spent 67.5 ± 3.4% of 

the time inactive in a sleeping posture, 4.5 ± 0.8% of the time inactive but standing and the 

remainder of the time (28.0 ± 3.2%) active. The nonSD-wake group rats spent on average 97.7 ± 

0.87% of the time active, with the remainder of the time inactive but standing (2.3 ± 0.87%).  

A two-way ANOVA was conducted and a statistically significant difference was found in 

both time spent in a specific state within experimental groups (F(1.220, 10.98) = 464.0, p<1x10-

4), and between groups (F(4, 18) = 399.6, p<1x10-4). Post-hoc tests showed that the nonSD-wake 

group spent significantly more time active (SD-saline: t(5.22)=69.26, p<1x10-4; nonSD-saline: 

t(3.45)=30.03, p=2x10-4), and less time inactive in a sleeping posture (SD-saline: t(3.00)=89.92, 

p<1x10-4; nonSD-saline: t(3.00)=28.43, p=6x10-4) than the SD-saline and nonSD-saline groups. 

No other significant differences were observed.    

Of note, and as represented in Figure 3.6, the SD-saline group rats spent on average 29.54 

± 6.3 continuous minutes per episode of sleep posture, in contrast to the nonSD-saline group 

which spent an average of 11.38 ± 1.9 continuous minutes per episode of sleep posture. This 

represents a significant difference in duration per sleep posture episode (Mann-Whitney U=102, 

p=1.9x10-2, two-tailed). This significant difference was also observed in the number of sleep- 
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Figure 3.5 Behavioural activity during the experimental condition (Day 2, T = 6-8 hours). 

The percentage of time spent in each state of all the animals during the 2 h experimental period. 

Each individual experiment is shown as a dot. The SD-saline group is shown in white-filled dots 

and bars. The nonSD-saline group is shown in grey-filled dots and bars, and the nonSD-wake in 

half black-filled dots and black-striped grey bar. The bars report the mean, and the error bars 

represent SEM. Animals in the SD-Saline (78.0 ± 1.2%) and nonSD-Saline (67.5 ± 3.4%) groups 

spent significantly more time inactive in a sleeping posture compared to the NonSD-Wake (0%; 

SD-saline: t(3.00)=89.92, p<1x10-4; nonSD-saline: t(3.00)=28.43, p=6x10-4). Similarly, animals 

in the SD-Saline (20.4 ± 1.3%) and NonSD-Saline (28.0 ± 3.2%) groups spent significantly less 

time active compared to the NonSD-Wake group (97.7 ± 0.87%; SD-saline: t(5.22)=69.26, 

p<1x10-4; nonSD-saline: t(3.45)=30.03, p=2x10-4). No other significant differences were noted.  
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Figure 3.6 Sleep posture bout length.  

The average duration per sleep posture episode during the experimental period. Each individual 

experiment is shown as a dot. The SD-saline group is shown in white-filled dots and bars and the 

nonSD-saline group in grey-filled dots and bars. The bars report the overall mean, and the error 

bars represent SEM. Animals in the SD-Saline group had significantly longer average bouts of 

sleep posture (29.54 ± 6.3 continuous minutes per episode of sleep posture) compared to the 

NonSD-Saline group (11.38 ± 1.9 continuous minutes per episode of sleep posture; Mann-Whitney 

U=102, p=1.9x10-2, two-tailed). 
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posture epochs, with nonSD-saline rats having on average 7.5 ± 1.6 epochs compared to the 3.0 

± 0.4 epochs in the SD-saline group (t(6)=2.5, p=4.4x10-2). 

 

3.5.3 c-Fos immunoreactivity  

Ten different nuclei involved in endogenous sleep-wake circuitry were identified and 

imaged for each animal (Figure 3.2). Prior to imaging any ROI, the cerebellum was assessed as a 

negative control to verify a lack of c-Fos immunoreactivity (IR) and used to scale for detection 

of NeuN IR. Similarly, the preBötC was imaged as a positive control to verify predicted c-Fos 

IR. Cell counts are reported herein as the proportion of NeuN positive cells that expressed c-Fos. 

We also normalized the number of c-Fos positive cells to the area imaged, however, since area 

and number of NeuN cells were significantly correlated in all circumstances (Pearson r test, r(20) 

= 0.4463 to 0.662, p<0.05), we have only reported normalizations to NeuN counts. Please see 

Table 3.3 for a full breakdown of Pearson r tests of each pair of measures across each ROI. 

Indeed, the pattern of our results was nearly identical using both normalization techniques. Raw 

cell counts of the number of c-Fos and NeuN-expressing cells can be found in Tables 3.4 and 

3.5. 

As a nucleus predominantly active during wakefulness, the TMN showed the weakest c-

Fos expression in the non-wake experimental groups (Ko et al., 2003; Takahashi et al., 2006). As 

shown in Figure 3.7, the SD-saline group had the lowest percentage of NeuN-cFos double-

labeled cells (2.08 ± 0.33%). The SD-urethane (3.83 ± 0.23%), nonSD-saline (4.17 ± 0.26%), 

and nonSD-urethane (4.31 ± 0.56%) groups all had highly comparable (and similarly low) 

percentages of double-labelling in the TMN. Conversely, the nonSD-wake group had the highest  
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Nucleus Pearson R Test 
TMN r(20) = 0.65, p=00.17 

VLPO r(20) = 0.47, p=0.0376 

LHb r(20) = 0.53, p=0.0154 

vlPAG r(20) = 0.61, p=0.0045 

LDT r(20) = 0.45, p=0.0485 

PPT r(20) = 0.47, p=0.0374 

LH r(20) = 0.57, p=0.0089 

LC r(20) = 0.44, p=0.0013 

DR r(20) = 0.52, p=0.0197 

BF r(20) = 0.46, p=0.0406 

 
Table 3.3  Pearson R test results. 

Full results for the Pearson R Test results for all ROI, showing correlation between area and NeuN 

count. 
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Nucleus SD-Saline SD-Urethane NonSD-Saline NonSD-
Urethane 

NonSD-Wake 

TMN 12.25 ± 1.75 21.50 ± 0.96 22.75 ± 2.18 24.50 ± 3.30 113.5 ± 3.93 

VLPO 111.5 ± 5.38 67.50 ± 9.50 62.50 ± 8.06 54.00 ± 7.80 6.50 ± 0.65 

LHb 67.50 ± 11.03 22.75 ± 1.97 30.25 ± 2.29 31.50 ± 2.26 10.25 ± 0.85 

vlPAG 77.5 ± 4.17 38.50 ± 0.65 53.00 ± 7.15  42.75 ± 4.15 9.00 ± 1.08 

LDT 33.25 ± 4.68 51.50 ± 10.28 56.50 ± 6.40 53.50 ± 8.11 119.8 ± 5.69 

PPT 66.50 ± 8.97 78.50 ± 5.11 85.50 ± 12.31 83.75 ± 5.59 168.3 ± 18.33 

LH 20.50 ± 0.50 23.00 ± 1.87 27.25 ± 2.46 30.25 ± 3.57 95.00 ± 3.54 

LC 65.25 ± 2.96 47.50 ± 2.87 58.75 ± 5.02 68.50 ± 6.29 67.50 ± 2.18 

DR 54.00 ± 7.53 31.25 ± 1.65 52.00 ± 8.05 56.75 ± 7.43 112.0 ± 4.30 

BF 16.75 ± 0.75 100.8 ± 13.21 38.50 ± 1.56 45.00 ± 3.56 169.3 ± 5.17 

 
Table 3.4 Raw c-Fos labeled cell counts.  

Summary of c-Fos cell counts in all ROI in all groups. The means for each group are reported 

alongside the SEM and the range for each group. 
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Nucleus SD-Saline SD-Urethane NonSD-Saline NonSD-
Urethane 

NonSD-Wake 

TMN 588.8 ± 25.29 561.3 ± 14.82 545.0 ± 23.94 568.3 ± 37.05 556.3 ± 16.34 

VLPO 512.8 ± 24.51 531.8 ± 11.76 547.0 ± 21.91 488.3 ± 15.70 454.8 ± 13.23 

LHb 485.8 ± 25.53 550.8 ± 25.14 564.5 ± 34.77 558.3 ± 27.84 563.0 ± 27.97 

vlPAG 555.3 ± 10.84 553.0 ± 11.78 493.8 ± 21.08 585.0 ± 31.90  562.8 ± 14.97 

LDT 564.5 ± 10.65 553.3 ± 38.73 542.8 ± 27.79 597.3 ± 67.28 591.8 ± 29.56 

PPT 511.5 ± 27.20 346.5 ± 26.12 377.5 ± 24.82 383.5 ± 36.10 350.8 ± 7.087 

LH 584.5 ± 22.41 608.0 ± 13.74 528.3 ± 14.67 529.8 ± 20.96 525.3 ± 11.54 

LC 583.8 ± 19.22 504.5 ± 39.70  521.3 ± 13.26 613.3 ± 28.37 595.0 ± 12.34 

DR 550.8 ± 15.89 542.0 ± 35.54 544.5 ± 25.45 583.5 ± 11.96 572.0 ± 10.75 

BF 507.3 ± 17.24 589.5 ± 23.54 487.0 ± 14.97 559.8 ± 14.97 485.8 ± 25.85 

 

Table 3.5 Raw NeuN labeled cell counts. 

Summary of cell count of NeuN labeled cells in all ROI in all groups. The means for each group 

are reported alongside their SEM and the range for each group. 
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Figure 3.7 VLPO and TMN cell counts. 

The proportion of NeuN-cFos-IR cells for all experiments within the (A) TMN, tubomammillary 

nucleus and (B) VLPO, ventrolateral preoptic area. Each individual experiment is shown as a dot. 

The SD-saline group is shown in black-white, the SD-urethane group in red-white, the nonSD-

saline group in black-grey, the nonSD-urethane group in red-grey, and the nonSD-wake group in 

blue-grey. The bars report the mean, with SEM error bars. 
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percentage of NeuN-cFos double-labeled cells within the TMN at 20.41 ± 0.82%. Statistical 

analysis indicated significant differences between the groups as determined by a one-way 

ANOVA (F (4,15) = 235.9, p<1x10-4), with a Tukey pos-hoc test indicating the SD-saline group 

had significantly lower percentage of NeuN-cFos double-labeled TMN cells compared to the 

nonSD-urethane group (p<4.0x10-2), while the nonSD-wake group had significantly higher 

expression compared to all other groups (All: p<1x10-4). A full summary of all significant 

comparisons for all ROI can be found in Table 3.6.   

Conversely, as a sleep-promoting nucleus with high levels of activity during slow-wave 

sleep, the VLPO showed the greatest percentage of NeuN-cFos double-labeled cells in the SD-

saline group (21.74 ± 0.57%; Figure 3.7). The SD-urethane (12.70 ± 1.83%), nonSD-saline 

(11.42 ± 1.09%), and nonSD-urethane (11.05 ± 1.43%) groups all had comparable percentages of 

NeuN-cFos double-labeled cells. The nonSD-wake group had the lowest percentage of NeuN-

cFos double-labeled cells within the VLPO at only 1.18 ± 0.14%. A one-way ANOVA showed 

significant differences between the groups (F (4,15) = 38.53, p<1x10-4), with a post-hoc test 

revealing that the SD-saline group had a significantly higher percentage of NeuN-cFos double-

labeled cells than all other groups (SD-urethane: p=6x10-4, nonSD-saline: p=1x10-4, nonSD-

urethane: p<1x10-4, nonSD-wake: p<1x10-4). Conversely, the nonSD-wake group had a 

significantly lower percentage of NeuN-cFos double-labeled cells compared to all other groups 

(SD-saline: p<1x10-4, SD-urethane: p<1x10-4, nonSD-saline: p=2x10-4, nonSD-urethane: 

p=2x10-4).  

As expected, the percentage of NeuN-cFos double labeled cells in the TMN and VLPO 

for the two most contrasting behavioural groups in our study, SD-saline and nonSD-wake 

showed opposing results to each other. Consistent with previous research assessing recovery  
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 SD-Saline SD-
Urethane 

NonSD-Saline NonSD-Urethane NonSD-Wake 

SD-
Saline 

 VLPO: 
t(15)=7.695 
LHb: 
t(15)=12.28 
vlPAG: 
t(15)=9.713 
BF: 
t(15)=8.299 

VLPO: t(15)=8.785 
LHb: t(15)=10.73 
vlPAG: t(15)=4.460 
PPT: t(15)=5.250 

TMN: t(15)=4.534 
VLPO: t(15)=9.099 
LHb: t(15)=10.38 
vlPAG: t(15)=9.238 
PPT: t(15)=4.817 
LH: t(15)=5.583 

TMN: t(15)=37.19 
VLPO: 
t(15)=17.49 
LHb: t(15)=15.18 
vlPAG: 
t(15)=17.14 
LDT: t(15)=12.99 
PPT: t(15)=19.07 
LH: t(15)=36.91 
DR: t(15)=8.908 
BF: t(15)=19.00 

SD-
Urethane 

VLPO: 
p=0.0006 
LHb: p<0.0001 
vlPAG: 
p<0.0001 
BF: p=0.0003 

 vlPAG: t(15)=5.253 
BF: t(15)=5.532 

LH: t(15)=4.887 
BF: t(15)=5.447 
 

TMN: t(15)=33.63 
VLPO: 
t(15)=9.798 
vlPAG: 
t(15)=7.426 
LDT: t(15)=9.921 
PPT: t(15)=15.42 
LH: t(15)=36.22 
DR: t(15)=12.61 
BF: t(15)=10.70 

NonSD-
Saline 

VLPO: 
p=0.0001 
LHb: p<0.0001 
vlPAG: 
p=0.0442 
PPT: p=0.0152 

vlPAG: 
p=0.0152 
BF: p=0.0103 

 vlPAG: t(15)=4.778 TMN: t(15)=32.93 
VLPO: 
t(15)=8.707 
LHb: t(15)=4.459 
vlPAG: 
t(15)=12.68 
LDT: t(15)=8.910 
PPT: t(15)=13.82 
LH: t(15)=32.72 
DR: t(15)=9.140 
BF: t(15)=16.23 

NonSD-
Urethane 

TMN: 
p=0.0401 
VLPO: 
p<0.0001 
LHb: p<0.0001 
vlPAG: 
p<0.0001 
PPT: p=0.0274 
LH: p=0.0096 

LH: 
p=0.0249 
BF: p=0.0116 
 

vlPAG: p=0.0289  TMN: t(15)=32.65 
VLPO: 
t(15)=8.394 
LHb: t(15)=4.801 
vlPAG: 
t(15)=7.901 
LDT: t(15)=10.22 
PPT: t(15)=14.26 
LH: t(15)=31.33 
DR: t(15)=8.984 
BF: t(15)=16.15 

NonSD-
Wake 

TMN: 
p<0.0001 
VLPO: 
p<0.0001 
LHb: p<0.0001 
vlPAG: 
p<0.0001 
LDT: p<0.0001 
PPT: p<0.0001 
LH: p<0.0001 
DR: p=0.0001 
BF: p<0.0001 

TMN: 
p<0.0001 
VLPO: 
p<0.0001 
vlPAG: 
p=0.0008 
LDT: 
p<0.0001 
PPT: 
p<0.0001 
LH: 
p<0.0001 

TMN: p<0.0001 
VLPO: p=0.0002 
LHb: p=0.0443 
vlPAG: p<0.0001 
LDT: p=0.0001 
PPT: p<0.0001 
LH: p<0.0001 
DR: p<0.0001 
BF: p<0.0001 

TMN: p<0.0001 
VLPO: p=0.0002 
LHb: p=0.0280 
vlPAG: p=0.0004 
LDT: p<0.0001 
PPT: p<0.0001 
LH: p<0.0001 
DR: p=0.0001 
BF: p<0.0001 
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DR: 
p<0.0001 
BF: p<0.0001 

 

Table 3.6 Post-hoc Tukey test significant results. 

Summary results for Tukey Post-Hoc testing for all ROI, showing only significant results. 
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sleep after sleep deprivation (Gong et al., 2004), c-Fos expression for animals in the SD-saline 

group was high in the VLPO, and very low in the TMN. In contrast, animals in the nonSD-wake 

group had very low c-Fos expression in the sleep-related VLPO, and very high expression in the 

wake-related TMN; consistent with the behavioural state (Figure 3.7). 

In the LHb, the SD-saline group again exhibited the highest percentage of NeuN-cFos 

double-labeled cells (Figure 3.8; 13.90 ± 1.68%). The SD-urethane (4.13 ± 0.25%), nonSD-

saline (5.36 ± 0.32%), and nonSD-urethane (5.64 ± 0.38%) groups all showed comparable 

expression, and the nonSD-wake group had the lowest percentage of NeuN-cFos double-labeled 

cells within the LHb (1.82 ± 0.16%). A one-way ANOVA across groups showed significant 

differences of the means (F (4,15) = 33.08, p<1x10-4). Post-hoc testing showed that the SD-

saline group had a significantly higher percentage of NeuN-cFos double-labeled cells compared 

to all other groups (All: p<1x10-4), while the nonSD-wake group had a significantly lower 

percentage of NeuN-cFos double-labeled cells compared to all groups (SD-sleep: p<1x10-4, 

nonSD-sleep: p=0.0443, nonSD-urethane: p=2.8x10-2) except the SD-urethane group (p=0.29; 

Figure 3.8). 

As with both the VLPO and LHb, the percentage of vlPAG NeuN-cFos double-labeled 

cells were greatest in the SD-saline group (13.96 ± 0.99%). The SD-urethane group averaged 

6.96 ± 0.17%, while the nonSD-saline group averaged 10.74 ± 1.04%, and nonSD-urethane 

group averaged 7.30 ± 0.67%. The nonSD-wake group had the lowest percentage of NeuN-cFos 

double-labeled cells (1.60 ± 0.22%). ANOVA showed significant differences in the means (F 

(4,15) = 41.11, p<1x10-4). The SD-saline group had a significantly higher percentage of NeuN-

cFos double-labeled vlPAG cells compared to all other groups (SD-urethane: p<1x10-4, nonSD-

saline: p=0.0442, nonSD-urethane: p<1x10-4, nonSD-wake: p<1x10-4), while the nonSD-wake  



110 
 

 
  



111 
 

 
 
Figure 3.8 ROI Double-labeled cell counts. 

The proportion of NeuN-cFos-IR cell for all experiments in remain ROI. Each individual 

experiment is shown as a dot. The SD-saline group is shown in black-white, the SD-urethane group 

in red-white, the nonSD-saline group in black-grey, the nonSD-urethane group in red-grey, and 

the nonSD-wake group in grey with black stripes. The bars report the mean, with error bars 

representing SEM. (A) LHb, Lateral Habenula; (B) vlPAG, Ventrolateral Periaqueductal Grey; 

(C) LDT, Laterodorsal Tegmental Nucleus ; (D) PPT, Pedunculopontine Nucleus; (E) LH, 

Perifornical Area of the Lateral Hypothalamus; (F) DR, Dorsal Raphe; (G) LC, Locus Coeruleus; 

and (H) BF, Basal Forebrain.
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group had a significantly lower percentage of NeuN-cFos double-labeled cells compared to all 

other groups (SD-saline: p<1x10-4, SD-urethane: p=8x10-4, nonSD-saline: p<1x10-4, nonSD-

urethane: p<4x10-4). In addition, the nonSD-saline group had a significantly larger percentage of 

NeuN-cFos double-labeled cells compared to the SD-urethane (p=1.52x10-2) and nonSD-

urethane (p=2.89x10-2) groups (Figure 3.8).  

The LDT, PPT and LH nuclei that are known to be more active during both wakefulness 

and REM sleep, were also sampled for c-Fos expression (Figure 3.8). In the LDT, the SD-saline 

group had a moderate amount of NeuN-cFos double-labeled cells (5.89 ± 0.81%). The SD-

urethane (9.30 ± 1.18%), nonSD-saline (10.41 ± 1.69%), and nonSD-urethane (8.96 ± 0.95%) 

groups all had similar percentages of NeuN-cFos double-labeled cells within the LDT. Finally, 

the nonSD-wake group showed the greatest percentage of NeuN-cFos double-labeled cells in the 

LDT at 20.27 ± 0.54%. A one-way ANOVA showed significant differences (F (4,15) = 24.39, 

p<1x10-4), with post hoc testing revealing that the nonSD-wake group showed significantly 

greater expression compared to all other groups (All: p<1x10-4). 

In the PPT the SD-saline group had the lowest percentage of NeuN-cFos double-labeled 

cells (13.01 ± 1.09%), with the SD-urethane (19.71 ± 1.91%), nonSD-saline (22.63 ± 1.84%), 

and nonSD-urethane (21.84 ± 2.43%) had relatively comparable expression levels between the 

three groups. The nonSD-wake group had the highest percentage of NeuN-cFos double-labeled 

cells at 47.98 ± 1.65%. A one-way ANOVA showed significant differences (F (4,15) = 24.39, 

p<1x10-4), and post-hoc testing determined the SD-saline group had significantly lower 

percentages of NeuN-cFos double-labeled cells compared to all groups (nonSD-saline: 

p=1.52x10-2, nonSD-urethane: p=2.74x10-2, nonSD-wake: p<1x10-4), except the SD-urethane 
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group (p=0.12). The nonSD-wake group had significantly greater percentage of NeuN-cFos 

double-labeled cells compared to all other groups (All: p<1x10-4).    

As illustrated in Figure 3.8, the LH showed comparable results between the SD-saline 

(3.51 ± 0.17%) and SD-urethane (3.78 ± 0.25%) groups, while the nonSD-saline (5.16 ± 0.66%), 

and nonSD-urethane (5.71 ± 0.66%) also showed near parallel results. In contrast, the nonSD-

wake group had a higher percentage of NeuN-cFos double-labeled cells in the LH (18.07 ± 

0.34%). Significant differences between the groups were detected using a one-way ANOVA (F 

(4,15) = 240.7, p<1x10-4). Post-hoc testing revealed the nonSD-wake group had a significantly 

greater percentage of NeuN-cFos double-labeled cells compared to all other groups (All:  

p<1x10-4), and that the nonSD-urethane group had a higher percentage of NeuN-cFos double-

labeled cells compared to the SD-saline (p=9.6 x10-3) and SD-urethane groups (p=2.49x10-2). 

Within the DR, the SD-saline (9.81 ± 1.23%), nonSD-saline (9.55 ± 1.07%), and nonSD-

urethane (9.72 ± 1.44%) groups all had similar percentages of NeuN-cFos double-labeled cells. 

The SD-urethane group showed a slightly lower percentage of NeuN-cFos double-labeled cells 

(5.76 ± 4.89%), while in comparison, the nonSD-wake group showed approximately double the 

percentage of NeuN-cFos double-labeled cells as compared to all other groups (19.56 ± 1.00%). 

There was a significant difference between the means (F (4,15) = 22.07, p<1x10-4) for double-

labeled cells in the DR. The nonSD-wake group had significantly higher percentage of NeuN-

cFos double-labeled cells compared to all other groups (All: p<1x10-4), but no other significant 

differences were observed (Figure 3.8).  

Interestingly, although the LC was expected to have demonstrated increased c-Fos IR 

during wakefulness, the percentages of NeuN-cFos double-labeled cells demonstrated a lack of 
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significant differences across the five groups. LC double labelling across groups was highly 

similar: SD-saline (11.19 ± 0.29%), SD-urethane (9.42 ± 0.52%), nonSD-saline (11.27 ± 0.70%), 

nonSD-urethane (11.17 ± 1.08%), and the nonSD-wake group (11.34 ± 0.61%). The LC showed 

no significant differences between the means (F (4,15) = 1.41, p = 0.27; Figure 3.8).  

The BF, which is a heterogenous population of neurons involved in both wakefulness and 

sleep, also presented some unexpected results. The SD-saline group demonstrated the lowest 

percentage counts of NeuN-cFos double-labeled cells (3.30 ± 0.23%). The nonSD-saline (7.90 ± 

0.67%) and nonSD-urethane groups (8.04 ± 0.61%) had relatively comparable proportions of 

NeuN-cFos double-labeled cells in the BF. The SD-urethane group had a higher percentage of 

NeuN-cFos double-labeled cells (17.1 ± 2.36%), while the nonSD-wake group (34.90 ± 2.72%) 

had the largest percentage of NeuN-cFos double-labeled cells. A one-way ANOVA indicated 

significant differences between the means (F (4,15) =57.24, p<1x10-4). A Tukey post-hoc test 

showed that the SD-urethane group had significantly higher c-Fos expression in the BF 

compared to the SD-saline (p=3x10-4), the nonSD-saline (p=1.03x10-2), and the nonSD-urethane 

groups (p=1.16x10-2). The nonSD-wake group had significantly higher c-Fos expression 

compared to all other groups (All: p<1x10-4), including the SD-urethane group (Figure 3.8).  

 

3.6 Discussion 

The pattern of neural activation as measured by the expression of the immediate early 

gene product c-Fos within endogenous sleep-wake circuitry during urethane anesthesia exhibits a 

striking correspondence with that of unpressured sleep, regardless of whether or not the rats that 

received urethane were previously sleep deprived. Of the ten ROI investigated, only two nuclei 
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had significant differences in c-Fos expression between the unpressured sleep experimental 

group (nonSD-saline) and either of the urethane groups, suggesting that urethane anesthesia and 

unpressured sleep converge upon a preponderance of shared neural targets within endogenous 

sleep-wake circuitry. This is further evidence of the suitability of urethane as a model for the 

brain mechanisms of natural sleep. 

 

3.6.1 Pressured and unpressured sleep 

In accordance with previous studies using a similar DOW total sleep deprivation protocol 

(Chang et al., 2006a), rats in the sleep deprivation groups were successfully sleep deprived 

during the 6 hour pre-experimental phase. Rats in the sleep deprived groups spent less than 1% 

of the pre-experimental phase in a sleeping posture, and also spent significantly more time active 

than rats in the non-sleep deprived groups. Furthermore, during the 2 hour experimental phase, 

rats in the sleep deprived groups had significantly longer sleep bouts (as measured by time spent 

in a sleep posture) than those in the non-sleep deprived groups, which is typically associated with 

recovery sleep following total sleep deprivation (Friedman et al., 1979). Consequently, the c-Fos 

data collected from the SD-saline group is a characteristic representation of neural activation 

during pressured sleep, in line with previous evidence (Ledoux et al., 1996; Gong et al., 2004). 

 Interestingly, although the nonSD-saline group were not sleep deprived during the pre-

experimental phase, they also spent the majority of the experimental phase in a sleep posture. 

Indeed, other than the sleep posture bout duration, nonSD-saline rats did not differ significantly 

from SD-saline rats in terms of the distribution of time spent in any behavioural condition during 

the 2-hour experimental period. Perhaps not surprisingly in this regard, both SD-saline and 
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nonSD-saline groups showed significant differences in neural activation patterns as compared to 

rats in the nonSD-wake group in 9 of the 10 sleep-wake nuclei examined for c-Fos expression, 

indicating that both the SD-saline and nonSD-saline groups were likely sleeping and unconscious 

for the majority of the 2-hour experimental period. Thus, while EEG measures were not collected 

in this study, we conclude from both the behavioural data and the patterns of neural activation, 

that the c-Fos data collected from the nonSD-saline animals is representative of neural activation 

during unpressured sleep.  

This interpretation is further supported by significantly greater c-Fos expression in the 

SD-saline group compared to the nonSD-saline group in both the VLPO and LHb. Both of these 

nuclei are associated with the generation, maintenance and consolidation of NREM sleep, and 

are therefore necessary for generating slow-wave activity (SWA), which serves as an indicator of 

homeostatic sleep need (Borbély, 1982; Gong et al., 2004; Rodriguez et al., 2016; Gelegen et al., 

2018). Accordingly, the tripartite stratification of c-Fos expression between pressured sleep (SD-

saline), unpressured sleep (nonSD-saline), and wake (nonSD-wake) in our results allowed us to 

further refine our comparison of urethane and natural sleep within sleep-wake circuitry based on 

any differences in the pattern of neural activation during urethane anesthesia that occurred due to 

homeostatic sleep pressure. 

 

3.6.2 Influence of sleep pressure on urethane anesthesia 

Intriguingly, we observed no significant differences in c-Fos expression between the SD-

urethane and nonSD-urethane groups in 9 of the 10 ROI we assessed. This suggests that, unlike 

natural sleep, the neural activity produced during urethane anesthesia remains relatively 
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unaffected by homeostatic sleep pressure. The consistency of neural activation we observed in 

the sleep deprived and non-sleep deprived urethane anesthesia groups is presumably a product of 

both the stereotyped cycling of forebrain state that is characteristic of urethane (Clement et al., 

2008; Pagliardini et al., 2013b), and the long-lasting physiological stability of the anesthetic 

(Maggi and Meli, 1986; Field et al., 1993). 

 Only the basal forebrain (BF) region exhibited differential c-Fos expression due to sleep 

pressure across the two urethane groups. Specifically, SD-urethane had significantly more c-Fos 

expression in the BF than nonSD-urethane, SD-saline, and nonSD-saline groups, although all 

groups had significantly lower c-Fos immunoreactivity in the BF compared to nonSD-wake 

(Figure 3.8). The high levels of activity in the BF in the nonSD-wake group were anticipated, as 

the BF has well-established cholinergic outputs that are integral to cortical activation during 

wakefulness (Greco et al., 2000a; Jones, 2005). Moreover, the BF also suppresses SWA by 

promoting cortical fast activity (Han et al., 2014; Arrigoni and Fuller, 2019). Although we are 

not sure why there was increased c-Fos immunoreactivity of the BF in the SD-urethane group, 

we hypothesize that increased sleep pressure may have resulted in compensatory BF activity in 

order to produce the stereotyped brain state alternations typically observed in urethane 

anesthesia. However, due to the heterogeneous neurochemical nature of the BF, future 

experiments localized to this region will be required to confirm whether this effect is precipitated 

through cholinergic pathways, or through another neurochemically distinct group of neurons 

(Gritti et al., 2006). 

 

3.6.3 Urethane c-Fos expression parallels that of unpressured sleep 
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Unpressured sleep (nonSD-saline) had significant differences between one or both 

urethane groups in only 1 out of 10 ROI, whereas pressured sleep (SD-saline) had significant 

differences between one or both urethane groups in 6 of the 10 ROI investigated. This, coupled 

with the similar patterns of c-Fos expression between SD-urethane and nonSD-urethane, 

suggests that urethane and unpressured sleep exhibit parallel patterns of neural activity, 

irrespective of prior exposure to sleep deprivation in urethane. It is also important to note that 

both SD-urethane and nonSD-urethane had significantly different levels of c-Fos expression 

compared to nonSD-wake in the same sleep-comparable ROIs (9 of 10), in the same direction 

that was observed in both the pressured (SD-saline) and unpressured (nonSD-saline) sleep 

groups, indicating an analogous neural pattern of unconsciousness. 

 The only exception to the correspondence between urethane and unpressured sleep was 

observed in the vlPAG, where the nonSD-saline group had significantly higher c-Fos expression 

than both SD-urethane and nonSD-urethane groups. Increased firing of GABAergic neurons in 

the vlPAG consolidates NREM sleep while suppressing REM, which ultimately plays a role in 

the timing of alternations between REM and NREM (Weber et al., 2018a). Subsequently, a 

higher level of vlPAG activity would align with an increased amount of time spent in NREM, 

which is typically observed both following SD, and early in a sleep cycle, diminishing as the 

sleep cycle progresses (Carskadon and Dement, 2005; Simasko and Mukherjee, 2009; Rodriguez 

et al., 2016). Accordingly, since urethane anesthesia is characterized by stereotyped cycles with a 

consistent ratio of REM-like and NREM-like activity, and no changes in ultradian rhythm per se, 

we hypothesize that the significantly higher vlPAG activity in both SD-saline and nonSD-saline 

compared to the urethane anesthetized groups could be due to increased NREM pressure 

(Clement et al., 2008). However, since EEG measures were beyond the scope of this study, 
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future experiments characterizing the period and alternations in brain states during sleep and 

urethane anesthesia, in conjunction with experiments localized to the vlPAG will be needed to 

conclusively delineate the differences in c-Fos expression observed.  

 Only 3 ROI showed practically identical patterns of expression between pressured sleep, 

unpressured sleep and urethane groups – the LDT, DR and LC (Figure 3.8C, F, G). The LDT and 

the DR are associated with being most active during wakefulness, and exhibiting low activity or 

quiescence during NREM, and REM, respectively (Saper et al., 2010). This conforms with 

significantly higher levels of c-Fos expression we observed in nonSD-wake compared to all 

other groups in both the LDT and DR. Surprisingly, although the LC is also associated with 

being most active during wakefulness, we did not observe any significant differences in c-Fos 

expression between any of the groups, including the nonSD-wake group (Aston-Jones and 

Bloom, 1981). One of the contributing factors to this outcome may be that while the LC does not 

fundamentally affect sleep-wake architecture, it is essential for sustained wakefulness in 

response to novel environmental stimuli (Gompf et al., 2010). Since all animals in our study 

were habituated to the disk-over-water apparatus for 3 hours on the day prior to the experiment, 

this particular context was not novel and may have attenuated any LC response in the nonSD-

wake group. Furthermore, LC activity plays a role in suppressing REM-on cells during NREM, 

which could account for similar levels of expression across all the unconscious states (Pace-

Schott and Hobson, 2002). However, further electrophysiological experiments focused within the 

LC will be required to delineate differences in online patterns of activity sleep and urethane 

anesthesia. 
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3.6.4 Limitations and future directions 

It has already been well established that urethane anesthesia has extensive 

neurobiological commonalities with natural sleep, in terms of: spontaneous alternations between 

an activated (REM-like) and deactivated (NREM-like) brain state, the periodicity of these 

alternations, and the accompanying fluctuations in peripheral physiology, such as heart and 

respiration rates (Clement et al 2008; Pagliardini et al 2013; Ward-Flanagan et al 2022). 

Consequently, the aim of our present study was to determine whether similar commonalities 

between sleep and urethane anesthesia would be observed when measuring c-Fos activation 

across a broad assortment of nuclei associated with the expression of sleep/wakefulness.  

We reasoned that this study would be an appropriate first step in disseminating the 

potential mechanistic overlaps and divergences of sleep and urethane anesthesia. As such, we 

endeavoured to determine which, if any, sleep-wake nuclei exhibited a consistent pattern of 

activation during sleep and urethane anesthesia, and additionally whether sleep deprivation – 

which is a common tool in studies of natural sleep – affected neural activity under urethane. 

While we did not conduct EEG/EMG recordings in this study, we did bias brain state using 

behavioural methods: NREM is typically dominant and prolonged during recovery sleep which 

would correspond with increased synchronized slow-wave activity (Dijk, 2009), whereas wake 

produces a desynchronized brain state.  

We have shown that urethane anesthetized animals exhibit c-Fos activity in the sleep-

wake circuit most akin to that observed under unpressured (non-recovery) natural sleep, and 

extremely different from that of wake. Having conducted this broad comparison, it is now 

possible to narrow our focus, with this study serving as a foundation for the next steps required 
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to investigate potential convergent mechanisms between sleep and urethane. For instance, future 

studies could avoid sleep-deprivation as a tool in order to ensure a fairer comparison between 

sleep and urethane, and they should use EEG/EMG to probe the differences we observed 

between pressured sleep and urethane/unpressured sleep. Additionally, future studies should 

investigate specific heterogeneous nuclei (such as the basal forebrain) to determine the 

contributions of individual cell-types to the convergent patterns of activation we observed 

between urethane anesthesia and unpressured sleep. We are confident that our study will 

contribute to designing future experiments with greater precision.  

 

3.6.5 Conclusion 

Here, we have demonstrated that urethane anesthesia and unpressured sleep exhibit 

highly similar and parallel patterns of neural activation within endogenous sleep-wake nuclei, 

regardless of prior exposure to sleep deprivation preceding urethane administration. Our results 

conform with the previous consistencies reported between urethane and natural sleep in terms of 

behavioural, electrographic and physiological elements (Clement et al., 2008; Pagliardini et al., 

2013a; Ward-Flanagan and Dickson, 2019). As such, in addition to allowing researchers the 

experimental advantage of manipulations that are not technically or ethically feasible during 

sleep, urethane represents an unparalleled pharmacological model for unpressured, natural sleep. 
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4.1 Abstract 

Background: The use of chloral hydrate as a sole maintenance anesthetic agent in rodent 

research has been controversial due to information in reference literature conflicting with that of 

primary research studies regarding its analgesic efficacy, and because of its associated tissue 

damage when administered intraperitoneally.  

Objective: Our aim was to assess the analgesic efficacy of chloral hydrate using an intravenous 

(i.v.) route of administration, in order to prevent the local tissue irritation or ileus that has been 

previously reported using intraperitoneal (i.p.) routes.  

Methods: We measured tail withdrawal latencies to a nociceptive thermal stimulus (infrared 

beam) in Sprague-Dawley rats – first when awake (unanesthetized), and then subsequently 

during i.v. chloral hydrate anesthesia. During anesthesia we also measured ongoing heart and 

respiration rates.  

Results: Withdrawal latencies during chloral hydrate anesthesia were significantly higher, and 

often maximal, indicating a robust analgesic effect. Importantly, both respiration and heart rate 

remained unchanged following exposure to the nociceptive stimulus, and were comparable to 

values observed under other anesthetics and during natural sleep.  

Conclusions: Together with previous studies, these results demonstrate that i.v. chloral hydrate 

provides excellent anesthetic depth and analgesic efficacy for surgical manipulations in rats. 
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4.2 Introduction 

For both clinical and research applications, general anesthesia is characteristically 

composed of several discrete endpoints, including: a reversible loss of consciousness, akinesia, 

amnesia, and analgesia (Brown et al., 2010). By this definition, the use of chloral hydrate in 

animal research has been contraindicated due to assertions it that does not provide adequate 

analgesia to meet the requirements of a sole anesthetic agent for induction or maintenance 

(Silverman and Muir, 1993; Baxter et al., 2009). Furthermore, chloral hydrate has other 

complications related to local tissue irritation and ileus when administered via intraperitoneal 

(i.p.) injection (Fleischman et al., 1977). 

Troublingly, the most common claims of insufficient analgesia during chloral hydrate 

anesthesia appear in reference textbooks where these statements are made without citations to 

any experimental studies (Hall, 2001; Flecknell, 2016b). In direct contrast, our review of the 

primary neurobiological literature found studies that directly contradicted these claims. For 

example, comparative studies have demonstrated that the anesthesia and analgesia produced by 

chloral hydrate is comparable to other commonly used research anesthetics, such as ketamine-

xylazine, pentobarbital, and urethane (Field et al., 1993; Rodrigues et al., 2006). In addition, the 

active metabolite of chloral hydrate, 2,2,2-trichloroethanol, has been demonstrated to modulate 

membrane currents and subsequently inhibit pain transmission in mammalian dorsal root 

ganglion neurons (Gruss et al., 2002; Fischer et al., 2003), suggesting a direct means of 

attenuating pain sensation at the level of the spinal cord itself. Furthermore, when nuclei 

implicated in the modulation of descending endogenous antinociception (such as the 

ventrolateral periaqueductal gray, or A5-7 noradrenergic cell groups) are chemically lesioned, 

analgesia is attenuated (as measured by a decrease in tail flick latency to a thermal nociceptive 
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stimuli) in rats anesthetized with either ketamine or chloral hydrate (Lu et al., 2008). Taken 

together, these studies show that chloral hydrate not only exhibits analgesic effects at the cellular 

level, but is comparable to other commonly used research anesthetics in terms of supraspinal 

targets and behavioural effects and as such is an equally appropriate anesthetic for surgical 

procedures. 

However, while other studies have also found that chloral hydrate produced appropriate 

depth of anesthesia and analgesia for surgical tolerance, there have been valid criticisms due to 

the post-surgical development of peritonitis and corresponding pathological complications (i.e 

weight loss and increased stress hormones) when it is administered intraperitoneally (Hüske et 

al., 2016). Consequently, our aim was to use a modern and standardized methodology to assess 

the efficacy of analgesia during intravenous (i.v.) chloral hydrate anesthesia in male Sprague-

Dawley rats, and thereby determine whether chloral hydrate is suitable for use as a sole 

anesthetic agent for maintenance of anesthesia in rodent research. To that end, we measured 

withdrawal responses in rats to noxious thermal stimuli both while unanesthetized and while 

anesthetized with chloral hydrate, using an i.v. delivery of chloral hydrate in order to both 

circumvent the immunological complications associated with the traditional i.p. method and to 

allow for a more consistent plane of anesthesia. We hypothesized that i.v. chloral hydrate would 

provide adequate analgesia and increase tail withdrawal latencies to a noxious thermal stimuli, in 

congruence with previous studies showing that chloral hydrate provides excellent depth of 

anesthesia and analgesia. 

 

4.3 Materials and methods 
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4.3.1 Subjects 

Data were collected from 7 naïve male Sprague-Dawley rats (Charles River; CD 001) 

weighing on average 319.9 ± 6.0 g (mean ± SEM). Prior to experimentation, rats were kept on a 

12-hour light/dark cycle at 20 ± 1⁰C, in polycarbonate shoebox-shaped 42 x 25.5 x 18 cm 

ventilated cages (Tecniplast, Buguggiate VA, Italy), containing no more than 4 rats per cage. 

Cages were lined with aspen chip bedding (Living World, Rolf C. Hagen Inc, Baie d’Urfé, QC, 

Canada) and also contained a plastic tube for enrichment, and standard rat chow (5001, LabDiet, 

St. Louis, MO) and water (demineralized) were provided ad libitum. Welfare checks were 

performed daily prior to experiments. All methods used in this study conform to the animal use 

protocol (protocol number: 092) approved by the Biological Sciences Animal Care and Use 

Committee of the University of Alberta, in accordance with the guidelines established by the 

Canadian Council on Animal Care. In an effort to reduce our overall number of animals used, a 

subset of these animals (n=5) were used in subsequent experiments that are not reported here. 

 

4.3.2 Baseline withdrawal assessment 

Rats were initially placed in a Hargreaves apparatus (Ugo Basile, Gemonio, VA, Italy) 

for 15 minutes in order to acclimate to the chamber and reduce movement. Upon acclimation, 

tail withdrawal latencies to thermal stimulation were recorded by applying an infrared (IR) beam 

to the approximate middle of the tail at an intensity level of 57 (arbitrary units). The intensity 

chosen was based on a pilot study with 2 naïve rats, since it produced an average tail withdrawal 

latency of ~10 seconds (Austin et al., 2012). We recorded 5 separate trials of tail withdrawal 

latency per animal, allowing for recovery for a minimum of one minute between each trial. As 



 127 

the intensity of the IR beam increases during the trial, each trial was limited to a maximum of 30 

seconds (3x the average baseline withdrawal latency) to ensure no dermal damage occurred from 

trial to trial (Le Bars et al., 2001). 

 

4.3.3 Surgery and anesthesia 

Following tail withdrawal tests, rats were anesthetized in a plexiglass anesthetic chamber 

using 4% isoflurane in medical (100%) oxygen. Once the animal exhibited a loss of righting 

reflexes, it was transferred to a nosecone and maintained at 1.5 – 2.5% isoflurane and implanted 

with a flexible silicone jugular catheter (Silastic 508-004, Dow Corning, Midland, MI). 

Isoflurane was then discontinued and the animal was switched to chloral hydrate anesthesia 

(Sigma-Aldrich, Oakville, ON; (³98% MQ200; 0.1 g/mL in phosphate-buffered saline) using an 

i.v. bolus dose of 200 mg/kg (0.64±0.01 mL based on the previously reported average weight). 

The rat was then moved to a servo-driven heating pad (TR-100; Fine Sciences Tools, Vancouver, 

BC) to maintain core body temperature at ~37°C (36.8±0.3°C, n=7), and placed on a continuous 

i.v. infusion of chloral hydrate at a rate of 150 mg/kg per hour (0.48±0.01 mL based on the 

previously reported average weight). We chose this concentration to attenuate the total volume of 

fluid administered, on average the animals received 1.60±0.03 mL over the course of 2 hours. 

Animals were then secured in a stereotaxic frame and monitored for any adverse reaction to 

ensure they were at a surgical plane of anesthesia (Kopf Instruments, Tujunga, CA, USA). If any 

reaction (i.e paw movement, head shake) was observed, the animal was given an additional small 

bolus (<0.05 mL/<5 mg) of chloral hydrate until a surgical plane was attained and the animal 
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could be secured within the stereotaxic frame without any reactionary movement. These boluses 

were recorded with any other pre-trial period boluses, as outlined below. 

Heart rate (HR) and respiratory rate (RR) were continuously monitored using a pulse 

pressure transducer (AD Instruments, Colorado Springs, CO) connected to the left hind paw, and 

a thermocouple wire (30 gauge Type K; Thermo Electric Co., Inc.; Brampton, ON, Canada) 

placed in front of the right nasal passage. Any indication of loss of a surgical plane of anesthesia 

(increased HR and RR, confirmed with a hindlimb withdrawal to toe-pad pressure) was followed 

quickly by administration of small (<0.05 mL/<5 mg) bolus increments of chloral hydrate until a 

clinical plane was restored as defined by a loss of reflexive withdrawal to a hind paw pinch. 

Small boluses (<0.05 mL/<5 mg) were also administered when the syringe body was refilled to 

account for the interruption of the continuous infusion, and the majority of all boluses for both 

maintenance of anesthetic plane and syringe refills were administered prior to any trials for 

nociception. The total additional chloral hydrate administered during the pre-trial period was 

~12% of the continuous dose per hour (0.18±0.01 mL/18±1 mg, n=7). Only 2 animals received 

boluses during the trial period, and only for refill purposes, not due to a loss of surgical plane 

(0.04±0.01 mL/4±1 mg, n=2). 

 

4.3.4 Anesthetized withdrawal assessment 

Rats received a continuous infusion of chloral hydrate for a minimum of 1 hour prior to 

testing for analgesia, to ensure complete metabolism of any residual isoflurane. Using the same 

protocol as in the baseline withdrawal assessment, we applied an IR beam at the same intensity 

level and recorded 5 separate trials of tail withdrawal latency per animal, allowing for recovery 
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for at least one minute between each trial. As before, each trial was limited to a maximum of 30 

seconds to ensure no dermal damage occurred trial to trial. Following termination of the 

experiment, rats were deeply anesthetized using urethane (Sigma-Aldrich; ³99% MQ200; 1.7 

g/kg), and then exsanguinated by transcardial perfusion with saline. 

 

4.3.5 Data processing and statistical analyses 

Thermocouple signals were amplified at a gain of 1000 and then filtered between 0.1 and 

500 Hz using an AC amplifier (Model 1700, A-M Systems Inc.) and sampled at 1000 Hz. All 

signals were recorded using a PowerLab AD board in conjunction with LabChart Pro (AD 

Instruments). Average respiration rate and heart rate were computed from 40-minute baseline 

recordings taken prior to any IR stimuli trials, and were analyzed using custom scripts for 

MATLAB (Mathworks; Natick, MA), which processed the signals in spectral time windows 30-

seconds in duration, with a frequency resolution of 0.167 Hz.  

Due to the complication of movement artefacts in the heart and respiratory signals that 

often arose during the IR trials from positioning the tail on the IR beam, pair-wise comparisons 

of pre-IR and IR heart and respiration rate were analyzed for 3 trials per animal where there were 

no movement artefacts. These physiological analyses were computed by using the peak analysis 

function in LabChart to assess the instantaneous (cycle-by-cycle) period of heart and respiration 

rate. The threshold for peak detection was adjusted for pair-wise comparisons to account for any 

noise in the signal, with an average threshold of 1.84±0.09 standard deviations (SD) from 

baseline for respiration analyses, and an average threshold of 1.87±0.04 SD from baseline for 
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heart rate analyses. One animal was excluded from respiration analyses due to complete signal 

dropout.  

Arithmetic means were computed for individual data for each animal within both 

conditions being compared: baseline unanesthetized and anesthetized for withdrawal latencies, 

and the 30 seconds pre-IR and during IR for respiration and heart rate during anesthesia. Overall 

means were then computed for each condition along with SEM. Statistical tests included a 

Shapiro-Wilk test for normality on both baseline (unanesthetized) and anesthetized, and pre-IR 

and IR datasets,  followed by a paired t-test to compare both conditions within-subjects. These 

statistical tests were performed using Prism 8 (GraphPad Prism Software Inc, San Diego, CA), 

using a significance level of α=0.05. Power analysis was computed post-hoc for latency data and 

we determined that maximal power was obtained with a minimum group size of 4. Additionally, 

we determined that the minimum detectable difference for these data was 5.18 seconds. 

 

4.4 Results 

During chloral hydrate anesthesia, the average HR was 384±24.0 beats per minute (n=7), 

and the average RR was 108±5.40 breaths per minute (n=7), which fall between values 

previously reported for urethane anesthetized rats (~444.0 beats per minute HR; ~126 breaths per 

minute RR) and naturally sleeping rats during slow-wave sleep (~330 beats per minute HR; 

~96.0 breaths per minute RR), and as such are consistent with unconsciousness (Viczko et al., 

2014; Silver et al., 2021). 
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Compared to unanesthetized values, tail withdrawal latencies were significantly longer 

under chloral hydrate anesthesia in 6 of the 7 rats tested, as determined by a Student’s t-test for 

each animal. Furthermore, in 3 of the 7 animals tested, and across 57% of all anesthetized trials, 

no withdrawal took place within the 30 second limit (Figure 4.1). A Shapiro-Wilk test showed 

that both unanesthetized (W(6)=0.9043, p=0.3580) and anesthetized (W(6)=0.8684, p=0.1798) 

data sets were normal, and a paired t-test revealed that this increase in withdrawal latency was 

highly significant (t(6)=7.711, p=0.0002).  

Moreover, there were no changes in either heart or respiration rates in response to the 

nociceptive thermal IR stimulus (Figure 4.2). A paired t-test comparison of the 30 seconds 

immediately preceding an IR stimulus (pre-IR) to the 30 second period during which the IR 

beam was delivered yielded no significant differences in the respiration rate (t(5)=1.070, 

p=0.334) following a Shapiro-Wilk test for normality which showed that both unanesthetized 

(W(5)=0.9467, p=0.7137) and anesthetized (W(5)=0.9642, p=0.8517) data sets were normal. 

Similarly, in measuring heart rate, both unanesthetized (W(6)=0.8472, p=0.1158) and 

anesthetized (W(6)=0.8527, p=0.1302) data sets were normal and no significant changes in the 

heart rate (t(6)=2.061, p=0.085) were observed when comparing the 30s pre-IR to IR. Even when 

we compared the distribution of the instantaneous (cycle-by-cycle) cardiac and respiration 

periods across individual trials, no systematic differences were observed (Figure 4.3A,B). This 

was confirmed by assessing the linear fit for the instantaneous heart rate and breathing rate 

during IR exposure, which revealed: 1) no significant changes in heart rate in any of the trials, 

and 2) only 2 of 18 trials had a significant change in breathing rate, both of which were a 

negative slope, indicating a decrease in breathing rate, rather than an expected increase in 

reaction to a nociceptive stimuli (Figure 4.3C,D).  
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Figure 4.1 Chloral hydrate anesthesia significantly increases latency of tail withdrawal from 

a nociceptive stimulus.  

Within-subject comparison of tail withdrawal latencies to a nociceptive stimulus while 

unanesthetized and while subsequently anesthetized with chloral hydrate anesthesia (200mg/kg 

initial bolus; 150 mg/kg per hour continuous intravenous infusion). Withdrawal latencies increased 

significantly during chloral hydrate anesthesia in every rat tested (individual values represented in 

grey; average represented in black). ***p<0.0001 
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Figure 4.2 Heart and respiratory rate remain unchanged during nociceptive stimulation 

under chloral hydrate anesthesia.  

(A) Within-subjects comparison of respiration rate 30 seconds pre-IR stimulus and during IR 

stimulus averaged over 3 separate trials (individual averages are represented in grey, grand average 

of all animals is represented in black). (B) Within-subjects comparison of heart rate 30 seconds 

pre-IR stimulus and during IR stimulus averaged over 3 separate trials (individual averages are 

represented in grey, grand average of all animals is represented in black). 
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Figure 4.3 Heart and respiratory rate remain unchanged with or without tail flick response 

during nociceptive stimulation under chloral hydrate anesthesia. 
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Figure 4.3 Heart and respiratory rate remain unchanged with or without tail flick response 

during nociceptive stimulation under chloral hydrate anesthesia.  

(A) Within-subject comparison of instantaneous (cycle-by-cycle) respiration rate (left) and heart 

rate (right) 30 seconds pre-IR stimulus (in black) and during IR stimulus (in red). Nociceptive 

thermal stimulation during IR is cut off at 14.5s (denoted by a black line) due to a tail flick reaction. 

(B) Within-subject comparison of the same animal in A showing instantaneous (cycle-by-cycle) 

respiration rate (left) and heart rate (right) 30 seconds pre-IR stimulus (in black) and during IR 

stimulus (in red). Nociceptive thermal stimulation is not cut off during IR as the animal did not 

react within the 30s. (C) Instantaneous (cycle-by-cycle) respiration rate (left) and heart rate (right) 

during IR for all trials (i.e 3 trials per rat). Each animal is denoted by a single colour to show 

variation across subjects. (D) Linear fit of each trial during IR. Each animal is denoted by a single 

colour. 
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4.5 Discussion 

Our data demonstrate that there is a significant increase in the latency of withdrawal 

responses, together with no changes in ongoing basic physiological responses such as respiration 

or heart rate in response to a nociceptive thermal stimulus under continuous i.v. chloral hydrate 

anesthesia. These results are consistent with prior reports from the primary literature that chloral 

hydrate provides excellent anesthetic depth, including analgesia, for surgical manipulations in 

rats (Field et al., 1993; Rodrigues et al., 2006). 

 While the assessment of nociception can be a difficult task due to the many inter-related 

physiological factors that can influence behavioural outcomes (Le Bars et al., 2001), we 

endeavoured to mitigate these confounds by using a within-subjects design to compare the naïve 

baseline to the anesthetized state, on the same day, at the same IR intensity across all subjects, 

and at the same location on the tail. Though a relatively simple protocol, our approach accounts 

for much of the variance that can often affect thermal nociceptive measures (i.e ambient room 

temperature, stimulation site, and intensity, etc.) (Le Bars et al., 2001; Deuis et al., 2017). Our 

within-subjects design also informed our choice to analyze our data as the change of raw latency 

values from baseline for each animal, rather than as a percentage of the maximum latency, which 

would be dependent on our arbitrary cut-off, and which would lead to the statistical fallacy of 

comparing percentages of percentages (Le Bars et al., 2001). Thus, we are confident that our data 

is a fair representation of the analgesic effect of chloral hydrate on the tail flick response to a 

nociceptive stimuli in rats.  

The occurrence of tail withdrawals under chloral hydrate in our results are a further 

indication that the effect observed is due to analgesia, rather than an artefact of immobility 
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causing an inability to move while the animal may still be perceiving pain. Furthermore, while 

the tail flick withdrawal is typically considered a spinal reflex, lower intensity stimuli which 

produce a delayed baseline withdrawal (>5s) are generally thought to engage higher-order 

supraspinal structures in order to process pain and execute the withdrawal behaviour (Jensen and 

Yaksh, 1986; Le Bars et al., 2001; Deuis et al., 2017). This line of evidence, when taken together 

with the study showing that chemical lesions to the vlPAG or descending noradrenergic neurons 

(both of which are thought to modulate endogenous antinociception) significantly decreases tail 

flick latency under chloral hydrate anesthesia (Lu et al., 2008), suggests that the analgesic effect 

we observed is mediated via supraspinal structures. 

Yet, we acknowledge that our study has limitations. Though we have shown i.v. 

administration of chloral hydrate provides an appropriate depth of anesthesia and analgesia 

necessary to achieve a surgical plane, further experiments will be required to determine if i.v. 

administration alleviates the post-surgical physiological side effects associated with i.p. routes 

(Hüske et al., 2016). In addition, the scope of nociceptive stimuli in our study is limited to a 

thermal IR stimulus. However, when considered in the context of previous primary literature, our 

data adds to and is consistent with reports of that the anesthesia and analgesia provided by 

chloral hydrate is appropriate for surgical manipulations (Field et al., 1993; Rodrigues et al., 

2006; Hüske et al., 2016; Ward-Flanagan et al., 2022), and thus are in stark contrast to 

widespread claims that chloral hydrate should only be considered as a hypnotic with poor 

analgesic properties (Silverman and Muir, 1993; Hall, 2001; Flecknell, 2016b).  

We stress that our argument is not that analgesics should never be used in conjunction 

with chloral hydrate anesthesia, but that chloral hydrate provides sufficient analgesia for 

experimental paradigms which require a surgical plane of anesthesia and aim to minimize 
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confounding factors that multiple drugs can introduce. Although chloral hydrate has been under-

utilized mainly due to the erroneous assertion of inadequate analgesia, it appears that when 

delivered intravenously in rats, it meets the requirements of a sole anesthetic agent for 

maintenance of anesthesia and should be considered more often by researchers when using the 

protocol we have outlined here. 
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5.1 Abstract 

 Though sleep is a ubiquitous, phylogenetically conserved behaviour, which is vital for 

survival, its core function remains a mystery. One of the main contributing factors to this lack of 

progress is the fragile nature of sleep, which limits possible experimental paradigms due to 

technical and ethical considerations. Pharmacological models of natural sleep can alleviate many 

of the issues that would otherwise prohibit experimentation, however, few pharmacological 

models can reproduce the complex neurophysiology of natural sleep. Currently, urethane 

anesthesia produces the most accurate replication of sleep-like alternations of brain state and 

concomitant changes in peripheral physiology, but it is also limited to acute experimental 

protocols. Consequently, we endeavoured to investigate chloral hydrate, which is not limited to 

acute preparations, as a potential alternative to urethane to model sleep. 

 We found that chloral hydrate produced a neurophysiological profile that was incredibly 

similar to sleep and urethane anesthesia in terms of individual brain states of forebrain activation 

and deactivation, timing of alternations between these brain states, and sensitivity to bidirectional 

cholinergic neuromodulation. Furthermore, respiratory rate, respiratory variability and the 

incidence of sighs all increased during states of forebrain activation under chloral hydrate, which 

is analogous to respiration in natural sleep and urethane. However, heart rate and temperature 

were not comparable to sleep. Taken together, our results suggest that urethane remains a more 

comprehensive pharmacological model of sleep, but that when experimental flexibility is 

required that chloral hydrate can serve as a model of sleep-like brain states, and their 

alternations.  
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5.2 Introduction 

The most precise, and obvious way to study sleep-related neurobiology is to perform 

experiments during sleep itself. However, natural sleep is plagued by a host of experimental 

challenges, both in terms of technical obstacles (e.g., getting subjects to actually sleep), and 

ethical limitations (e.g., the inability to perform otherwise painful monitoring and 

manipulations). By using a pharmacological model of sleep, researchers can not only alleviate 

the majority of these issues, but can also achieve a greater degree of experimental control (Ward-

Flanagan and Dickson, 2019). This is perhaps best exemplified by urethane anesthesia, which 

produces both an extremely stable surgical plane of anesthesia, as well as highly stereotyped and 

cyclical brain state alternations resembling the rapid eye movement (REM) and non-REM 

(NREM) cycle in natural sleep (Clement et al., 2008; Silver et al., 2021). 

 In addition to sleep-like brain states, peripheral physiological measures under urethane 

also exhibit brain state-related fluctuations consistent with those observed during natural sleep, 

including changes in: respiratory rate and variability, heart rate, body temperature, EMG tone, 

pupillary size and urodynamic function (Clement et al., 2008; Whitten et al., 2009; Pagliardini et 

al., 2012; Blasiak et al., 2013; Crook and Lovick, 2016). Consequently, urethane has been an 

invaluable tool for many discoveries that have subsequently been confirmed in natural sleep. 

Such discoveries include: the cortical and hippocampal slow oscillation (Steriade et al., 1993; 

Wolansky et al., 2006); the hyperoxic promotion of NREM (Hauer et al., 2018), and the 

involvement of astrocytes in cortical synchronization during NREM (Poskanzer and Yuste, 2016; 

Vaidyanathan et al., 2021). However, despite its robust parallels with natural sleep, urethane 

remains limited as a model, as it is contraindicated for use in recovery experiments due to long-

term pathological and carcinogenic effects (Maggi and Meli, 1986).  
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 Recently, in an attempt to find an alternate model, we performed a direct comparison of 

urethane and five other common research anesthetics to assess if any other agents could produce 

sleep-like brain state alternations consistent with those of urethane, and critically, at a surgical 

plane of anesthesia (Ward-Flanagan et al., 2022). Of the anesthetics tested, we found that three 

anesthetics produced a coma-like state of burst-suppression (pentobarbital, isoflurane, and 

propofol), one produced a unitary NREM-like state of slow-wave activity (ketamine-xylazine), 

and that only chloral hydrate and urethane allowed for cyclical, spontaneous brain state 

alternations between a REM-like state of forebrain activation, and a NREM-like state of 

deactivation (Ward-Flanagan et al., 2022). This finding suggested that chloral hydrate had the 

potential to serve as an alternate pharmacological model for sleep, and unlike urethane, one that 

would not necessarily be limited to acute experimental paradigms (Field et al., 1993).  

  Thus, our aim in the present study was to assess the propriety of chloral hydrate as an 

alternative to urethane as a pharmacological model of sleep. To that end, we systematically 

characterized various neurophysiological measures under chloral hydrate anesthesia that are 

known to correspond across natural sleep and urethane anesthesia. Here we report that the 

spontaneous electrophysiological activity observed under chloral hydrate maps well onto that 

observed under natural sleep as well as urethane anesthesia in terms of constituent brain states, 

the timing of alternations, and sensitivity to cholinergic neuromodulation. However, while 

respiration under chloral hydrate appears analogous to sleep and urethane, other peripheral 

physiological measures do not entirely correspond and subsequently are not representative of 

natural sleep. Overall, while chloral hydrate may provide a more experimentally flexible model 

for sleep-like alternations of brain state, urethane remains a more comprehensive model of the 

neurophysiology of natural sleep.  
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5.3 Methods  

5.3.1 Subjects 

Data were collected from a total of 39 naïve male Sprague-Dawley rats, obtained from 

Charles River (CD 001) through Sciences Animal Support Services at University of Alberta. 

Data from ten of these subjects has been reported  in two previous publications, 5 in (Ward-

Flanagan et al, 2022) and 5 in (Ward-Flanagan & Dickson, in revision). All experiments reported 

in this study involved acute anesthesia. At the time of experimentation rats weighed an average 

of 319.38±6.03 g. Prior to testing, rats were housed in polycarbonate shoebox-shaped ventilated 

cages (Tecniplast, Buguggiate VA, Italy), containing a 10 cm diameter PVC cylinder for 

enrichment, and were housed with no more than 4 rats per cage. Rats were kept on a 12-hour 

light/dark cycle at 20±1⁰C, and received standard rat chow (5001, LabDiet, St. Louis, MO, USA) 

and demineralized tap water ad libitum. All procedures conformed to the animal use protocol 

(092) approved by the Biological Sciences Animal Care and Use Committee of the University of 

Alberta, and were in accordance with the guidelines established by the Canadian Council on 

Animal Care. 

 

5.3.2 Anesthesia and surgery 

Rats were initially anesthetized in an enclosed plexiglass chamber using isoflurane (4%) 

in 100% medical oxygen. Following a loss or righting reflexes, animals were implanted with a 

flexible, silicone jugular catheter (Silastic 508-004, Dow Corning, Midland, MI, USA), while 

being maintained on isoflurane (1.5-2.5%) via a nose cone. Isoflurane was then discontinued, as 
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the animal was switched to intravenous (i.v.) chloral hydrate anesthesia (Sigma-Aldrich, 

Oakville, ON, Canada; ³98% MQ200; 0.1 g/mL in phosphate-buffered saline), using a bolus 

dose (200 mg/kg) delivered over a period of less than 2 minutes. Following the bolus, chloral 

hydrate anesthesia was maintained at a rate of 150 mg·kg-1·hr-1 using a continuous infusion 

pump (KDS100, KD Scientific Inc., Holliston, MA, USA) for the duration of the experiment, 

unless specified below. The rat was then transferred to, and secured within a stereotaxic frame 

(Kopf Instruments, Tujunga, CA, USA). Core body temperature was maintained at ~37°C  by 

servo-driven heating pad (TR-100, Fine Sciences Tools, Vancouver, BC, Canada). Prior to 

incision, 0.5 ml of lidocaine (2%) was injected along the midline of the scalp, followed by a 

single incision to expose the skull. The skull was then leveled by adjusting the rats head until 

bregma and lambda were at the same horizontal plane. 

Anesthetic depth was monitored throughout the experiment by observing for sustained 

changes in heart rate recorded via a pulse pressure transducer connected to the left hind paw (AD 

Instruments, Colorado Springs, CO, USA), or vibrissae movement. If either of these changes 

were observed anesthetic plane was assessed by checking for a reflexive withdrawal to a hind 

paw pinch. Any indication of a loss of surgical plane was quickly corrected by administration of 

small (<0.05 mL) bolus increments of CH until a surgical plane was restored. Typically, 

supplemental doses were administered near the beginning of the experiment, and on average, the 

total supplemental bolus dose administered was 0.06±0.01 mL (N=39). 

 

5.3.3 Stereotaxic procedures 
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The placement of bipolar recording electrodes was determined by using bregma as a 

reference for stereotaxic coordinates. Two bipolar electrodes, constructed of two lengths of 

Teflon-coated stainless steel wire twisted together (bare diameter 125 um: A-M Systems Inc., 

Sequim, WA, USA), were implanted in each rat in order to serve as an index of forebrain state, 

one in the frontal neocortex (AP: +2.8, ML: +2.0, DV (tip of long electrode): -1.0 to -1.2 mm), 

and one in the contralateral hippocampus (AP: -3.5, ML: -2.5, DV: -2.2 to -3.5 mm). Electrodes 

were fixed in place using dental acrylic fixed to a jeweler’s screw anchored in the skull. 

Following experiment termination, rats were euthanized either by transcardial perfusion under 

deep anesthesia, or by a lethal overdose of urethane anesthesia. 

 

5.3.4 Recording procedures and manipulations 

Characterization of continuous local field potentials during i.v. chloral hydrate anesthesia    

A total of 30 animals were used to characterize spontaneous neurophysiological states 

under chloral hydrate anesthesia. Local field potential (LFP) activity was recorded at cortical and 

hippocampal sites for a minimum of 40 minutes. These signals were differentially amplified at a 

gain of 1000, and filtered between 0.1 and 500 Hz using an AC-coupled amplifier (Model 1700, 

A-M Systems). Once amplified, LFPs were sampled at 1000 Hz with additional anti-alias 

filtering at 500 Hz, and recorded using a PowerLab AD board in conjunction with LabChart Pro 

(AD Instruments) running on a PC computer. 

 

Characterization of additional bolus doses, and temporary discontinuation of anesthesia 
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In a subset of animals (n=3), we assessed the effects of bolus doses (15 mg per bolus) of 

chloral hydrate in addition to the continuous infusion at the standard rate of 150 mg·kg-1·hr-1. 

The effect of each bolus on LFP activity was observed for two full cycles before any additional 

bolus doses of chloral hydrate were administered. In the same animals, we observed the effects 

of chloral hydrate metabolism in the absence of continuous infusion of chloral hydrate. The 

infusion pump was turned off and the animals were monitored closely for any shifts in anesthetic 

plane. The infusion pump was immediately restarted once any shift in anesthetic plane was 

observed. 

 

Analgesia across brain state fluctuations    

Prior to anesthesia and surgery, a subgroup of rats (n=5) were acclimated to a Hargreaves 

apparatus (Ugo Basile, Gemonio, VA, Italy) for 15 minutes. Following this period, a nociceptive 

thermal stimulus (infrared beam) was applied to the approximate middle of the tail at an intensity 

level of 57 (arbitrary units). Tail withdrawal latencies were recorded over 5 separate trials per 

animal, with a minimum of a one-minute recovery period between each trial. To ensure animals 

did not sustain any dermal damage, trials were limited to a maximum of 30 seconds due to the 

maximum intensity of the nociceptive stimulus. These rats then underwent surgery, anesthesia, 

and stereotaxic procedures as described above. Before the second, anesthetized Hargreaves test 

of nociception, rats received a continuous infusion of chloral hydrate for a minimum of one hour. 

Using the same stimulus intensity as used during the un-anesthetized baseline trials, tail 

withdrawal latencies were assessed across both activated and deactivated brain states (see 

results) for a total of 10 trials (5 per state) per animal (n=5).  
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Physiological correlates of brain state 

In a subset of animals (n=13), cortical and hippocampal LFPs, respiration, heart rate, and 

body temperature were measured simultaneously in order to compare these physiological 

measures with fluctuations in brain state. LFPs were recorded as described above. Respiration 

rate was monitored by placing a thermocouple wire (30 gauge Type K; Thermo Electric Co., 

Inc.; Brampton, ON, Canada) in front of the right nasal passage, to continuously measure the 

changes in temperature caused by inspiration (decreased temperature) and expiration (increased 

temperature). Thermocouple signals were amplified using the same procedure as for LFPs: at a 

gain of 1000, and filtered between 0.1 and 500 Hz using an AC-coupled amplifier (Model 1700, 

A-M Systems). Heart rate was monitored via a pulse transducer (AD Instruments), and core body 

temperature was continuously recorded via a rectal probe (Harvard Apparatus Holliston, MA, 

USA). As with LFP signals, all amplified physiological measures were then sampled at 1000 Hz 

(with anti-alias filtering at 500 Hz), using a PowerLab AD board and digitally recorded with 

LabChart Pro (AD Instruments). 

 

Pharmacological manipulations 

Following baseline recordings, pharmacological manipulations were administered 

systemically in order to assess the influence of cholinergic signalling under chloral hydrate 

anesthesia. Animals received either: 1) the muscarinic receptor antagonist atropine sulfate alone 

(AtSO4; 50 mg/kg; n=4), or 2) the muscarinic agonist m-oxotremorine (OXO; 4 mg/kg), 
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followed by atropine sulfate (50 mg/kg; n=5). Animals in the second condition were pre-treated 

with a muscarinic antagonist atropine methyl nitrate (0.5 mg/kg), which does not cross the blood-

brain barrier, in order to suppress salivary secretions, and stabilize respiration when OXO was 

administered. This was done a minimum of 20 minutes prior to the administration of OXO drugs. 

AtSO4 was made fresh on the day of each experiment, and OXO was either prepared fresh on the 

day of the experiment, or in a batch solution and stored frozen in individual aliquots for each 

experiment to avoid repeated freeze/thaw. Frozen OXO was limited to use within a 3 month 

window (Oxotremorine, 2023). 

 

Within-subjects comparison of chloral hydrate and urethane anesthesia 

In order to directly compare chloral hydrate and urethane, spontaneous LFP activity was 

recorded in 9 rats under both choral hydrate and urethane anesthesia. Following baseline 

recordings under urethane anesthesia as described above, the infusion pump was stopped and 

chloral hydrate was discontinued for ~5 minutes. Urethane was then administered very slowly in 

small boluses (<0.05 mL) via either a tail vein catheter, or jugular catheter (1.7 g/kg; >15 

minutes). This was done while monitoring for any changes in anesthetic depth, as determined by 

heart rate and brain state – if the animal was very deep, urethane was administered more slowly 

over longer intervals, and if the animal exhibited a lessening of anesthetic depth urethane was 

administered over shorter intervals. Spontaneous LFP activity under urethane was assessed after 

an average of 74.44±11.39 minutes following the discontinuation of chloral hydrate. 
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5.3.5 Data processing and analysis 

Raw signals were initially examined visually using LabChart Pro (AD Instruments) to 

segment data for further analyses using a combination of custom MATLAB code (version 

R2017b, Mathworks; Natick, MA), and Origin Pro (Microcal Software Inc.; Northampton, MA). 

Spectral power was computed with data segments consisting of a series of 6-second Hanning-

windowed samples, with a 2-second overlap using Welch’s periodogram method. Spectrograms 

which visualize the change in power at a range of frequencies over a longer duration were 

computed using a sliding 30-second window moving across the data segment in 6-second 

increments. 

 The timing of brain state alternations was assessed by characterizing changes in specific 

frequencies of cortical and hippocampal power measures from spectrograms calculated over long 

durations. In either cortical or hippocampal signals, high power of slow (~1Hz) frequencies 

denoted the presence of deactivated states, while high power of the theta bandwidth (2.5-4Hz) in 

the hippocampal signal denoted the activated state. To accentuate brain state alternations, a 

slow/theta power ratio was calculated and plotted as a function of time. In order to pinpoint state-

switching, a threshold value was determined by characterizing the saddle point of the resulting 

bimodal distribution of power values, with deactivated states above threshold, and activated 

states below. 

 In experiments where we evaluated the effects of bolus infusions of chloral hydrate and 

the temporary discontinuation of ongoing chloral hydrate infusions, the percentage of time spent 

in activated states was calculated per cycle as described above. Arithmetic means were 

calculated for 2 cycles prior to the first bolus dose, and for each bolus dose over a total of 3 
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boluses. This was done to ensure that a stable change was observed over more than just one cycle 

before administering another bolus. For a consistent comparison, the same approach was used in 

the assessment of metabolism, with the percentage of activated per cycle averaged over 2 cycles 

prior to the temporary discontinuation of chloral hydrate then compared with the average of 2 

cycles during the infusion discontinuation. 

For experiments assessing analgesia, arithmetic means for tail withdrawal latencies were 

computed for individual data within each animal for all 3 conditions being compared (baseline-

unanesthetized, deactivated-anesthetized, activated-anesthetized). Between-subject means for 

each condition were subsequently computed along with error (SEM). Data sets for each 

condition were tested for normality using a Shapiro-Wilk test, followed by a repeated measures 

one-way ANOVA, followed by Tukey’s post-hoc analyses for multiple comparisons to compare 

changes in withdrawal latency within-subjects across conditions. All analgesia statistical 

analyses were performed using a significance level of α=0.05 in Prism 8 (GraphPad Prism 

Software Inc, San Diego, CA). 

 Breathing and heart rate frequency were computed by extracting the period from peak to 

peak using the peak analysis module in LabChart Pro (AD Instruments), set at a detection 

threshold of 2.5 SD. Mean frequency, and the coefficient of variance for these measures were 

determined for each brain state per cycle based on the state change threshold crosses in SO/Theta 

power ratio as described above. Continuous temperature data was extracted from LabChart, and 

values were adjacent averaged in 30s windows which shifted over the data in 10s increments. 

Sighs were identified by a characteristic high-amplitude distinctive waveform, with a delay until 

the next inspiration. Arithmetic means and error (SEM) for breathing rate, heart rate, temperature 
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and sighs was then plotted for the activated and deactivated states per animal, and across 

animals, and compared using paired t-tests. 

 Analysis of the influence of cholinergic pharmacological manipulations was performed 

by comparing equal durations of the SO/Theta ratio in baseline, against OXO and/or AtSO4 

conditions. We began analyzing OXO and AtSO4 conditions at the immediate onset of any drug 

effect, which was defined by the first noticeable change in SO/Theta power alternations. This 

both allowed us to compute an onset for the drug effect and also to fairly interpret the types of 

changes evoked by both drugs. The percentage of time in the deactivated state of the whole 

section was computed, and compared using a paired t-test in the AtSO4 alone experiments, and a 

repeated measures one-way ANOVA with Tukey’s multiple comparisons for the OXO+AtSO4 

experiments. 

 Comparisons of LFP activity and alternation dynamics across chloral hydrate and 

urethane anesthesia within subjects were performed by comparing sections of equal duration 

with a minimum of 3 full cycles. The period of brain state alternations was calculated using the 

SO/Theta ratio as described above, and peak frequencies were derived from the observable 

maximal power values from spectral power plots for each activated and deactivated state for each 

animal and for each drug. The arithmetic means and error (SEM) for peak frequencies were then 

plotted for each animal, and across animals for both anesthetic conditions. Paired t-tests were 

used to compare changes across the anesthetics. 

 

5.4 Results 
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Spontaneous, rhythmic, and sleep-like brain state alternations under chloral hydrate anesthesia 

Over long recording periods (>40 minutes) under chloral hydrate anesthesia, we observed 

spontaneous, cyclical alternations of forebrain state in the spontaneous LFP traces at both 

cortical and hippocampal sites (Figure 5.1A-C). These alternations were stereotyped, alternating 

between: 1) a deactivated (nonREM-like) state, characterized by large amplitude slow-oscillatory 

(SO) activity in both cortical (~1Hz) and hippocampal (~0.5Hz) sites versus 2) an activated 

(REM-like) state, characterized by suppression of SO activity at both cortical and hippocampal 

sites and a prominent theta rhythm (2.5-4 Hz) in the hippocampus. On average, cortical SO 

exhibited a peak frequency of 0.80±0.01 Hz, hippocampal theta exhibited a peak frequency of 

3.18±0.07 Hz, and hippocampal SO exhibited a peak frequency of 0.48±0.04 Hz (n=30; Figure 

5.1E).  

 By plotting the power fluctuations of the peak cortical SO and hippocampal theta over 

time from the spectrographic analysis, we were able to systematically characterize the rhythmical 

periodicity of the state alternations, as defined by the time that elapses for one full cycle across 

both brain states (Figure 5.1C,F). The periodicity of state changes was highly consistent from 

cycle to cycle within-subjects, with a calculation of the linear fit of 3-6 cycles resulting in non-

significant slopes for 29 out of 30 animals (p>0.05; Figure 5.1F,G). On average, one full cycle 

lasted 10.63±0.33 minutes. Across all animals, the activated state contributed to an average of 

3.90±0.22 minutes (36.38±1.43%) per cycle whereas the deactivated state made up the 

remainder: 6.73±0.25 minutes (63.62±1.43%) per cycle (Figure 5.1G,H). Taken together, these 

results are indicative of a stable, and consistent alternation of forebrain state under chloral 

hydrate anesthesia. 
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Figure 5.1 Consistent cyclical alternations of brain state under chloral hydrate anesthesia. 
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Figure 5.1 Consistent cyclical alternations of brain state under chloral hydrate anesthesia.  

A) Raw cortical (CTX) and hippocampal (HPC) LFP traces from a continuous long-term recording 

(>40min) under chloral hydrate anesthesia. B) Time-locked spectrograms of the same activity in 

CTX and HPC. Peak frequencies for CTX slow oscillation (SO; 0.83 Hz) and HPC theta (4 Hz) 

are denoted with a dashed black line C) Power fluctuations of the peak SO/theta power ratio are 

plotted over time. The state change threshold (the saddle of the bimodal power distribution) is 

denoted by a dashed line. Values above the threshold correspond to a deactivated state, and values 

below correspond to an activated state. A representative period consisting of one full cycle is 

denoted by the grey box D) Representative 10s CTX and HPC LFP traces during an activated state 

(in red) and a deactivated stated (in black). These selections were taken from the corresponding 

red and black boxes in A-C E) Power spectra of CTX (left) and HPC (right) activity during 

activated (red) and deactivated (black) states. The CTX SO peak frequency (0.83 Hz) can be 

observed in the deactivated CTX spectra, and the HPC theta peak frequency (4 Hz) can be observed 

in the HPC activated spectra F) Scatter plot of alternation period by cycle for C. The exemplar 

period in C corresponds to cycle 2. Linear fit (in grey) shows that the slope is not significantly 

different from zero (p=0.10) G) The left panel shows the aggregate linear fits of period across time 

for state cycling (for 3-6 cycles) across all 30 experiments. The slope was not significantly different 

from zero in 29 of the 30 experiments (p>0.05). The right panel shows the individual averages of 

period (in grey), and the grand average (in black) of 10.63±0.33 minutes (n=30) H) Individual 

averages (in grey) of the proportion of time spent in the activated and deactivated state per cycle, 

and the grand average (in black) of 36.38±1.43% in activated and 63.62±1.43% in deactivated. 
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Changes in chloral hydrate dosage affect the proportions of time spent in either brain state, but 

not periodicity of state changes 

Though we reasoned that the continuous delivery of chloral hydrate should ensure a 

stable depth of anesthesia, we wanted to assess whether changes in anesthetic dosage were a 

potential cause of the observed alternations in brain state. To this end, we first assessed the 

effects of supplemental i.v. doses of chloral hydrate by administering three separate 15 mg 

boluses of chloral hydrate in addition to the continuous infusion of 150 mg·kg-1·hr-1. As 

previously reported in Ward-Flanagan et al. (2022), each supplemental bolus decreased the 

proportion of time spent in the activated state per cycle by an average of 16.65±4.14% to a floor 

of 0% (Figure 5.2A; n=3), correspondent with an inverse increase in the time spent in 

deactivated patterns per cycle. Each point in Figure 5.2 is averaged over 2 cycles to ensure the 

stability of the changes observed. However, while the proportion of time spent in either state 

changed with the dosage of chloral hydrate, the periodicity of the alternations themselves 

remained stable from cycle to cycle (Figure 5.2A; n=3). A similar, but reverse effect was 

observed when continuous infusion was paused, with the time spent in activated patterns per 

cycle increasing by 12.47±3.68%, but again no changes to the periodicity of state alternations 

was observed (Figure 5.2B; n=3). The stability of the periodicity despite the changes in the 

proportion of time spent in either state per cycle suggests that state alternations are not a result of 

fluctuating anesthetic dosage. 

 

Cyclical forebrain activation during chloral hydrate anesthesia is not the result of a reduction in 

anesthetic depth 
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Figure 5.2 Forebrain activation, but not periodicity, changes as a function of chloral hydrate 

dosage.  

A) The top panel shows the percentage proportion of time spent in an activated state per cycle as 

a function of additional 15 mg bolus doses of chloral hydrate in addition to the continuous infusion 

of 150 mg·kg-1·hr-1. The bottom panel shows the period of the corresponding cycles. Each point 

for both individual experiments (in grey), and the grand average (in black) is the average±SEM 

for 2 cycles to ensure a stable effect before proceeding with another bolus B) The top panel shows 

the percentage proportion of time spent in an activated state per cycle during continuous infusion 

for 2 cycles, and when continuous infusion is paused for 2 cycles. The bottom panel shows the 
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period for the corresponding cycles. Each point for both individual experiments (in grey), and the 

grand average (in black) is the average±SEM for 2 cycles. 
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Although we have previously confirmed that chloral hydrate anesthesia provides 

significant analgesia (Ward-Flanagan and Dickson, in revision), we wanted to confirm that state 

changes were not a functional variation in anesthetic depth. In order to quantitatively assess the 

plane of anesthesia across both the activated and deactivated brain states, we performed a within-

subject behavioural assay of latency to tail withdrawal from a nociceptive (ramped infrared 

thermal) stimulus. This test was also administered pre-anesthesia in a freely moving awake 

condition in the same rats. A Shapiro-Wilk test showed that the data sets for all 3 conditions: 

unanesthetized-wake (W(4)=0.8991, p=0.4048), CH-activated (W(4)=0.8090, p=0.0958), and 

CH-deactivated (W(4)=0.9642, p=0.8368) were distributed normally. A repeated-measures one-

way ANOVA showed a statistically significant difference between conditions (Figure 5.3; F(2, 

8)=56.77, p<0.0001). Post-hoc analyses for multiple comparisons using Tukey’s test revealed a 

significant increase in tail withdrawal latency when comparing unanesthetized-wake to CH-

activated (p<0.0001, 95% CI=[-22.45 to -12.72]) and unanesthetized-wake to CH-deactivated 

(p=0.002, 95% CI=[-17.51 to -7.78]). Interestingly, tail latencies were longest during CH-

activated, and were even significantly higher than those observed during CH-deactivated 

(p=0.047, 95% CI=[0.08 to 9.80]). Thus, anesthetic depth was deepest during CH-activated, and 

therefore brain state activation does not appear to be due to a shift toward a lowered plane of 

anesthesia. 

 

Under chloral hydrate, respiration, but not cardiovascular or temperature measures are sleep-

like 
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Figure 5.3 Tail withdrawal latencies are significantly increased during both forebrain 

activation and deactivation under chloral hydrate anesthesia.  

A within-subjects comparison of tail withdrawal latencies to a nociceptive thermal stimulus during 

unanesthetized (baseline), and both activated and deactivated brain states under chloral hydrate 

anesthesia. Tail latencies were significantly longer under chloral hydrate anesthesia in both the 

activated state (p<0.0001, 95% CI=[-22.45 to -12.72]) and the deactivated state (p=0.002, 95% 

CI=[-17.51 to -7.78]) when compared to baseline unanesthetized tail withdrawal latencies. Within 

the unconscious anesthetized state, tail withdrawal latencies during the activated state were also 

significantly longer when compared to the deactivated state (p=0.047, 95% CI=[0.08 to 9.80]). 
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Peripheral physiological measures of are known to co-vary with brain state during both 

natural sleep and urethane anesthesia (Clement et al., 2008; Datta, 2010). Brain state fluctuations 

are characterized by increases in heart rate, breathing rate, respiratory variability and sighs 

during REM and the REM-like activated state during urethane anesthesia (Whitten et al., 2009; 

Pagliardini et al., 2012; Pagliardini et al., 2013a).  

 Breathing rate was significantly increased during the activated state (1.84±0.06 Hz) as 

compared to the deactivated state (1.79±0.06 Hz) as confirmed by a paired t-test (Figure 5.4A; 

t(12)=2.32, p=0.039). By measuring the coefficient of variance (CoV), we assessed the stability 

of the rhythmic signal, and found that respiratory variability was significantly higher during the 

activated state (0.13±0.03 CoV) than during the deactivated state (0.10±0.02 CoV) when 

compared using a paired t-test (Figure 5.4B; t(12)=2.43, p=0.032). Similar to both breathing rate 

and variability, the incidence of sighs during the activated state (2.82±0.33 sighs) compared to 

the deactivated state (0.95±0.08 sighs) was also significantly higher (Figure 5.4C; t(12)=6.62, 

p<0.0001). 

 In terms of heart rate, we did not observe any changes as a function of brain state. Heart 

rate remained stable across activated (6.66±0.15 Hz) and deactivated (6.70±0.18 Hz) brain states, 

with no significant changes (Figure 5.4D; t(12)=0.69, p=0.50). The variability of heart rate 

across brain states also remained unchanged between the activated (0.07±0.02 CoV) and 

deactivated (0.05±0.01 CoV) states (Figure 5.4E; t(12)=1.21, p=0.25). Core temperature under 

chloral hydrate changed as a function of brain state (Figure 5.4F). Curiously though, the 

directionality of this effect was the opposite of what we expected, as core temperature was 

significantly higher during  
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Figure 5.4 Measures of physiology as a function of brain state under chloral hydrate.  

A) Average breathing rate per brain state for individual animals (in grey) and the grand average 

across animals (in black). Breathing rate is significantly higher in the activated state (p=0.039). B) 

Respiratory variability per brain state for individual animals (in grey) and the grand average across 

animals (in black). The activated state has significantly greater respiratory variability (p=0.032). 

C) Number of sighs per brain state for individual animals (in grey) and the grand average across 

animals (in black). The incidence of sighs is significantly higher during forebrain activation 

(p<0.0001). D) Heart rate per brain state for individual animals (in grey) and the grand average 

across animals (in black). There is no significant change in heart rate across states. E) Heart rate 

variability per brain state for individual animals (in grey) and the grand average across animals (in 

black). There is no significant change in variability across states. F) Average temperature as a 
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function of brain state, for both individual animals (in grey) and the grand average across animals 

(in black). Temperature is significantly increased in the deactivated state (p<0.0001). 
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the deactivated state (37.19±0.08°C), when compared to the activated state (37.04±0.08°C), as 

determined by a paired t-test (t(12)=11.17, p<0.0001). 

State alternations under chloral hydrate are sensitive to cholinergic manipulations 

As the brain state alternations in both natural sleep and urethane anesthesia are known to 

be dependent upon endogenous cholinergic neuromodulation (Clement et al., 2008; Arrigoni and 

Fuller, 2019), we reasoned that changes in brain state under chloral hydrate may also be sensitive 

to manipulations that pharmacologically target central cholinergic receptors. Consequently, we 

endeavoured to assess the effects of administering a cholinergic agonist (OXO; 4mg/kg) and 

antagonist (AtSO4; 50 mg/kg) upon the spontaneous brain state cycling observed under chloral 

hydrate. To assess this, we measured the overall percentage of time spent in the deactivated state 

using equal duration comparison windows for baseline, OXO and AtSO4 conditions in each 

animal (49.83±1.26 mins, n=5).  

 We found that both cholinergic manipulations significantly affected alternations of brain 

state (Figure 5.5A-C), which was confirmed by a repeated measures one-way ANOVA (F(2, 

8)=14.65, p=0.0021). Similar to both sleep and urethane anesthesia (Clement et al., 2008; 

Arrigoni and Fuller, 2019), under chloral hydrate anesthesia, cholinergic agonism promoted an 

activated (REM-like) state while cholinergic antagonism promoted a deactivated (nonREM-like) 

state. The average latency to the onset of the agonistic effect of OXO was 9.17±4.43 mins (n=5). 

The activated state promoted by OXO was characterized by increased power and duration of 

theta activity in the hippocampus, and suppression of slow-oscillation power in both the cortex 

and the hippocampus (Figure 5.5A-C). Post-hoc analyses for multiple comparisons using 

Tukey’s test revealed that overall average time spent in the deactivated state was significantly 
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less (p=0.019, 95% CI=[8.30 to 79.72]) during the OXO condition (14.05±6.84% deactivated, 

n=5) compared to baseline (58.06±5.34% deactivated, n=5; Figure 5.5D). Additionally, though 

we observed individual shifts in the frequency of theta during the OXO condition (Figure 5.5A), 

overall these changes were not systematic across animals (t(4)=0.00, p>0.99). 

In contrast to OXO, AtSO4 administration profoundly suppressed activated patterns while 

promoting the deactivated state. The average latency to the antagonistic effects of AtSO4 

administered after OXO was 13.78±5.30 minutes, n=5. As shown in Figure 5.5(A-C) following 

AtSO4 administration slow-oscillatory power was promoted and theta power was greatly 

decreased. In fact, state threshold crosses were completely abolished within 20.51±8.70 minutes 

from injection of AtSO4 (n=5). The total time in deactivated was significantly higher in the 

AtSO4 condition (80.54±11.97% deactivated, n=5) as compared to the OXO condition 

(14.05±6.84% deactivated), as determined by Tukey’s test for multiple comparisons (Figure 

5.5D; p=0.0018, 95% CI=[-102.20 to -30.78]). However, the difference between baseline and 

AtSO4 was not significant when OXO was administered first (p=0.23, 95% CI=[-58.19 to 

13.23]). 

To test the effects of AtSO4 alone on brain state cycling under chloral hydrate, we used a 

similar approach of measuring the overall time spent in the deactivated state as a percentage of 

windows of equal duration in both baseline and AtSO4 conditions. We found that, when 

administered alone, AtSO4 significantly increased the percentage of time spent in the deactivated 

state (98.08±1.11% deactivated, n=4) as compared to baseline (66.58±3.82% deactivated, n=4) 

when compared using a paired t-test (Figure 5.5E; t(3)=10.41, p=0.0019). Additionally, when 

administered alone, AtSO4 had a slightly shorter onset (9.91±5.47 minutes, n=4), and abolished  
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Figure 5.5 Brain state under chloral hydrate is sensitive to cholinergic manipulations. 
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Figure 5.5 Brain state under chloral hydrate is sensitive to cholinergic manipulations.  

A) Cortical (CTX; top) and hippocampal (HPC; bottom) spectrograms of activity during baseline, 

and following administration of OXO and AtSO4 (denoted by grey lines behind spectrograms). B) 

Average CTX slow-oscillatory power (SO; 3 pt average centered on 0.83 Hz), and average HPC 

theta power (5 pt average centered on 3.67 Hz), showing changes in power over time, and time-

locked to the spectrograms above. C) Time-locked power fluctuations of the average peak 

SO/theta power ratio plotted over time. The state change threshold (the saddle of the bimodal 

power distribution) is denoted by a dashed line. Values above the threshold correspond to a 

deactivated state, and values below correspond to an activated state. D) Aggregate data of within-

subjects comparison of the total time in the deactivated state (%) per condition (baseline, OXO 

and AtSO4, n=5). Forebrain deactivation is significantly decreased during the OXO condition 

compared to baseline (p=0.019, 95% CI=[8.30 to 79.72]) and significantly increased in AtSO4 as 

compared to OXO (p=0.0018, 95% CI=[-102.20 to -30.78]). E) A separate group of experiments 

comparing baseline to AtSO4 alone (n=4). Forebrain deactivation is significantly increased during 

AtSO4 compared to baseline (**p=0.0019). 
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the activated state in all animals (n=4) in approximately half the amount of time (10.67±5.25 

minutes) in comparison with administrations following OXO treatments. 

Chloral hydrate in comparison to urethane anesthesia 

The only other anesthetic that is known to produce sleep-like brain state alternations at a 

surgical plane of anesthesia is urethane (Clement et al., 2008; Ward-Flanagan et al., 2022). In 

order to compare the brain states produced under these anesthetics as directly as possible, we 

performed a within-subjects comparison, by recording the spontaneous brain state alternations 

first under chloral hydrate and then followed by urethane after chloral hydrate washout. While 

we were unable to counter-balance the order of administration of these anesthetics due to the 

extremely slow pharmacokinetics of urethane (Sotomayor and Collins, 1990), we allowed for an 

extended washout/clearance time before assessing brain state under urethane (74.44±11.39 

minutes, n=9). 

 During the deactivated state, we found that the peak frequency of the cortical slow-

oscillation remains the same across chloral hydrate and urethane, as evidenced by the dashed line 

across the cortical spectrograms in Figure 5.6A. The similarities of slow-oscillations under 

chloral hydrate and urethane are apparent in the spectral plots for cortical and hippocampal 

power during the deactivated state (Figure 5.6B). Despite some variability across animals, a 

paired t-test showed that the overall peak frequency did not significantly change for cortical SO 

(t(8)=1.99, p=0.08), nor for hippocampal SO (t(8)=0.22, p=0.83) from chloral hydrate to 

urethane anesthesia (Figure 5.6C). Similarly, the period of alternation cycles remained the same 

despite the change in anesthesia, when compared using a paired t-test (t(8)=0.63, p=0.54; Figure 

5.6C). 
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Figure 5.6 Comparison of chloral hydrate and urethane within-subjects.  

A) Spectrograms of CTX (top) and HPC (bottom) activity in chloral hydrate (left) and urethane 

(right). The peak frequency for CTX slow oscillation (SO; denoted with a black dashed line in 

CTX) remain the same across the change in anesthetics, but the peak frequency for HPC theta 

(denoted with a black dashed line in HPC) increases in urethane. B) Spectra for CTX power (top) 

and HPC power (bottom) during activated (left) and deactivated (right) states. Cortical power is 

more suppressed in urethane (red) than chloral hydrate (black) during forebrain activation, but is 

similar in power and peak (0.83 Hz) in deactivated. HPC theta is shifted left in chloral hydrate 

HPC activation, indicating a slowing of theta. C) SO peak frequencies (top) are not significantly 

different across chloral hydrate and urethane in either the CTX (left) or HPC (right). HPC theta 
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(bottom left) is significantly higher in urethane (**p=0.001). Period (bottom right) is unchanged 

across chloral hydrate and urethane. 
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However, we did observe some differences across the two anesthetics; for instance, while 

both anesthetics showed suppressed cortical power during the activated state, this suppression 

appeared to be more profound under urethane (Figure 5.6A,B). The most notable change 

however, was a systematic increase in the peak frequency of hippocampal theta from an average 

of 3.29±0.05 Hz (n=9) under chloral hydrate to 3.55±0.06 Hz (n=9) under urethane (Figure 

5.6A-C). This increase was observed in 8 of the 9 animals tested and a paired t-test revealed that 

the shift was significant (t(8)=5.02, p=0.001; Figure 5.6C). 

 

5.5 Discussion 

We have previously shown that out of six common research anesthetics, only urethane 

and chloral hydrate produce sleep-like alternations in forebrain state at a surgical plane of 

anesthesia (Ward-Flanagan et al., 2022). Our results in the present study: 1) replicate the brain 

state alternations previously observed under chloral hydrate, and 2) further demonstrate that 

these alternations bear a striking resemblance to both natural sleep and urethane anesthesia, in 

terms of individual EEG components, cycle timing, and sensitivity to cholinergic manipulations 

(Clement et al., 2008; Pagliardini et al., 2013a). However, despite fluctuations in the respiratory 

signal consistent with those observed during natural sleep and urethane, such parity was not 

present across all peripheral physiological measures. Taken together, these overlaps suggest that 

both chloral hydrate and urethane may serve as pharmacological models of sleep not only for 

individual brain states but also the cyclical dynamics thereof, but that at present, urethane 

appears to provide a more comprehensive pharmacological model for the associated peripheral 

physiological variations of natural sleep.  
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5.5.1 Comparable sleep-like brain state alternations under chloral hydrate and urethane 

The spontaneous electrophysiological activity we observed under chloral hydrate was 

highly comparable to what has been previously characterized in both natural sleep and urethane 

anesthesia (Clement et al., 2008). Surgical anesthesia under continuous intravenous chloral 

hydrate produces stereotyped, cyclical alternations between two heterogenous brain states: 1) 

REM-like forebrain activation, characterized by rhythmic hippocampal theta (2.5-4 Hz) and a 

suppression of cortical slow-oscillations, and 2) NREM-like forebrain deactivation characterized 

by large-amplitude slow-oscillatory cortical (~1 Hz) and hippocampal (~0.5 Hz) activity. The 

average period of these alternations under chloral hydrate anesthesia (~11 minutes) was identical 

to the period previously reported for urethane (Clement et al., 2008), and also well within the 

distribution of the typical REM/NREM cycle duration (9.5-13.5 minutes) during natural sleep 

(Borbély, 1976). 

 Under typical anesthetics, forebrain activation typically coincides with a loss of surgical 

plane, and an imminent return of reflexive responding (Ward-Flanagan et al., 2022), however, 

the phenomenon of a spontaneous desynchronized cortical LFP under choral hydrate in the 

absence of any signs of a return to consciousness has been previously described, albeit briefly, 

by others before us (Puig et al., 2010; Ushimaru and Kawaguchi, 2015). In agreement with these 

prior observations, the activated state we observed under chloral hydrate does not appear to be a 

result of a reduction in anesthetic depth. Our results systematically demonstrate that the activated 

state under chloral hydrate paradoxically coincides with a significantly increased threshold for 

nociception, rather than a decrease in anesthetic depth. This parallels the incongruous nature of 
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REM sleep, which is also known as “paradoxical sleep” due to the contradictory coupling of 

wake-like EEG patterns of forebrain activation, with an increased threshold for behavioural 

arousal (Jouvet, 1965; Datta, 2010). Furthermore, the alternations between forebrain activation 

and deactivation were not a result of fluctuations in the depth of anesthesia, as chloral hydrate 

was delivered continuously, and as bolus doses of chloral hydrate supplemental to the continuous 

infusion did not abolish state alternations (Clement et al., 2008; Ward-Flanagan et al., 2022). 

Therefore, the forebrain activation under chloral hydrate appears to be representative of an 

unconscious REM-like, rather than a wake-like state of brain activity.  

Forebrain deactivation under chloral hydrate also appears to map extremely well onto the 

synchronous, slow-oscillatory activity observed during the deactivated state in urethane 

anesthesia (Figure 5.6C) and during slow-wave sleep (Wolansky et al., 2006; Clement et al., 

2008). This similarity to slow-wave sleep is perhaps unsurprising, as chloral hydrate has not only 

been used to model the Up/Down dynamics of cortical slow-waves (Ushimaru and Kawaguchi, 

2015), but also exhibits similar patterns of cell-specific neuronal firing across the slow-

oscillation to those observed in natural sleep (Niethard et al., 2018; Moody et al., 2021). 

Moreover, chloral hydrate has been shown to elicit c-Fos activation in the lateral habenula, a 

neuroanatomical node of the sleep-wake system known play a key role in both the sedative 

component of propofol anesthesia, and in consolidating the NREM state during natural sleep (Lu 

et al., 2008; Gelegen et al., 2018). However, it is of note that the activation of the lateral 

habenula observed under chloral hydrate is less than that of other anesthetics, which is consistent 

with the cyclical alternations between forebrain activation and deactivation that we observed in 

the present study, rather than a solitary state of NREM-like slow-waves under other anesthetics, 

such as ketamine-xylazine (Lu et al., 2008; Sharma et al., 2010; Ward-Flanagan et al., 2022). 
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 It is well-established that cholinergic neuromodulation biases brain state in natural sleep, 

with muscarinic agonists promoting REM, while muscarinic antagonists block REM and 

promote NREM (Jouvet and Michel, 1960; Mouret et al., 1967; Arrigoni and Fuller, 2019). Brain 

state alternations under chloral hydrate (Figure 5.5) and urethane exhibit the same sensitivity to 

cholinergic manipulation as natural sleep (Clement et al., 2008). This shared means of brain state 

modulation in tandem with the remarkable similarities of electrophysiological components and 

their timing suggests that further mechanistic overlaps between chloral hydrate, urethane and 

natural sleep may exist. 

 

5.5.2 Sleep-like respiration, but not heart rate or temperature under chloral hydrate 

In congruence with the parallels of brain state described above, we also saw changes in 

the respiratory signal under chloral hydrate analogous to those observed during natural sleep. 

Specifically, during the REM-like activated state under chloral hydrate, we observed an increase 

in: 1) the rate of respiration, 2) respiratory variability and 3) the incidence of sighs. These 

indicators of respiratory fragility have long been regarded as hallmarks of REM sleep, where 

respiratory disturbances most commonly occur, and are also observed under urethane anesthesia 

during forebrain activation (Aserinsky, 1965; Krieger, 2000; Pagliardini et al., 2012). These 

commonalities suggest that chloral hydrate may serve as a model sleep-like changes in 

respiration, though further investigation into the specifics of respiratory-related muscle (e.g 

abdominal, genioglossus muscles), and brain stem nuclei (e.g pre-bötzinger complex) 

recruitment under chloral hydrate will be necessary to fully assess any potential caveats 

(Pagliardini et al., 2013a; Alsahafi et al., 2015; Andrews and Pagliardini, 2015). 
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 However, heart rate under chloral hydrate did not co-vary with brain state, with no 

differences in heart rate or heart rate variability across activated or deactivated states. This is in 

direct contrast with the increase in heart rate due to increased signal irregularity during forebrain 

activation that is observed in natural sleep, and during urethane anesthesia (Clement et al., 2008; 

Datta, 2010). We believe that this discrepancy is most likely a product of pharmacological 

differences between chloral hydrate (Butler, 1948; Krasowski and Harrison, 2000) and urethane 

(Hara and Harris, 2002; Sceniak and MacIver, 2006), leading to differences in the expression of 

sleep-like physiological measures. Specifically, urethane is known to cause minimal depression 

of the autonomic nervous system (Maggi and Meli, 1986; Dringenberg and Vanderwolf, 1995), 

while chloral hydrate is known to cause cardiovascular and respiratory depression (Field et al., 

1993). This is also apparent in the respiratory signal, for although we observed  significant 

changes in breathing rate as a function of brain state, these changes are less marked under chloral 

hydrate (deactivated: 1.79 Hz to activated: 1.84 Hz) than typically observed during natural sleep 

(deactivated: ~1.6 to activated:~1.9) (Stephenson et al., 2001; Zeng et al., 2012), or under 

urethane anesthesia (deactivated: 1.67 Hz to activated: 2.0 Hz) (Silver et al., 2021). Since the 

state-related differences in heart rate under urethane are even less than those observed in 

respiration (Silver et al., 2021), it therefore follows that under chloral hydrate any changes in 

heart rate in association with brain state would either be too minor to resolve, or may be 

depressed entirely. Future experiments using more sensitive cardiovascular measures, such as an 

electrocardiogram may better elucidate the origin of this discrepancy between chloral hydrate 

and sleep. 

 Another physiological inconsistency with sleep that we observed under chloral hydrate 

was the relationship of core temperature to brain state. In sleep, NREM is correlated with a 



 175 

decrease in both brain and core body temperature, whereas REM is associated with a disruption 

of body temperature regulation and an increase in brain temperature (Harding et al., 2020). 

Under chloral hydrate, we observed an opposite coupling effect, where temperature was 

consistently increased during the deactivated NREM-like state, and decreased during forebrain 

activation. One potential explanation for this unexpected effect is that manipulation of skin 

temperature by external stimuli modulates brain state, as demonstrated by both the relationship 

of ambient temperature to natural sleep (Szymusiak and Satinoff, 1981; Cerri et al., 2017; 

Harding et al., 2018), and the bidirectional relationship of temperature stimuli to brain state 

under urethane, with warming stimuli eliciting forebrain activation and vice versa (Whitten et al., 

2009). Consequently, in our study, the activated brain state may be associated with cooler body 

temperature due, as the trough in core body temperature is when the heating pad would be on. 

Therefore, future experiments will be required to assess the relationship of temperature and brain 

state under chloral hydrate in greater detail.  

 

5.5.3 Viability of chloral hydrate as a pharmacological model of sleep 

When using a model there are always limitations that researchers should take into 

account when designing experiments and interpreting their results. As anesthetics, both chloral 

hydrate and urethane differ from natural sleep in three fundamental ways, namely that sleep is: a 

spontaneously occurring endogenous process, homeostatically regulated, and reversible by gentle 

external stimuli (i.e subjects can be roused) (Tung and Mendelson, 2004; Mashour and Pal, 

2012). However, while these differences are important considerations, they are also often serious 

obstacles to the collection of data. In this respect, chloral hydrate and urethane afford both 
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greater experimental control, as well as a wider variety of possible experimental manipulations 

that would be impossible in naturally sleeping animals (Ward-Flanagan and Dickson, 2019). 

Furthermore, since natural sleep in rodents is often highly fragmented, with transitions 

potentially occurring under 30s (Benington et al., 1994), the highly stereotyped brain state 

alternations under chloral hydrate and urethane provide a more consistent baseline from which to 

measure change (Pagliardini et al., 2012). 

 However, as a model for sleep chloral hydrate does have a few specific limitations 

researchers will need to keep in mind. For instance, there is a significant slowing of hippocampal 

theta during the activated state in chloral hydrate (~3.3 Hz) as compared to urethane (~4 Hz) and 

especially compared to natural sleep (~6-9 Hz) (Bland, 1986; Buzsaki, 2002; Clement et al., 

2008). Additionally, as discussed in the previous section, there is a greater depression of both 

cardiovascular and respiratory measures under chloral hydrate than under urethane anesthesia 

(Maggi and Meli, 1986; Field et al., 1993; Dringenberg and Vanderwolf, 1995), and the 

relationship of brain state and thermoregulation will require further investigation in future 

studies. 

Yet, chloral hydrate has the distinct advantage as an experimental model of not being 

restricted to acute experimental preparations (Flecknell, 2016c). As a result, chloral hydrate 

offers entirely unique opportunities to perform experiments that would be impossible in either 

sleep or urethane, or both. For instance, we are excited to see whether, like propofol, chloral 

hydrate can attenuate total sleep debt (Tung et al., 2004). Consequently, our conclusion is that 

chloral hydrate and urethane both offer reliable models of sleep-like brain state alternations, 

albeit with opposing strengths. Urethane remains the most complete model of sleep, other than 
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sleep itself, but chloral hydrate provides a useful alternative when greater experimental 

flexibility is required. 
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Discussion 

 As the fundamental “hard problem”, how (un)consciousness occurs poses one of the most 

fascinating riddles in existence, and thus is a question that many of the greatest philosophers and 

scientists have devoted their lives to answering. Consequently, while the driving ambition behind 

this thesis was to add my own contribution toward answering the tripartite question of how 

unconsciousness is initiated, maintained, and reversed - I understood that my part would be 

incremental in this monumental task. Zooming in, I focused upon investigating pharmacological 

models of sleep, with the intention to build upon previous work from our lab which characterized 

the robust parallels between urethane anesthesia and natural sleep in terms of spontaneous neural 

activity, alternation timing, peripheral physiology, and sensitivity to neuromodulation (Clement 

et al., 2008; Whitten et al., 2009; Pagliardini et al., 2013a).  

 What may not be immediately apparent is that urethane is somewhat of an oddity, even 

within sleep and anesthesia research. As highlighted in the introduction, over the last thirty years 

the prevailing theory of how anesthetics with disparate pharmacological mechanisms produce 

unconsciousness is through co-opting endogenous sleep circuits (Lydic and Biebuyck, 1994; 

Franks, 2008; Jiang-Xie et al., 2019). However, the validity of this shared-circuit hypothesis is 

currently a matter of debate (Eikermann et al., 2020), and one of the main criticisms, even by 

those who support the idea of shared mechanisms, is that there are no anesthetics that mimic 

REM sleep (Franks and Wisden, 2021). It is likely that despite its compelling overlaps with 

natural sleep, urethane is usually overlooked, or in some cases even unknown to clinical 

researchers due to being restricted to acute animal research applications (Maggi and Meli, 1986; 

Flecknell, 2016c). In light of this limitation, the omission of urethane is understandable to an 
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extent, as the range of potential experimental applications, as well as the ease of translating 

results to a clinical setting is hindered in this capacity. 

However, it is unfortunate that urethane is not more widely known, because although it is 

not a perfect replication of natural sleep, it provides the closest pharmacological model to natural 

sleep possible – essentially acting as a “missing link” between typical, widely used anesthetics 

such as propofol, and natural sleep (Ward-Flanagan et al., 2023). As such, understanding what 

makes urethane so similar to natural sleep, and what makes it different from other anesthetics 

may provide crucial insights into the endogenous mechanisms of both sleep and anesthetic 

unconsciousness. With both this and the limitations of urethane in mind, my specific goals with 

this thesis were to: 1) assess whether urethane anesthesia was the only anesthetic that could 

produce sleep-like neurophysiology at a surgical plane, and 2) evaluate if the neurophysiological 

overlaps of urethane and natural sleep were due to similar activation of sleep-wake nuclei in the 

brain. I have shown that, in addition to urethane, chloral hydrate anesthesia produces sleep-like 

neurophysiological alternations of brain state. Furthermore, I have demonstrated that urethane 

produces patterns of specific neuronal activity comparable to unpressured natural sleep in sleep-

wake brain circuitry. Consequently, both urethane and chloral hydrate can provide unique 

pharmacological models of natural sleep, albeit with their own specific caveats, and will serve as 

invaluable tools in unravelling the mechanisms of unconsciousness. 

 

6.1 Urethane and chloral hydrate produce sleep-like brain state alternations at a surgical 

plane of anesthesia 
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 In Chapter 2, I performed a direct comparison of the spontaneous electrophysiological 

recordings under six commonly used research anesthetics using identical recording conditions, 

while maintaining animals at a surgical plane of anesthesia (Ward-Flanagan et al., 2022). Much 

like humans, even rats of the same species and similar weight can have variable needs in terms of 

anesthesia (Flecknell, 2016a). Thus, it was important to compare animals at a surgical plane of 

anesthesia not only because it is useful for a range of experimental applications that would be 

impossible in natural sleep, but also because it allowed us to compare each anesthetic at a 

relatively equivalent state, and importantly, one which could be confirmed behaviourally. 

At that depth of surgical anesthesia, I demonstrated that pentobarbital, isoflurane and 

propofol all produced a coma-like brain state of burst-suppression (Brown et al., 2010), whereas 

ketamine-xylazine produced synchronized, slow-oscillatory activity more akin to slow-wave 

sleep (Chauvette et al., 2011). Surprisingly, not only urethane, but also chloral hydrate anesthesia 

produced the sleep-like spontaneous alternations between a state of forebrain activation and 

deactivation. Critically, the forebrain activation under chloral hydrate and urethane was not 

associated with a lessening of anesthetic depth, whereas any instances of forebrain activation in 

pentobarbital, isoflurane, propofol or ketamine-xylazine were all accompanied by a loss of the 

surgical plane of anesthesia.  

This was an unexpected outcome, especially since chloral hydrate is typically classified 

as a GABAergic anesthetic, like pentobarbital and propofol (Akaike et al., 1990; Hara et al., 

1993; Lovinger et al., 1993); whereas the primary pharmacological mechanism of urethane is to 

potentiate resting potassium conductance, thereby decreasing membrane input resistance and 

hyperpolarizing central neurons (Sceniak and MacIver, 2006). More recently, chloral hydrate has 

also been demonstrated to act at several K2P channels, including TASK-3 which has been 
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implicated in both the consolidation of natural sleep and the generation of type II (i.e atropine 

sensitive) theta (Pang et al., 2009), which may account for some of its sleep-like properties 

(Luethy et al., 2017). Furthermore, since chloral hydrate is first metabolized into 2,2,2-

tricholoethanol before it can exert its anesthetic effects (Butler, 1948), and urethane is also 

metabolized into ethanol and carbamic acid (Maggi and Meli, 1986), it is possible that the shared 

sleep-like brain states in chloral hydrate and urethane arise from a common metabolic by-

product, namely ethanol. However, this has yet to be investigated, as to my knowledge, this was 

the first time that sleep-like spontaneous, cyclical alternations of brain state were demonstrated 

under chloral hydrate anesthesia. Importantly, this discovery also served to emphasize how both 

choice of anesthesia, and brain state monitoring are crucial considerations for researchers when 

designing neurophysiological experiments (Piccitto, 2018). 

 

6.2 Urethane promotes c-Fos activity in sleep-wake nuclei analogous to unpressured sleep 

 As reviewed in the introduction, various anesthetic agents have been demonstrated to act 

on endogenous sleep-wake nuclei in agent-specific permutations (Lu et al., 2008; Ward-Flanagan 

and Dickson, 2019), and these overlaps have even led to discoveries of new endogenous sleep-

promoting roles for nuclei such as the lateral habenula (Gelegen et al., 2018). Thus, it was clear 

that elucidating where in the brain sleep and urethane intersect would be an important foundation 

to direct future investigations. Based on the already extensively documented overlaps of 

neurophysiology between urethane anesthesia and natural sleep (Clement et al., 2008; Pagliardini 

et al., 2013a), I hypothesized that urethane would engage endogenous sleep-wake nuclei in a 

similar manner to natural sleep.  
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In order to test this, we compared the expression of a neural marker of activation (c-Fos) 

across ten known sleep-wake nuclei following five separate conditions: sleep-deprived rats 

engaging in recovery sleep (i.e pressured sleep), non-sleep deprived rats normally sleeping (i.e 

unpressured sleep), sleep-deprived rats anesthetized with urethane, non-sleep deprived rats 

anesthetized with urethane, and animals held in wake for the sleeping/anesthetized window. 

 The patterns of c-Fos expression across the selected sleep-wake nuclei was most alike 

between the urethane anesthesia and unpressured sleep conditions, supporting the idea that the 

unconscious state produced by urethane is due, at least in part, to acting on endogenous sleep-

wake nuclei. This similarity is supported by the observations of a previous study assessing c-Fos 

expression in autonomic-related regions under urethane anesthesia (Krukoff et al., 1992). This 

study showed that urethane promotes activity in both the supraoptic nuclei, which is a 

hypothalamic area that has been revealed as an important centre for mediating NREM-sleep and 

anesthetic unconsciousness (Jiang-Xie et al., 2019), and the ventrolateral medulla, which has 

recently been demonstrated to have a subpopulation of glutamatergic neurons that are necessary 

and sufficient for wake to NREM transitions (Teng et al., 2022). Taken together, these results 

suggest that urethane produces a sleep-like state in terms of neuroanatomical targets as well as in 

the resulting neurophysiological state. Consequently, future research assessing brain-wide nuclei 

that are activated during urethane anesthesia may unveil hitherto unknown sleep-wake areas, and 

further assessment of the overlapping nuclei described in Chapter 3 using techniques with finer 

spatio-temporal resolution, in addition to chemically identified neurons may provide new 

insights into how a sleep-like state of unconsciousness is manifested in the brain.     

However, Chapter 3 also demonstrated a key difference between sleep and urethane in 

that prior exposure to sleep-deprivation did not greatly change the patterns of neural activation 
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under urethane, whereas increased sleep need affected the patterns of c-Fos expression in 

naturally sleeping animals. This suggests that urethane differs from sleep, producing the same 

stereotyped alternations in brain state irrespective of sleep pressure, rather than a rebound 

resulting in the increased propensity and power of slow-wave sleep typically observed at the 

beginning of recovery sleep (Dijk, 2009). Yet, this difference is arguably a strength for urethane 

as a model of unpressured sleep, as researchers can be sure that the sleep pressure of individual 

animals will not affect experimental outcomes. It is also important to note, that while I did not 

perform EEG measurements of online brain states in this study, there were significant differences 

in the activity across sleep-wake nuclei between the wake condition and all of the unconscious 

conditions, which supports that the differences observed across sleep and urethane conditions 

were not due to arousal. 

 

6.3 Chloral hydrate provides significant analgesia 

 When initially testing chloral hydrate in Chapter 2, I came across a controversy regarding 

its analgesic efficacy, wherein veterinary reference material asserted that chloral hydrate alone 

does not provide adequate analgesia for surgical interventions (Silverman and Muir, 1993; 

Baxter et al., 2009), but the results of primary neurobiological studies directly contradicted these 

claims (Field et al., 1993; Rodrigues et al., 2006). Thus, in order to evaluate the utility of chloral 

hydrate as pharmacological model for sleep, it was first necessary to assess its analgesic efficacy. 

To that end, in Chapter 4, I assessed tail withdrawal latency from a noxious thermal stimuli 

within subjects, comparing unanesthetized baseline withdrawal latencies to those under chloral 

hydrate anesthesia.  
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In congruence with previous reports of appropriate analgesia under chloral hydrate (Lu et 

al., 2008), I found that tail withdrawal latency was significantly increased, while heart rate and 

respiration remained unchanged during exposure to a nociceptive stimuli under chloral hydrate 

anesthesia. Furthermore, in Chapter 5, I showed that tail withdrawal latency was significantly 

increased during states of REM-like forebrain activation, as compared to the NREM-like 

deactivated state. Our results are in agreement with previous studies showing analgesic effects of 

chloral hydrate in ascending pain pathways at the level of the dorsal root ganglion (Gruss et al., 

2002; Fischer et al., 2003), in descending pain pathways such as the ventrolateral periaqueductal 

gray and A5-7 noradrenergic cell groups (Lu et al., 2008), as well as those showing chloral 

hydrate has comparable analgesic effects to other anesthetics (Field et al., 1993; Rodrigues et al., 

2006). When taken together the collective results of both our study and previous primary studies 

indicate that chloral hydrate provides sufficient analgesia for us as a sole maintenance anesthetic. 

 

6.4 Chloral hydrate provides a flexible pharmacological model of sleep-like brain state 

alternations 

Building upon the initial discovery of sleep-like brain state alternations under chloral 

hydrate (Chapter 2; Ward-Flanagan et al, 2022), and the confirmation of sufficient analgesia 

(Chapter 4), I characterized a number of neurophysiological and neurobiological measures under 

chloral hydrate anesthesia in order to assess its utility as a pharmacological model of sleep 

(Chapter 5). Chloral hydrate produced electrophysiological measures comparable to both natural 

sleep and urethane in terms of individual brain states, alternation timing and sensitivity to 

bidirectional central cholinergic manipulations (Clement et al., 2008; Arrigoni and Fuller, 2019). 
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Critically, neither the alternations of brain, nor the REM-like state of forebrain activation were 

due to changes in anesthetic dose or plane, as supplementary doses of chloral hydrate changed 

the proportion of time in either state, but did not abolish the alternations (Ward-Flanagan et al., 

2022), and the activated state paradoxically increased the threshold for nociception. This also 

aligns with the increased threshold for behavioural arousal observed in physiological REM sleep 

(Datta, 2010). Furthermore, in terms of peripheral physiological measures, chloral hydrate 

produced an increase in breathing rate, respiratory variability and the incidence of sighs during 

REM-like forebrain activation, identical to sleep and urethane anesthesia (Krieger, 2000; 

Pagliardini et al., 2012; Pagliardini et al., 2013b).  

 Despite these similarities, there are a few inconsistencies between sleep and chloral 

hydrate, namely: a much slower hippocampal theta rhythm during forebrain activation, and a 

lack of heart rate fluctuations as a function of brain state (Bland, 1986; Silver et al., 2021). 

Additionally, although temperature co-varied with brain state under chloral hydrate, it was in an 

inverse direction to what is typically observed during natural sleep (Harding et al., 2020), or 

urethane (Whitten et al., 2009), with temperature increases occurring during the NREM-like 

deactivated state instead of the expected REM-like activated state. These inconsistencies warrant 

further investigation, and future studies using more sensitive measures such as brain temperature, 

or an electrocardiogram, should help elucidate the origin of these discrepancies. However, when 

these caveats are accounted for in an experimental design, chloral hydrate provides a new, 

experimentally versatile model for assessing both sleep-like changes in brain state and associated 

respiration. As an alternate to urethane which is limited to acute experiments, chloral hydrate 

will be especially useful in light of the recent shift in the field towards focusing on shared 

mechanisms of arousal and anesthetic emergence (Moody et al., 2021). 



 187 

 

6.5 Future directions 

 While I have touched upon a few potential directions above, I feel that sleep and 

anesthesia research is at the cusp of a great many new discoveries, and that there is an 

overwhelming abundance of potential research questions that can build upon this work. In 

particular, in light of the sleep-like brain activity under chloral hydrate it would be interesting to 

see if anesthesia under chloral hydrate can attenuate total sleep debt. To my knowledge, this has 

only ever been shown in propofol anesthesia (Tung et al., 2004), whereas other anesthetics have 

only been shown to attenuate NREM sleep debt (Pal et al., 2011), and it would demonstrate 

whether the REM-like state of forebrain activation observed under chloral hydrate can serve a 

similar homeostatic function to physiological REM sleep. If so, this could inform a novel 

direction for research into the development of medications for sleep disorders, as well as 

potential interventions in clinical settings where sleep loss is detrimental to health outcomes 

(Skrobik et al., 2018). 

 While the relationship of thermoregulation and brain state under chloral hydrate will 

require further investigation, whatever the outcome is will be of interest in modeling sleep. For 

if, as it currently appears, the relationship of temperature and brain state is inverse to that 

observed during natural sleep, then chloral hydrate would provide a unique model to explore the 

effects, and potential mechanisms of uncoupling temperature and brain state, as these 

homeostatic processes are usually tightly linked (Harding et al., 2020). However, if brain state 

under chloral hydrate is biased towards activation by the external application of heat, as it is 

under urethane (Whitten et al., 2009), then chloral hydrate could serve as an extremely tractable 
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model for biasing sleep-like brain states in behavioural studies. For instance, in a study assessing 

the individual contributions of forebrain activation or deactivation to memory consolidation 

chloral hydrate could be used in place of traditional methods such as REM-sleep deprivation, 

which are associated with elevated stress, thus providing a more ethical method of biasing brain 

state (Nollet et al., 2020). 

 Furthermore, chloral hydrate could provide an avenue to assess discoveries made under 

urethane regarding the functional circuitry of these sleep-like alternations on behavioural 

outcomes. For instance, the nucleus reuniens, a midline thalamic nucleus, was recently 

demonstrated to have an important role in coordinating hippocampal and neocortical slow-

oscillations during the NREM-like deactivated state under urethane (Hauer et al., 2019), and a 

subsequent lesion study confirmed that the RE plays a role in memory consolidation (Quet et al., 

2020). In this type of context, more precise stimulation, or entrainment protocols which are 

possible in urethane anesthesia are often limited in behavioural studies by technical or ethical 

considerations. Sometimes specialized equipment can contravene these issues, but frequently 

such equipment is prohibitively expensive. Consequently, chloral hydrate may provide an 

elegant solution allowing for greater experimental control, and the assessment of behavioural 

outcomes, while also being both widely accessible and compatible with pre-existing 

neurophysiological experimental protocols. 

 While there are numerous applications for chloral hydrate in behavioural paradigms, 

there are also many questions to explore regarding the intersection of chloral hydrate and 

urethane anesthesia in pharmacologically producing a sleep-like brain state. Such as, does chloral 

hydrate produce a similar profile of c-Fos immunoreactivity in sleep-wake nuclei to natural sleep 

and urethane? It seems to me that any neuroanatomical sites that are active during urethane, 
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chloral hydrate and natural sleep are likely intrinsic for producing unconsciousness. Moreover, 

do these anesthetics have a shared pharmacological mechanism driving the sleep-like brain states 

they produce? At present, even though both chloral hydrate and urethane act at K2P channels, 

they appear to have different specific targets, as chloral hydrate modulates TREK-1, and TASK-

3 (Harinath and Sikdar, 2004; Luethy et al., 2017), and urethane does not (Sceniak and MacIver, 

2006). However, both chloral hydrate (via 2,2,2-trichloroethanol) and urethane (via carbamic 

acid and ethanol) share ethanol as a metabolic by-product, which may prove to have a role in 

their similar sleep-like neurophysiology (Butler, 1948; Maggi and Meli, 1986). Probing the 

shared targets of chloral hydrate and urethane may also reveal important circuits beyond sleep, as 

anesthesia has recently become a novel tool for finding endogenous targets for pain-suppression 

(Hua et al., 2020). Thus, finding a mechanistic overlap across chloral hydrate and urethane may 

yield promising new therapeutic targets, which may aid in the development of safer anesthetic 

protocols, and improved interventions for sleep disorders. 

 

6.6 Conclusion 

 In the work described within this thesis, I have demonstrated the unique sleep-like 

neurophysiological characteristics of chloral hydrate and urethane anesthesia, and their 

respective strengths and drawbacks as pharmacological models for the complexities of natural 

sleep. It is my hope that this work serves as a foundation for further investigations into the 

intricacies of the unconscious brain, and the integral role that it plays in the processes required 

for the optimal functioning of our conscious selves. 
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 While the question of consciousness is almost as old as science itself, it is only within the 

last hundred years that sleep has been recognized as an active process (Aserinsky and Kleitman, 

1953), and we are undoubtedly only beginning to understand how the brain may give rise to our 

conscious thoughts. At the heart of science is a unquenchable curiosity about the world we live 

in, and the brain provides a seemingly infinite source of mystery – the more we seek to 

understand it, and the more we quantify its behaviour and mechanisms, the more questions we 

inevitably raise. I feel incredibly lucky to participate in this maddening, confounding but 

ultimately joyful process, for like many other scientists before me, nothing could be more 

exciting to me than trying to answer a seemingly impossible question. I look forward to seeing 

what discoveries the next generation of scientists uncover. 
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