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Abstract 

Sleep disturbances and neurodegenerative diseases are prevalent in an aging population and 

represent a major health concern. Mounting evidence highlights a bidirectional relationship 

between neurodegenerative disease and sleep disturbances, whereby initial pathology disrupts 

sleep/wake regulation which subsequently exacerbates pathology, leading to a detrimental 

cycle that accelerates disease progression and cognitive decline. Hence, targeting sleep is a 

promising therapeutic option to slow disease progression and functional decline.   

The exact mechanisms underlying this bidirectional relationship, however, are 

incompletely understood, especially with respect to the processes that initiate sleep/wake 

disturbances. Initial research focused on sleep and amyloid beta (Aβ) in animal models of 

Alzheimer’s disease (AD). More recently, attention has turned to pathological tau variants, yet 

there are few studies investigating the impact of sleep in models of tauopathies, or vice versa.  

The aim of this thesis was to investigate the role that mutant tau expression plays in 

mediating sleep/wake disruptions and cognitive deficits, primarily using the 

inducible/conditional rTg4510 tau transgenic mouse model, which overexpresses mutant 

human tau, containing the P301L MAPT mutation, in the forebrain.  

Given the key role of the orexin neuropeptide system in sleep/wakefulness, initial 

experiments characterised orexin receptor mRNA expression in rTg4510 and tau knockout 

(KO) mouse brains using in situ hybridisation. Both strains exhibited a specific and comparable 

decrease in orexin receptor 1 (OX1R) mRNA expression in the sleep/wake regulating locus 

coeruleus (LC). These data indicate that orexinergic input to the LC is modulated under 

conditions of altered/lost tau function, linking tau to molecular changes in the ascending 

arousal system.  

Functional and behavioural studies were then carried out to assess the cognitive, 

neurodegenerative and sleep/wake phenotype of rTg4510 mice. Tau transgene expression was 

suppressed in rTg4510 mice by administering doxycycline (Dox) in the diet from 4.5-6.5 

months of age. Control rTg4510 mice displayed a markedly disrupted sleep/wake phenotype 

manifesting primarily as a hyperarousal phenotype during the active phase, and was 

exacerbated in female rTg4510 mice. rTg4510 mice exhibited elevated tau and phosphorylated 

tau levels in the hippocampus and cortex, accelerated brain atrophy, white matter deficits, 

substantial spatial recall deficits and locomotor hyperactivity. Suppression of the tau transgene 

with Dox prevented or attenuated all measured outcomes, with the noted exception of the 

sleep/wake phenotype. Thus, tau pathology may preferentially target the arousal-regulating 
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nuclei in the brain, which may be less responsive to reducing hyperphosphorylated tau 

accumulation.  

The bidirectional relationship between sleep and tau pathology was further probed in 

rTg4510 mice, by enhancing sleep with orexin receptor antagonist hypnotics. Correcting REM 

sleep deficits with the dual orexin receptor antagonist, suvorexant, did not ameliorate the 

rTg4510 phenotype. In contrast, the selective orexin receptor 2 (OX2R) antagonist, MK-1064, 

effectively promoted sleep and attenuated the hyperarousal phenotype of rTg4510 mice and 

partially improved spatial memory recall, but only in male and not female rTg4510 mice. These 

data revealed striking sex differences in the sleep/wake phenotype of rTg4510 mice, which 

pointed to a tau- and sex-dependent enhanced hyperarousal drive, and potential modulation in 

OX2R signalling, in female rTg4510 mice.  

Together these studies have enabled the identification of key, converging factors 

underlying cognitive restoration in this mouse model. These included reducing 

hyperphosphorylated tau accumulation, the rescue of long white matter tracts and/or promoting 

sleep, in particular slow delta wave sleep. Accessing these features by enhancing sleep may 

thus provide potentially viable, effective therapeutic strategies for tauopathies. Noted sex 

differences may have implications for the application of OX2R selective antagonists in a sex-

hormone dependent manner.   
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Chapter 1 
 

 

 

General Introduction 
 

 

 

 

1.1 Preface 

The bidirectional relationship between sleep and neurodegenerative disease is emerging as a 

potentially crucial, yet until relatively recently, under-appreciated aspect of these disorders. 

Mounting evidence from both animal and clinical studies suggests that initial disease pathology 

disrupts sleep/wake regulation, leading to a variety of sleep/wake disturbances commonly 

experienced by patients, occurring prior to any substantial cognitive impairment. Animal 

models indicate that these sleep/wake disturbances exacerbate pathology, proposing a 

detrimental cycle that accelerates disease progression and cognitive decline. The exact 

mechanisms underlying this bidirectional relationship are incompletely understood, especially 

the pathological processes that promote sleep/wake disturbances in the first place. 

Nevertheless, targeting sleep/wakefulness appears to be a promising therapeutic option for 

slowing disease progression. However, many of the current hypnotic drug therapies, especially 

benzodiazepines and non-benzodiazepine “Z-drugs”, have detrimental effects on memory and 

cognition. Such treatments are hence contraindicated in neurodegenerative disorders in which 

cognitive deficits are prevalent. The need for efficacious sleep-promoting therapeutics without 

negative influences on cognition is imperative, as is the restoration of balanced/physiological 

sleep. The recently discovered orexin neuropeptide system has emerged as the newest central 

nervous system (CNS) target for sleep/wake modulation. Activation of orexin receptors 

stimulates arousal and wakefulness, whereas orexin receptor antagonists (selectively targeting 

orexin receptor 2, or both orexin receptor 1 and 2) present as a promising class of therapeutics 

which effectively promote sleep with minimal side-effects. The potential therapeutic utility of 

using orexin receptor antagonists to manage sleep/wake disruptions in neurodegenerative 

disorders has yet to be exploited.   
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1.2 What is sleep? 

Sleep is a naturally recurring altered state of consciousness in which an organisms’ ability to 

react to external stimuli is diminished. Prolonged periods of severe sleep deprivation in humans 

can lead to hallucinations, delirium (Waters et al., 2018) and eventually death (Cortelli et al., 

1999), which underpins the critical importance of this physiological process. Sleep is divided 

into two distinct modes: non-rapid eye movement (NREM) sleep and rapid eye movement 

(REM) sleep; the latter is also termed paradoxical sleep due to complete paralysis of all muscles 

with the exception of the ocular muscles, which cause the eyes to dart around rapidly 

underneath the eyelids. Humans suffer from a variety of sleep disorders including insomnia, 

narcolepsy (see section 1.8.2), sleep apnea and REM sleep behaviour disorder (Schenck and 

Mahowald, 2002; Panossian and Avidan, 2009). Sleep architecture changes naturally as people 

age but is also negatively affected particularly in various neurological diseases such as 

Alzheimer’s disease and Frontotemporal dementia.     

 

1.2.1 Measuring sleep: Electroencephalography and electromyography 

Sleep is objectively measured by polysomnography (PSG) which combines the use of 

electroencephalography (EEG) and electromyography (EMG). EEG is an electrophysiological 

method which measures the electrical activity of the brain and can be used to infer the vigilance 

state of various species, including humans and rodents (Campbell, 2009; Mang and Franken, 

2012). EEG involves placing recording electrodes over the scalp/skull in humans, or 

embedding the electrodes through the skull to record from the cortical surface in animals, which 

measure voltage fluctuations resulting from electrical activity of neurons within the brain. The 

EEG oscillations that occur during sleep and wakefulness are generated in the thalamus and 

cerebral cortex, mediated primarily by reciprocal thalamocortical loops (Steriade et al., 1993; 

McCormick and Bal, 1997). Thalamocortical neurons project to cortical pyramidal cells and 

are active in two distinct electrophysiological states: a synchronised or bursting (oscillatory) 

state such as that during sleep; or a tonically active state such as that during wakefulness 

(McCormick and Bal, 1997). Thalamocortical neurons receive projections from wake-

promoting nuclei in the ascending reticular activating system (ARAS) which depolarise 

thalamocortical neurons, inducing the tonically active state. When tonically active, 

thalamocortical neurons transmit information to the cortex, promoting a state that is conducive 

to sensory processing and is associated with a high level of alertness and wakefulness (Steriade 

et al., 1993; McCormick and Bal, 1997). Gamma aminobutyric acid (GABA)ergic neurons in 

the thalamic reticular nucleus receive ascending projections from the brainstem and descending 
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projections from the cortex. Stimulation from reticular cells causes thalamocortical neurons to 

hyperpolarise which generates the rhythmic bursting activity which is responsible for the low 

frequency and high amplitude EEG signal observed during sleep (McCormick and Bal, 1997). 

In summary, brainstem regulation of the thalamus and cortex is responsible for the modulation 

of the thalamocortical loop which generates the EEG signal of the brain, across varying 

vigilance states (Steriade et al., 1993; McCormick and Bal, 1997). 

EEG signals are categorised into five main patterns (also termed bands or waves), based 

on their frequency and amplitude characteristics (precise definitions of the frequency ranges 

may vary slightly) termed alpha, beta, delta, theta, and gamma (Zielinski et al., 2016). The key 

frequency bands primarily associated with sleep are delta and theta waves. Delta waves 

(typically < 4 Hz) are particularly prominent during NREM or slow-wave sleep and are 

characterised by low frequency, high amplitude EEG waves, generated as a result of the 

hyperpolarisation of cortical pyramidal and thalamic relay neurons (Zielinski et al., 2016). 

Theta waves (approx. 4-9 Hz) are prominent during REM sleep, particularly in rodents, and 

are characterised by faster, highly synchronised EEG activity with a low amplitude (Zielinski 

et al., 2016). Theta is also present in the wake state and is associated with spatial navigation 

and cognitive processes in the hippocampus (Drieu and Zugaro, 2019). Alpha and beta waves 

are characteristic of the wake state. Historically, alpha waves have been defined as being 

prominent during relaxed wakefulness when the eyes are closed, whereas beta waves dominate 

when the eyes are open. The high frequency gamma band in wakefulness is associated with 

cognitive and perceptive processes (Karakas and Barry, 2017).     

EMG measures the electrical activity of skeletal muscles and is typically utilised 

alongside EEG to help infer vigilance states, particularly during theta-dominant activity that 

may represent wakefulness and cognitive processes or REM sleep. In rodents, EMG electrodes 

are generally inserted into the neck musculature and the electrical activity of the muscle is 

measured alongside the EEG signal (Mang and Franken, 2012). A high EMG signal is 

indicative that the rodent is freely moving and hence awake, whereas a lower or flat EMG 

signal suggests the rodent is likely in NREM or REM sleep, respectively. EMG is particularly 

relevant for distinguishing REM sleep, where the brain activity is high and rather reminiscent 

of wakefulness and thus difficult to identify in the absence of EMG.  

 

1.2.2 Key functions of sleep 

The precise functions of sleep are incompletely defined, with both NREM and REM sleep each 

purported to play differing roles (Plihal and Born, 1997; Hobson and Pace-Schott, 2002; Siegel, 



Chapter 1  4 

 
 

2005; McCarley, 2007). Sleep has been implicated in a variety of processes including physical 

and immune system restoration/recovery, maintenance of homeostatic functions, growth, 

clearance of brain metabolites, consolidation of memory and the preservation of cognitive 

faculties (Stickgold, 2005; Walker and Stickgold, 2006; Diekelmann and Born, 2010; Krueger 

et al., 2016). Some of the key functions of sleep particularly relevant to the present work are 

briefly outlined below.  

 

Learning and memory 

One of the earliest identified functions of sleep is its proposed role in the consolidation of 

learning and memory (Stickgold, 2005; Walker and Stickgold, 2006; Diekelmann and Born, 

2010). Sleep has been implicated in memory encoding and consolidation (Walker and 

Stickgold, 2006). The role of NREM (or slow-wave) sleep has been particularly associated 

with the consolidation of hippocampus-dependent memory consolidation, involving the re-

activation and redistribution of memories to neocortical sites (Marshall and Born, 2007; 

Diekelmann and Born, 2010). It is this critical function of sleep that emphasises its importance 

in neurodegenerative disorders – where memory decline is a prominent symptom.    

 

Glymphatic clearance 

The glymphatic clearance function of sleep is supported by recent evidence that sleep enhances 

the clearance of metabolites from the brain (Xie et al., 2013; Tarasoff-Conway et al., 2015; 

Krueger et al., 2016). This function is dependent on the enhanced convective cerebral blood 

flow from the brain to the circulation during sleep, which in turn removes toxins and other 

brain metabolites. Xie and colleagues (2013) demonstrated that sleep enhances the exchange 

between interstitial fluid (ISF) and cerebrospinal fluid (CSF) resulting in the increased 

clearance of brain products, including amyloid beta (Aβ). The glymphatic function of sleep 

may play a particularly important protective role in neurodegenerative disorders (Tarasoff-

Conway et al., 2015), which are often characterised by the build-up of toxic metabolites such 

as Aβ and/or tau (see section 1.6.2 for more detail).    

 

Synaptic homeostasis 

The synaptic homeostasis function of sleep proposes that sleep is the price we pay for neuronal 

plasticity (Tononi and Cirelli, 2003, 2006, 2014). During wakefulness plastic processes occur, 

resulting in a net increase in synaptic strength. The proposed role of sleep is to downscale or 

normalise synaptic strength to a level that is energetically sustainable and that restores cellular 
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homeostasis (Tononi and Cirelli, 2003, 2006, 2014). The activity-dependent down-selection of 

synapses is also thought to prioritise specific synaptic connections, providing the benefits of 

sleep on memory acquisition, consolidation, and integration, as well as the process of 

“forgetting” non-prioritised memories (Tononi and Cirelli, 2003, 2006, 2014; Poe, 2017; Sara, 

2017).  

 

1.3 A brief introduction to the orexin neuropeptide system 

The orexin system (also termed hypocretin) is a recently discovered neuropeptide system which 

plays a key role in regulating sleep and wakefulness (de Lecea et al., 1998; Sakurai et al., 1998). 

The two neuropeptides orexin-A (hypocretin-1) and orexin-B (hypocretin-2) act on two 

identified G-protein coupled receptors (GPCRs): orexin receptor 1 (OX1R; hypocretin receptor 

1, HCRTR1, hcrtr 1) and orexin receptor 2 (OX2R; hypocretin receptor 2, HCRTR2, hcrtr 2). 

The activation of these receptors stimulates arousal and wakefulness, whereas antagonism of 

the receptors can effectively promote sleep. Some debate exists regarding the nomenclature to 

employ when referring to these peptides and their receptors. Official nomenclature references 

use the term hypocretin to denote the genes of the peptides and receptors according to HUGO 

(The Human Genome Organisation), whereas orexin is used to denote the precursor and 

processed protein products of the peptide and the receptors according to IUPHAR (The 

International Union of Pharmacology; Gotter et al., 2012). Orexin is the most widely accepted 

designation as it refers to the gene products (Gotter et al., 2012), hence for consistency, the 

terms orexin and orexin receptor will be used throughout this thesis. For a more detailed 

overview of the orexin system, see section 1.8.     

 

1.4 Key substrates implicated in sleep/wake disturbances: amyloid beta and tau 

Amyloid beta (Aβ) peptide and tau proteins are involved in the pathogenesis of 

neurodegenerative disorders, most notably of Alzheimer’s disease (AD; Blennow et al., 2006; 

Goedert and Spillantini, 2006). These two species have been implicated in the bidirectional 

relationship between sleep and neurodegenerative disease pathology, particularly Aβ, although 

attention is also now deservedly turning to the role of tau.  

Aβ is generated following specific enzymatic cleavage of the amyloid precursor protein 

(APP; Kamenetz et al., 2003) and is the major component of the characteristic extracellular 

senile or neuritic plaques present in AD brains. Aβ is thought to be a toxic root-cause of AD 

(see section 1.5.1). The exact functions of Aβ and APP, however, are incompletely understood, 

although, APP and its homologs appear to play a role in cell adhesion, cell migration and 
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synaptogenesis (Guo et al., 2012; Ludewig and Korte, 2016). At physiological levels, 

endogenous Aβ has been proposed to be necessary for long-term potentiation (LTP) and 

synaptic plasticity (Puzzo et al., 2011). Furthermore, as will be discussed further below, Aβ 

dynamics have been demonstrated to influence and be regulated by the sleep-wake cycle.  

Tau is encoded by the microtubule-associated protein tau (MAPT) gene and alternative 

splicing gives rise to six different isoforms in the human brain (Goedert et al., 1989; Spillantini 

and Goedert, 2013). Intracellular neurofibrillary tangles (NFTs) are another major hallmark of 

AD brains and are composed of filaments of hyperphosphorylated tau protein (Blennow et al., 

2006; Goedert and Spillantini, 2006). Similar to Aβ, the exact functions of tau are incompletely 

understood, although it is purported to play a key role in stabilising microtubules, amongst 

many other functions (Avila et al., 2004; Ittner and Ittner, 2018). Post-translational 

modifications of tau, especially phosphorylation, alter tau’s properties and are strongly 

implicated in neurodegenerative disorders (Buee et al., 2000; Gotz et al., 2010; Martin et al., 

2011). Phosphorylation of tau commonly results in dissociation from microtubules (Lindwall 

and Cole, 1984; Biernat et al., 1993; Yoshida and Ihara, 1993; Trinczek et al., 1995) and/or the 

increased propensity for tau to aggregate into pathological inclusions such as NFTs (Despres 

et al., 2017). Tau plays a key role in the neurodegeneration observed in AD and other 

tauopathy-related disorders (Iqbal et al., 2005; Spillantini and Goedert, 2013), however, the 

impact of tau on sleep/wake disruptions has not been thoroughly investigated thus far.               

 

1.5 Neurodegenerative disorders with prevalent sleep/wake disturbances 

Sleep/wake disturbances are prevalent in several neurodegenerative disorders including 

Alzheimer’s disease (AD), Frontotemporal dementia (FTD), Parkinson’s disease (PD), 

Huntington’s disease (HD), narcolepsy and stroke, in addition to numerous neuropsychiatric 

disorders such as depression, anxiety, post-traumatic stress disorder (PTSD) and schizophrenia. 

Here, the focus will be on two common neurodegenerative disorders with defined 

proteinopathies (AD and FTD).  

 

1.5.1 Alzheimer’s disease 

AD is a debilitating and progressive neurodegenerative disorder and is the most common cause 

of dementia, accounting for 50-70% of all cases (Blennow et al., 2006; Gotz and Ittner, 2008; 

Prince et al., 2013). Despite the prevalence and distress caused by this disease over numerous 

decades, the underlying pathogenesis and mechanisms are still incompletely understood. AD 

pathology encompasses extensive degeneration and loss of neurons and synapses, including 
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dramatic atrophy, in affected brain regions (Dickson, 1997; Selkoe, 2002; Stokin et al., 2005; 

Blennow et al., 2006; Holtzman et al., 2011). The characteristic lesions of AD are extracellular 

senile or neuritic plaques, composed of aggregated Aβ peptides, and intracellular NFTs 

composed of hyperphosphorylated tau protein (Braak and Braak, 1991b; Dickson, 1997; 

Selkoe, 1997, 2001; Blennow et al., 2006; Ballatore et al., 2007; Querfurth and LaFerla, 2010; 

Ballard et al., 2011; Holtzman et al., 2011).  

AD is a complex and heterogeneous disorder, presented in both familial and sporadic 

forms. Sporadic AD accounts for greater than 99% of cases and typically begins after 65 years 

of age, hence often termed late onset AD (LOAD; Blennow et al., 2006; Hardy et al., 2014; 

Carmona et al., 2018). AD also clusters within families as a genetic disorder, inherited in an 

autosomal dominant fashion with 100% penetrance. Familial Alzheimer’s disease (FAD) 

accounts for less than 1% of all cases, with a generally earlier age of onset of between 30-60 

years (Blennow et al., 2006). The first genetic cause of AD was attributed to mutations in the 

gene encoding APP (Goate et al., 1991), which generates the Aβ peptide following specific 

enzymatic cleavage (Kamenetz et al., 2003). In 1984, the Aβ peptide was isolated as the 

predominant species in cerebral amyloid angiopathy (CAA; Glenner and Wong, 1984). The 

following year the same peptide was isolated from amyloid plaques of patients with AD and 

Down syndrome (Masters et al., 1985). It was already known that Down syndrome, caused by 

complete trisomy of chromosome 21, leads to the development of extensive Aβ deposition in 

the brain. Speculation that the gene encoding Aβ would be located on chromosome 21 proved 

to be correct when the complementary cDNA encoding Aβ was eventually cloned (Goldgaber 

et al., 1987; Kang et al., 1987; Tanzi et al., 1987). More common forms of FAD have also been 

identified from specific mutations in the genes encoding the presenilin-1 (PSEN1) and 

presenilin-2 (PSEN2) proteins (Holtzman et al., 2011). These proteins constitute the catalytic 

subunits of the γ-secretase complex, which is involved in the enzymatic pathway that generates 

Aβ from APP (Vassar et al., 1999; Kamenetz et al., 2003). Although FAD is relatively rare, the 

resulting phenotypes all exhibit overproduction of Aβ peptides in the brain (Selkoe, 2001; 

Hardy et al., 2014), which has proved instrumental in aiding the understanding of the 

underlying pathology of AD.  

Despite the substantial advances made over the past 2-3 decades, significant 

controversy regarding the exact cause and progression of AD pathogenesis still exists. Built 

largely on the foundations of the evidence outlined above, the ‘amyloid hypothesis’ (Selkoe, 

1991; Hardy and Higgins, 1992) is one of the oldest and most prominent theories regarding the 

pathological origin and progression of AD. This hypothesis proposes that a dysregulation 
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between the production and clearance of Aβ is the root cause of the subsequent 

neurodegenerative cascade seen in AD (Hardy and Higgins, 1992; Hardy and Selkoe, 2002). 

The amyloid cascade implicates the eventual impairment of tau kinase/phosphatase activity, 

therefore resulting in hyperphosphorylation of tau and the development of NFTs (Hardy and 

Selkoe, 2002). Like any theory, the amyloid hypothesis has its various strengths and 

weaknesses (Hardy and Selkoe, 2002; Hardy, 2009; De Strooper and Karran, 2016; Ricciarelli 

and Fedele, 2017); however, one of its key premises is that Aβ is initiatory, imperative and 

independent of tau with regards to the development of AD pathogenesis. Several findings have 

suggested this may not necessarily be the case and other hypotheses have emerged (Terry, 

1996; Mesulam, 1999) which propose that Aβ toxicity is dependent on, and directly mediated 

by tau (Rapoport et al., 2002; Roberson et al., 2007; Ittner et al., 2010); or that Aβ and tau 

target specific cellular processes symbiotically and hence intensify each other’s toxic effects 

(Mesulam, 1999; Small and Duff, 2008; Rhein et al., 2009; Ittner and Gotz, 2011; Spires-Jones 

and Hyman, 2014; Nisbet et al., 2015; He et al., 2018; Busche et al., 2019). Somewhat 

controversially, it has also been proposed that tau pathology may actually precede Aβ 

deposition by a considerable period (Braak and Del Tredici, 2004; Braak et al., 2006; Braak 

and Del Tredici, 2011; Braak et al., 2011; Braak and Del Tredici, 2015). In fact, the severity of 

cognitive impairment in AD correlates best with NFT burden as opposed to Aβ plaque burden 

(see Nelson et al., 2012 for review). Furthermore, multiple phase III clinical trials directed 

specifically at reducing Aβ levels either by acting on enzymes (beta-secretase (BACE) and 

gamma-secretase (GACE)) or by immunotherapy (monoclonal antibodies/vaccination) have 

failed (Cummings et al., 2014; Panza et al., 2018; Imbimbo and Watling, 2019), although Aβ-

targeted trials continue.   

 

1.5.2 Frontotemporal dementia  

Behind AD, Frontotemporal dementia (FTD) is the second most common cause of dementia 

and accounts for approximately 5-15% of all cases (Rademakers et al., 2012). FTD is a 

heterogeneous disorder which arises in several forms. Variants of FTD are characterised by 

differing degrees of deterioration in behaviour, personality, language and occasionally memory 

(Bathgate et al., 2001; Liu et al., 2004; Rademakers et al., 2012). Certain genetic variants are 

caused by mutations in the tau (MAPT) gene located on chromosome 17 (Hutton et al., 1998; 

Spillantini et al., 1998; Forrest et al., 2018). Mutations in the MAPT gene account for up to 

20% of all FTD cases, with over 40 mutations identified (Goedert et al., 2012; Rademakers et 

al., 2012; Spillantini and Goedert, 2013). Tau-variant frontotemporal dementia (FTD-tau) is 
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the variant predominantly discussed and referred to throughout this thesis. Mutations in the 

MAPT gene result in a variety of tauopathies (Spillantini and Goedert, 2013; Rossi and 

Tagliavini, 2015) typically mediated through the hyperphosphorylation of tau (Buee et al., 

2000; Alonso Adel et al., 2004; Gotz et al., 2010), which increases the propensity for tau to 

aggregate into pathological inclusions (Despres et al., 2017).    

 

1.6 The bidirectional relationship between sleep and disease pathology 

The bidirectional relationship between sleep and disease pathology in neurodegenerative 

disorders is being recognised, particularly regarding Aβ and tau pathologies (Fig. 1.1; Ju et al., 

2014; Lim et al., 2014; Vanderheyden et al., 2018; Wang and Holtzman, 2020). Below, current 

evidence supporting this relationship will be discussed, along with the potential mechanisms 

involved.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Proposed model of the interaction between sleep/wake dysfunction and Alzheimer’s disease. 

Sleep/wake disruptions are prevalent in Alzheimer’s disease (AD), which encompasses both amyloid beta (Aβ) and 

tau pathologies. In this proposed model, decreased sleep exacerbates existing disease pathology, mediated 

primarily via the increased extracellular release of both Aβ and tau. Subsequent pathological insult to sleep/wake 

regulating brain circuitry further impairs and fragments sleep/wake function, initiating a detrimental cascade leading 

to cognitive and functional decline. OSA Obstructive sleep apnea. From Wang and Holtzman (2020) 

Neuropsychopharmacology 45:104-120.    
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1.6.1 Current evidence    

AD is typically characterised by global cognitive and functional decline, leading to complete 

dependence on carers and eventual death within less than ten years from diagnosis. AD is also 

commonly accompanied by sleep disturbances, reported in up to 60% of patients and which 

often present early in disease development, preceding any cognitive impairment (Prinz et al., 

1982; Moran et al., 2005; Westerberg et al., 2012; Ju et al., 2014; Lim et al., 2014). Common 

sleep/wake disturbances include insomnia, severe sleep fragmentation, excessive daytime 

sleepiness, decreased NREM/REM sleep and considerable shifts in circadian rhythms 

(Bonanni et al., 2005; Crowley, 2011; Slats et al., 2013; Lim et al., 2014; Musiek et al., 2015; 

Peter-Derex et al., 2015; Urrestarazu and Iriarte, 2016; Cagnin et al., 2017). These early 

sleep/wake disturbances may contribute to the exacerbation of disease progression and 

evidence suggests that a bidirectional relationship exists between sleep/wake disturbances and 

AD pathology. In this model, a positive feedback loop is instigated in which the initial AD 

pathology disrupts the sleep-wake cycle, which subsequently negatively influences disease 

development to exacerbate and accelerate AD pathology. Sleep-promoting regions of the brain 

are further affected to worsen sleep quality, continue the cycle, and severely influence disease 

progression (Ju et al., 2014; Lim et al., 2014; Vanderheyden et al., 2018). Given the prevalence 

of AD and distinct involvement of Aβ in AD pathology, much of the preclinical literature has 

focused on the relationship between sleep and Aβ. Nevertheless, patients with FTD, which lack 

considerable (or any) Aβ pathology, often experience even more severe sleep and circadian 

disturbances than AD patients (Bonakis et al., 2014). Additionally, given that 

hyperphosphorylation of tau and the development of NFTs is a major hallmark of AD 

pathology, taken together, these observations promote the potentially vital role that tau plays 

in mediating sleep/wake disturbances in neurodegenerative disorders such as AD and FTD-tau.    

Numerous transgenic mouse models of amyloid pathology, expressing human APP 

containing various mutations identified in the human population, have been utilised to examine 

the effects of Aβ on sleep. Age-dependent alterations in sleep states, disrupted circadian 

patterns and highly fragmented sleep are common sleep characteristics observed in these mice, 

likely as a result of Aβ overexpression and/or deposition (Huitron-Resendiz et al., 2002; Wisor 

et al., 2005; Zhang et al., 2005; Platt et al., 2011; Duncan et al., 2012; Schneider et al., 2014; 

Colby-Milley et al., 2015; Sethi et al., 2015). Tg2576 transgenic mice (which overexpress 

human APP containing the Swedish mutation) (Hsiao et al., 1996) exhibit disrupted circadian 

rhythms, age-dependent reductions in delta power during NREM sleep and age-dependent 

decreases in REM sleep (Wisor et al., 2005; Zhang et al., 2005). Importantly, the reduction in 
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the proportion of REM sleep described by Wisor et al. (2005) was reversed by anti-Aβ 

immunisation. Furthermore, Zhang et al. (2005) reported that Tg2576 mice exhibit remarkably 

fragmented sleep including frequent transitions between sleep and wake states. 5xFAD 

transgenic mice, an amyloidogenesis model harbouring three APP and two PSEN1 FAD 

mutations (Oakley et al., 2006) also exhibit similarly highly fragmented sleep (Schneider et al., 

2014; Colby-Milley et al., 2015; Sethi et al., 2015), in addition to age-dependent increases in 

wake, decreases in NREM and REM sleep as well as altered brain wave activity, particularly 

increased beta (β) and gamma (γ) activity during wakefulness (Colby-Milley et al., 2015). 

Abnormal circadian rhythms and fragmented sleep patterns have also been reported in 

APP/PS1 (Duncan et al., 2012) and PLB1 (Platt et al., 2011) transgenic mice.  

Levels of Aβ in the ISF and CSF exhibit a diurnal fluctuation in mice and humans 

(Bateman et al., 2006; Kang et al., 2009; Huang et al., 2012b; Huang et al., 2012a; Roh et al., 

2012; Lucey et al., 2017; Boespflug and Iliff, 2018). This fluctuation parallels the sleep-wake 

cycle, peaking during wakefulness and decreasing during sleep. Roh et al. (2012) emphasised 

the influence that Aβ plaques have on the sleep-wake cycle using the APP/PS1 mouse model 

of amyloid pathology (Savonenko et al., 2005), which develop plaques from 6-9 months. Prior 

to plaque formation, normal sleep patterns and diurnal fluctuations of ISF Aβ were present, 

however, from 6-9 months of age, significant increases in wakefulness and decreases in NREM 

and REM sleep were observed. The diurnal fluctuation of ISF Aβ was also attenuated after the 

mentioned time period in these mice (Roh et al., 2012). Importantly, active immunisation with 

Aβ1-42 in these transgenic mice normalised both the diurnal fluctuation of Aβ and the sleep-

wake cycle, further implicating a direct influence for Aβ accumulation at disrupting sleep (Roh 

et al., 2012). Injection of Aβ oligomers disrupted sleep and impaired memory when combined 

with further chronic sleep restriction in mice (Kincheski et al., 2017). An association between 

amyloid levels/deposition and poor sleep quality/efficiency has also been identified in humans 

(Ju et al., 2013; Spira et al., 2013; Sprecher et al., 2015; Sprecher et al., 2017), which suggests 

that initial Aβ accumulation has a direct negative impact on normal sleep/wake function.  

A detrimental consequence of an initial disruption in a function as important as sleep is 

that sleep disturbances also appear to be a key mediator in the exacerbation and acceleration of 

disease pathology. Sleep deprivation can induce cellular damage (with subsequent repair 

following sleep recovery) (Everson et al., 2014) which is counter-productive for 

neurodegenerative disorders. Chronic sleep deprivation in 3xTg mice, expressing APPswe, 

MAPTP301L and PSEN1 mutations (see Oddo et al., 2003) resulted in irregular sleeping patterns, 

impaired memory/cognition and altered tau phosphorylation (Di Meco et al., 2014). Using a 
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similar sleep restriction paradigm, Rothman et al. (2013) also demonstrated impaired memory 

in 3xTg mice as assessed in the Morris water maze. Increases in Aβ and phosphorylated tau (p-

tau) levels were also observed in the cortex of sleep restricted mice, but interestingly, no 

changes were observed in the hippocampus (Rothman et al., 2013). Given the vital role the 

hippocampus plays in the consolidation of long-term memory, these results highlight the 

potential importance of sleep, not just pathology, in impairing cognitive function. Further 

emphasising this point, Mander et al. (2015) demonstrated in humans that levels of Aβ 

deposition in the medial prefrontal cortex (mPFC) correlated with fewer 0.6-1 Hz slow waves 

generated in the mPFC, a frequency associated with the consolidation of memory (Marshall et 

al., 2006; Diekelmann and Born, 2010; Chauvette et al., 2012). These studies demonstrated 

that slow-wave activity predicted subsequent memory performance with greater reliability than 

Aβ deposition, and concluded that it is the influence Aβ exerts on sleep, rather than Aβ itself, 

that is responsible for diminished memory consolidation (Lucey and Holtzman, 2015; Mander 

et al., 2015). Hence, not only does poor sleep quality directly exacerbate the pathology of AD, 

but it also further negatively influences the ability to consolidate declarative memories 

(Stickgold, 2005; Backhaus et al., 2007; Mander et al., 2013) – which is one of the primary 

cognitive processes affected in AD.     

A landmark paper by Kang et al. (2009) further demonstrated that increased ISF Aβ 

levels correlated with wakefulness and that either intracerebroventricular infusion of orexin-A 

or acute sleep deprivation significantly increased ISF Aβ. Furthermore, chronic sleep 

deprivation in AD mouse models resulted in considerably increased plaque burden (Kang et 

al., 2009; Minakawa et al., 2017). Consistent with the proposed bidirectional relationship, 

chronic treatment with the dual orexin receptor antagonist (DORA) almorexant, to promote 

sleep, significantly attenuated plaque burden compared to vehicle treated mice (Kang et al., 

2009). Another noteworthy study implicating sleep and orexin with AD pathology 

demonstrated that APP/PS1/OXR-/- mice exhibited a marked reduction in wakefulness and 

consequently reduced Aβ pathology (Roh et al., 2014). Importantly, local expression of orexin 

in the hippocampus had no effect on Aβ pathology, whereas restoration of orexin signalling in 

the hypothalamus, or sleep deprivation in orexin knockout (KO) mice, increased Aβ burden. 

Together, these findings suggest that increased wakefulness is associated with augmented Aβ 

deposition and importantly, that it is the effect orexin has on the sleep network and not 

necessarily orexin signalling itself, that influences Aβ burden (Roh et al., 2014). In humans, 

insomnia, poor or fragmented sleep and altered circadian rhythms have all been associated with 

a higher incidence of developing AD and accelerated cognitive decline (Moe et al., 1995; 
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Blackwell et al., 2006; Osorio et al., 2011; Tranah et al., 2011; Lim et al., 2012; Potvin et al., 

2012; Lim et al., 2013; Hahn et al., 2014; Yaffe et al., 2014; Benedict et al., 2015; Shi et al., 

2018; Burke et al., 2019), as well as increased Aβ deposition (Branger et al., 2016; Brown et 

al., 2016). Additionally, sleep deprivation and/or insomnia increases CSF Aβ levels (Ooms et 

al., 2014; Ju et al., 2017; Chen et al., 2018; Lucey et al., 2018); further implicating poor sleep 

as a substantial risk factor for developing AD. 

Current evidence in pure tauopathy mouse models is relatively limited in comparison 

with amyloid models, although more recent efforts have shifted to investigate the link between 

sleep and tau. Similar to Aβ dynamics, it was recently demonstrated that the sleep-wake cycle 

also regulates ISF tau levels in mice and CSF tau levels in humans, with tau levels increasing 

during wakefulness and following sleep deprivation (Holth et al., 2019). Such findings support 

the concept that neuronal activity regulates the release of tau as well as Aβ (see section 1.6.2). 

It has further been demonstrated that tau can affect sleep/wake behaviour independently of Aβ. 

Holth et al. (2017b) showed that tau transgenic mice exhibited age-dependent sleep/wake 

disturbances including prominent increases in wake and decreases in NREM and REM sleep 

time, indicative of a hyperarousal phenotype. The authors concluded that tau pathology alone 

is sufficient to drive sleep/wake changes (Holth et al., 2017b). In PLB2Tau mice, similar 

increases in wake and decreases in NREM sleep have also been observed (Koss et al., 2016). 

Consistent with the view that poor sleep exacerbates AD-related pathology (as discussed above 

regarding Aβ), chronic sleep disruption accelerated the established temporal progression of 

tauopathy in tau transgenic mice (Zhu et al., 2018). In that study, sleep restriction resulted in 

elevated p-tau levels and advanced tau pathology, in addition to increasing neuronal loss in the 

locus coeruleus (LC; Zhu et al., 2018). In humans, decreased NREM sleep has been associated 

with increased tau pathology, assessed via positron emission tomography (PET) imaging and 

CSF biomarkers (Lucey et al., 2019). Taken together, these studies demonstrate that tau alone 

is capable of negatively influencing, and is regulated by, the sleep-wake cycle. The role that 

tau plays in mediating both sleep/wake and cognitive impairments is thus critical to 

understating sleep/wake disturbances in neurodegenerative disorders. Investigations 

elucidating exactly how tau and Aβ pathologies may interact to influence sleep in a complex 

disease like AD are thus warranted.      

 



Chapter 1  14 

 
 

1.6.2 Potential mechanisms perpetuating sleep/wake disturbances and 

exacerbated disease pathology  

As outlined above, growing evidence supports the notion that Aβ and/or tau pathology disrupts 

sleep and poor sleep quality subsequently exacerbates disease progression, however, the exact 

mechanisms driving these relationships are incompletely understood (Cedernaes et al., 2017). 

One plausible mechanism relates to the release and clearance of potentially toxic species such 

as Aβ and/or tau. Heightened neuronal activity – e.g. during extended periods of wakefulness 

or sleep deprivation – increases the release of both Aβ (Kamenetz et al., 2003; Cirrito et al., 

2005; Cirrito et al., 2008; Wei et al., 2010; Bero et al., 2011; Tabuchi et al., 2015) and tau 

(Yamada et al., 2011; Pooler et al., 2013; Wu et al., 2016; Wang et al., 2017a). Supporting this, 

Brody et al. (2008) found that ISF Aβ levels correlated with neurological status following 

traumatic brain injury. Aβ concentrations decreased as neurological status declined and 

increased as it improved (Brody et al., 2008). Sleep decreases neuronal activity and potentially 

protects against rising Aβ/tau levels (Lim et al., 2014). 

The notion that increased brain activity regulates the release of Aβ is further supported 

by findings that the brain’s default mode network (DMN; Raichle et al., 2001; Buckner et al., 

2008) is particularly vulnerable to AD pathology and Aβ deposition (Greicius et al., 2004; 

Lucey and Bateman, 2014). The DMN is a large-scale brain network with numerous functions 

that is particularly active during wakeful rest (Buckner et al., 2008). Sleep has been associated 

with decreased functioning of the DMN and hence may be protective against neuronal activity-

induced Aβ vulnerability (Horovitz et al., 2009). Default mode activity, amyloid deposition 

and memory correlate in humans and the proposed role that the DMN serves for memory may 

explain why this is one of the first cognitive functions affected in AD (Buckner et al., 2005; 

Sperling et al., 2009). Transgenic mouse models have also yielded similar findings (Bero et al., 

2011; Bero et al., 2012). In Tg2576 transgenic mice, amyloid deposition was most prominent 

in brain regions comprising the DMN, which importantly includes the mPFC and hippocampus 

(Bero et al., 2011). Since neuronal activity regulates Aβ release, ISF Aβ levels are a reliable 

predictor of region-specific amyloid plaque deposition (Bero et al., 2011).  

Further supporting the protective role of sleep, recent evidence demonstrates that sleep 

actually enhances the clearance of metabolites from the brain (Iliff et al., 2012; Iliff et al., 2013; 

Xie et al., 2013; Tarasoff-Conway et al., 2015). Xie and colleagues (2013) demonstrated in 

mice that sleep is associated with a 60% increase in the interstitial space and an augmented 

exchange between ISF and CSF – thereby increasing the clearance of Aβ via a ‘glymphatic’ 

pathway, a term conjoining the proposed role that glial (“g-“) cells play in a lymphatic (“-
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lymphatic”) drainage system of the brain. Additionally, the glymphatic efflux was reduced by 

60% following traumatic brain injury in mice, which consequently resulted in enhanced 

tauopathy (Iliff et al., 2014); thus, supporting that extracellular tau is also potentially cleared 

from the brain via this mechanism (De Strooper and Karran, 2016). In clinical trials, treating 

sleep disturbances has also been demonstrated to improve cognitive function (Ancoli-Israel et 

al., 2008). Such evidence suggests that promoting sleep may help to slow neurodegenerative 

disease progression and further understanding of the mechanisms that drive sleep/wake 

disturbances are imperative.  

As a final adjunct to the plausible role of neuronal network activity, recent findings 

demonstrated positive effects of the antiepileptic drug levetiracetam in an AD mouse model 

expressing human APP (hAPPJ20; Sanchez et al., 2012). Levetiracetam reduced abnormal 

spike activity, reversed behavioural abnormalities, improved memory and learning and 

reversed synaptic deficits in the hippocampus of hAPPJ20 mice however; interestingly, it had 

no effect on the levels of hAPP, Aβ or Aβ deposition (Sanchez et al., 2012). The authors 

concluded that levetiracetam’s influence on network activity restored normal hippocampal 

functioning leading to the recovery of cognitive functions (Sanchez et al., 2012). Supporting 

this conclusion, reducing hippocampal hyperactivity with levetiracetam was able to improve 

cognition in patients with amnestic mild cognitive impairment (aMCI; Bakker et al., 2012). 

Furthermore, Aβ-overexpressing drosophila melanogaster treated with levetiracetam exhibited 

suppressed neuronal firing and prolonged lifespan compared to untreated controls, however, 

no significant influence on sleep deprivation-induced Aβ burden was found (Tabuchi et al., 

2015). Such studies demonstrate that improving AD symptoms and pathology by reducing 

aberrant neuronal network activity has additional positive effects other than simply decreasing 

the release of Aβ.   

 

1.6.3 Tau pathology in the ascending arousal regions as the initiation point?   

An outstanding question regarding the bidirectional relationship between sleep/wakefulness 

and neurodegenerative pathology, is exactly how and where disease pathology causes 

emergence of the initial sleep disturbances. One possible explanation, which requires 

validation, is that disease pathology – in particular tau – may affect sleep/wakefulness by 

influencing the normal functioning of the orexin system and ARAS early on in the disease 

process.  

It has been well established that orexin drives wakefulness (see section 1.8). It is 

therefore interesting to note that clinical studies have identified significant increases in CSF 
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orexin levels in AD patients, which are particularly evident in the moderate to severe stage of 

the disease (Dauvilliers et al., 2014b; Liguori et al., 2014b; Liguori et al., 2016; Gabelle et al., 

2017; Heywood et al., 2018). Positive correlations between orexin and total tau or p-tau levels 

have also been found (Deuschle et al., 2014; Liguori et al., 2014b; Liguori et al., 2016; Osorio 

et al., 2016). Higher CSF p-tau levels are thought to reflect the presence of pathological NFTs 

composed of hyperphosphorylated tau (Liguori et al., 2014b). Furthermore, increased CSF tau 

levels have been proposed as a marker of rapid cognitive decline and faster neuronal 

degeneration in AD (Blennow and Hampel, 2003; Kester et al., 2009). In fact, increased CSF 

levels of tau and p-tau (and Aβ) are considered a reliable biomarker for AD (Galasko et al., 

1998; Andreasen et al., 2001; Blennow et al., 2001; Blennow and Hampel, 2003; Fagan et al., 

2006; Craig-Schapiro et al., 2009; Tapiola et al., 2009; Blennow et al., 2010; Fagan and 

Holtzman, 2010; Tarawneh and Holtzman, 2010; Jack and Holtzman, 2013; Liguori et al., 

2017). Additionally, CSF orexin levels negatively correlate with sleep efficiency (SE) and 

percentage of REM sleep in these patients, whilst positively correlating with increased wake 

after sleep onset (WASO) and sleep onset latency (Liguori et al., 2014b; Liguori et al., 2016). 

Finally, in FTD, CSF orexin levels negatively correlate with daytime somnolence (Liguori et 

al., 2014a).  

Despite substantial evidence that AD is associated with increased CSF orexin levels, 

there are also studies that have found the opposite. Fronczek et al. (2012) observed decreased 

orexin levels in the CSF, in addition to an approximate 40% decrease in orexin neuronal counts 

in the hypothalamus of AD patients compared with controls. Even more substantial decreases 

in orexin neuronal counts in the lateral hypothalamic area (LHA) have also been observed (Oh 

et al., 2019). Interestingly, increased wake fragmentation has been associated with lower CSF 

orexin levels in AD patients (Friedman et al., 2007). It is evident that the precise impact of AD 

on the orexin system remains unclear and often contradictory. Future work is required to 

elucidate the detailed changes in the orexin system (including CSF, neuronal and receptor 

changes) over the progression of the disease. Reconciliation against disease stage, which has 

not been well addressed to date, is particularly important given the known widespread 

neurodegeneration (including in the hypothalamus) that occurs late in the disease. 

Nevertheless, the association between orexin and tau levels suggests tau-mediated 

neurodegeneration in AD and FTD-tau could be driving dysregulation of the orexin system 

(Liguori et al., 2014b). Therefore, tau loss, dysfunction or toxicity may be directly affecting 

orexin system function to disrupt sleep/wakefulness. Substantial work undertaken by Heiko 

Braak and colleagues regarding the pathology of AD (Braak and Braak, 1991b, a, 1995; Braak 
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et al., 1996; Braak and Braak, 1997; Braak and Del Tredici, 2004; Braak et al., 2006; Braak 

and Del Tredici, 2011; Braak et al., 2011; Braak and Del Tredici, 2015) may help to substantiate 

how sleep disturbances originate in the early stages of neurodegenerative disorders.   

Following their detailed studies, Braak and colleagues developed a categorical 

neuropathology staging procedure based on neurofibrillary changes in the brain over the course 

of the disease (see Braak and Braak, 1991b, 1995; Braak et al., 2006). These studies are 

especially relevant to sleep in that neurofibrillary changes do not appear in a random fashion, 

but rather are initially confined to specific subcortical nuclei, particularly those comprising the 

ARAS, such as the LC (Braak and Del Tredici, 2015; Theofilas et al., 2015; Stratmann et al., 

2016). The tuberomammillary nucleus (TMN; Nakamura et al., 1993; Shan et al., 2012) and 

lateral hypothalamus (LH) are also affected in the early stages of AD, whereas the 

pedunculopontine tegmental nucleus (PPT) and laterodorsal tegmental nucleus (LDT) develop 

tau pathology later in the disease course (Stern and Naidoo, 2015; Stratmann et al., 2016; Holth 

et al., 2017a). Many of these brainstem nuclei appear to have a specific and consistent ‘selective 

vulnerability’ to developing AD pathologies (Parvizi et al., 2001). German et al. (1987) 

identified particularly high densities of NFTs in the LH, dorsal raphe nucleus (DRN), LC and 

the nucleus basalis of the basal forebrain, in patients with AD. Increased tau pathology was 

also identified in the LC of patients with mild cognitive impairment (MCI) compared to healthy 

controls, and correlated with cognitive status (Grudzien et al., 2007). Not only do the above-

mentioned regions innervate widespread parts of the cerebral cortex, but they are also 

anatomically connected with the orexin system and are major drivers in the regulation of sleep 

and wakefulness. Interestingly, Braak and colleagues identified that pathological changes in 

the LC potentially begin at a very early age, possibly even before the age of 30 in some cases 

(Braak and Del Tredici, 2011; Braak et al., 2011). The LC is crucial for the regulation of sleep 

and arousal (Valentino and Van Bockstaele, 2008; de Lecea et al., 2012). Insult to the LC at an 

early age may thus help to explain the development of disrupted sleep/wakefulness experienced 

by patients before the onset of any substantial cognitive impairment.  

AD pathology has long been associated with substantial loss of LC neurons (Bondareff 

et al., 1982; Bondareff et al., 1987; German et al., 1987; German et al., 1992; Manaye et al., 

1995) and preferentially, the loss of LC neurons that project diffusely to the cerebral cortex 

(German et al., 1987; German et al., 1992). Similar observations have been reproduced in 

mouse models of amyloid and tau pathology (O'Neil et al., 2007; Liu et al., 2008b; Manaye et 

al., 2013). Additionally, it has been demonstrated that LC neuronal degeneration may actually 

exacerbate the pathology of AD (Heneka et al., 2006; Heneka et al., 2010; Jardanhazi-Kurutz 
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et al., 2010), since lesioning the LC increased amyloid plaque load in regions depleted of 

noradrenaline such as the frontal cortex and hippocampus in Aβ overexpression mouse models 

(Heneka et al., 2006). Further emphasising the bidirectional relationship between sleep and 

AD, extended wakefulness or disrupted sleep has also been shown to exacerbate LC cell loss 

in tau transgenic mice (Zhang et al., 2014; Zhu et al., 2016). Finally, in addition to its critical 

role in sleep/wakefulness, the LC is also important for cognitive processes such as attention 

and memory (see Sara, 2009 for review) – clearly damage to this brain region is likely to have 

adverse consequences in AD (Daulatzai, 2016). Cholinergic neurons of the basal forebrain (Lee 

et al., 2005b) and serotonergic neurons of the dorsal raphe (McGinty and Harper, 1976; 

Hornung, 2003) – also key regulators of sleep and arousal – are also particularly susceptible to 

developing early AD pathology (Davies and Maloney, 1976; Bartus et al., 1982; Whitehouse 

et al., 1982; Coyle et al., 1983; Mufson et al., 1988; Busser et al., 1998; Chen et al., 2000; Rub 

et al., 2000; Auld et al., 2002; Mesulam et al., 2004; Geula et al., 2008; Grinberg et al., 2009; 

Simic et al., 2009; Rodriguez et al., 2012; Kerbler et al., 2015) and likely contribute to the sleep 

disturbances observed in AD.  

Furthermore, work from Braak and Del Tredici (2015) proposes that phylogenetically 

late occurring brain structures, such as the transentorhinal and entorhinal cortex, are more 

susceptible to developing AD pathology. These brain regions tend to serve higher CNS 

functions, whereas more primitive regions are generally conserved. Aggregated tau, for 

example, tends to develop in neuronal cells that are not absolutely essential for basic human 

survival (Braak and Del Tredici, 2015). However, it appears that the secondary influence that 

damage to these regions has on sleep severely accelerates disease progression – making a better 

understanding of these processes crucial to efforts to slow or reverse AD-related changes. 

Recently, it was demonstrated with the rTg4510 transgenic mouse model of tau pathology 

(Ramsden et al., 2005; Santacruz et al., 2005; Spires et al., 2006) that hyperphosphorylated tau 

accumulation disrupts global neocortical network activity (Menkes-Caspi et al., 2015). These 

neuronal activity changes may help to explain aspects of cognitive decline as a result of tau 

pathology that occurs prior to any substantial neurodegeneration or NFT development 

(Menkes-Caspi et al., 2015). Local field potential recordings revealed spectral differences such 

as a decreased spindle-delta ratio and a decreased principal frequency during slow-wave sleep 

in rTg4510 compared with control mice, further linking hyperphosphorylated tau with 

disrupted sleep (Menkes-Caspi et al., 2015). Importantly, the structural and functional changes 

observed in neurons affected by hyperphosphorylated tau likely precede the presence of any 

NFTs (Gomez-Isla et al., 1997; Trojanowski and Lee, 2005; Oddo et al., 2006; Hoover et al., 
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2010; Rocher et al., 2010; Crimins et al., 2012; Perez-Nievas et al., 2013), which could explain 

why marked disruptions in sleep appear so early in the disease process, prior to 

neurodegeneration and cognitive impairment. Similar correlations between Aβ and 

dysfunctional neural network activity have also been identified (Palop and Mucke, 2010). 

Nevertheless, research demonstrating the nature of the interaction between amyloid, tau, the 

orexin system and the ARAS in mediating sleep/wake disturbances is still in an early phase 

and many questions remain to be answered. Investigating the role that tau plays in these 

processes is a key focus of this thesis.  

 

1.7 Sleep as a therapeutic target – the potential of orexin receptor antagonists 

In light of the substantial evidence linking impaired sleep with neurodegenerative disease, it 

appears that sleep itself presents as a potential therapeutic target and may even be utilised as 

an adjunct biomarker or diagnostic tool for classifying certain disorders. The majority of 

clinical studies conducted to date have measured sleep using wrist actigraphy (due mainly to 

practicality and suitability) rather than EEG/PSG recordings, although the ability to detect basic 

sleep/wake states between the two techniques is quite consistent (Ancoli-Israel et al., 1997). 

However, two potential issues with these studies is that they are unable to discern the exact 

effect that disease pathology has on sleep architecture, nor are they able to confidently conclude 

that any observed sleep disturbances are due to actual pathology rather than other confounding 

factors. As previously discussed, amyloid deposition is associated with a marked reduction in 

slow-wave sleep, especially in the < 1 Hz range (Lucey and Holtzman, 2015; Mander et al., 

2015). EEG studies detecting these specific changes in sleep architecture may thus prove 

extremely valuable for predicting the risk of subsequent dementia development or memory 

decline, and importantly, at identifying the people likely to respond positively to sleep-targeted 

therapeutic strategies. Studies have long been conducted trying to identify differential EEG 

characteristics of AD (Brenner et al., 1986; Soininen et al., 1989; Vitiello et al., 1990; for a 

comprehensive review see Jeong, 2004; Hassainia et al., 1997; Petit et al., 2004). EEG 

characterisation of REM sleep was recently utilised to successfully discriminate aMCI patients, 

non-amnestic MCI patients and controls (Brayet et al., 2016).  

At present, various approaches to treating sleep disturbances in neurodegenerative 

disorders have been examined – both pharmacological and non-pharmacological – but with 

limited or varying success. Non-pharmacological approaches include cognitive behavioural 

therapy and sleep hygiene measures (Boland et al., 2019) such as regular exercise, keeping to 

a strict sleep schedule, restricting nap duration or reserving the bedroom for sleep only. 
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Limiting the intake of stimulants such as coffee and tea is also advised (Peter-Derex et al., 

2015). Bright light therapy (BLT) which involves the exposure of patients to periods of intense 

light, usually in the morning, helps synchronise circadian rhythms and reduce sleep 

fragmentation. This treatment strategy has been shown to be reasonably efficacious with 

minimal adverse side effects (Lyketsos et al., 1999; Ancoli-Israel et al., 2003; Fetveit et al., 

2003; Dowling et al., 2005; Fetveit and Bjorvatn, 2005). Current pharmacological treatments 

include melatonin, non-benzodiazepine hypnotics (Z-drugs), antidepressants, antipsychotics, 

acetylcholinesterase inhibitors and antihistaminic drugs. Melatonin is a hormone involved in 

primarily regulating circadian rhythms and is therefore an intriguing therapeutic option for 

treating sleep disturbances. However, the results from clinical trials are mixed, with a number 

of studies failing to demonstrate adequate effectiveness (Serfaty et al., 2002; Asayama et al., 

2003; Singer et al., 2003; Mahlberg and Walther, 2007; Dowling et al., 2008; Gehrman et al., 

2009; Wang et al., 2017b). In mouse studies, results for the efficacy of melatonin at 

ameliorating AD pathology are inconclusive (Quinn et al., 2005; Feng et al., 2006; Olcese et 

al., 2009; Garcia-Mesa et al., 2012).  

A core issue with many of the other pharmacotherapies (particularly GABAA receptor 

modulators such as Z-drugs or benzodiazepines) is the risk of adverse side effects which often 

negate or even outweigh their potential benefit as a sleep-promoting therapeutic. In particular, 

their adverse effects on cognition and memory are a prominent characteristic and concern for 

the application of these drugs in AD or FTD (Balkin et al., 1992; Mattila et al., 1998; Mintzer 

and Griffiths, 1999; Verster et al., 2002; Wesensten et al., 2005; Otmani et al., 2008; Huang et 

al., 2010; Makaron et al., 2013; Soto et al., 2013; Uslaner et al., 2013; Zanin et al., 2013; 

Defrancesco et al., 2015). Indeed, drugs that promote sleep but have adverse effects on memory 

are undesirable for all diseases in which a prominent symptom is memory decline. Several 

studies have demonstrated the ineffectiveness of varying hypnotics for promoting memory 

consolidation (Vienne et al., 2012; Feld et al., 2013; Hall-Porter et al., 2014). Possible 

explanations include off-target influences on memory related pathways or the induction of non-

physiological sleep (Vienne et al., 2012). A possible reason for this is the induced variations 

between the coupling of sleep spindles and NREM slow waves as described by Mander et al. 

(2016). This coupling mechanism has been demonstrated to be essential to hippocampal 

memory consolidation (Diekelmann and Born, 2010; Mednick et al., 2013; Ngo et al., 2013; 

Staresina et al., 2015) and therefore even drugs that enhance slow-wave sleep may impair 

memory by negatively affecting this process (Feld et al., 2013). The need for more efficacious 

and tolerable sleep-promoting therapeutics is evident and pressing.  
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Orexin receptor antagonists present as an alternative and favourable class of drugs for 

treating sleep disturbances in neurodegenerative disorders (Wang et al., 2018). These drugs 

(especially OX2R selective antagonists; see section 1.8.4 and 1.8.5) have the potential to 

promote sleep which appears more physiological/natural than classic hypnotics and are 

reasonably well tolerated, with no reported adverse effects on memory or cognition. In rodents, 

administration of almorexant preserved spatial memory and learning in the Morris water maze 

whereas zolpidem (Morairty et al., 2014) or scopolamine (Dietrich and Jenck, 2010) 

significantly impaired it. Even more promising is the ability of these drugs, as a result of 

varying receptor subtype antagonism (see section 1.8.5), to selectively and specifically alter 

sleep architecture. As understanding of these processes improves and the development of new 

orexin receptor antagonists continues, a time may be realised where patients are prescribed 

specific types of antagonists based on their identified (by EEG recording) sleep deficits. For 

example, AD patients bereft of adequate REM sleep (a common occurrence in AD) may be 

prescribed orexin receptor antagonists that preferentially enhance REM sleep. Increases in 

REM sleep has already been established in clinical studies as the dominant effect for several 

DORAs including suvorexant and almorexant (see section 1.8.5). Conversely, if deficits in both 

NREM and REM sleep are evident, an OX2R selective antagonist may be indicated. In either 

case, orexin receptor antagonists may therefore prove to be the most appropriate first line of 

treatment for neurodegenerative related sleep/wake disturbances. Recently completed clinical 

studies with suvorexant and lemborexant support this premise (Herring et al., 2019; Thein et 

al., 2019).   
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1.8 The orexin neuropeptide system 

The following section will give a more detailed overview of the orexin system. Here, how the 

advancement of the understanding of this recently discovered neuropeptide system has led to 

the development of tolerable and effective sleep-promoting therapeutics will be discussed.  

 

1.8.1 Overview of the orexin system 

In 1998, two research groups independently published papers outlining their discovery – via 

distinct molecular biology and biochemical approaches – of the neuropeptides orexin-A 

(hypocretin-1) and orexin-B (hypocretin-2). de Lecea et al. (1998) identified rat mRNAs 

selectively expressed within the hypothalamus. One of the mRNAs encoded the precursor 

protein of two peptides structurally related to each other and to secretin. The term hypocretin 

was coined – indicating a hypothalamic member of the incretin family (de Lecea et al., 1998). 

Expression of the hypocretin peptides were specifically restricted to a few thousand neuronal 

cell bodies in the dorsal and lateral hypothalamus, with fibers projecting widely to regions 

throughout the brain (de Lecea et al., 1998). Independently, Sakurai et al. (1998), using ‘reverse 

pharmacology’ identified two peptides derived from the same precursor protein that activated 

two previously discovered orphan GPCRs. The precursor mRNA and the translated peptides 

were found to be located within the lateral and posterior hypothalamus – a region of the brain 

implicated in the regulation of feeding behaviour (Bernardis and Bellinger, 1993). 

Furthermore, administration of these peptides in rats stimulated feeding behaviour and the 

mRNA precursor was up-regulated in response to fasting (Sakurai et al., 1998). It was 

suggested that these peptides played a critical role in the regulation of feeding behaviour and 

were thus termed orexins, from the Greek word ‘orexis’, meaning appetite. The precursor 

mRNA was named prepro-orexin and the two structurally similar GPCRs activated by orexin 

were termed orexin receptor 1 (OX1R) and orexin receptor 2 (OX2R) (Sakurai et al., 1998). 

Ultimately hypocretins and orexins were confirmed to be the same peptides.   

Studies performed in rats and mice (and later in human tissue) further elucidated the 

distribution of orexin neurons and their fiber projections throughout the brain. Orexin neuronal 

cell bodies were identified predominantly in the perifornical and dorsomedial hypothalamic 

nuclei, as well as the dorsal, lateral and posterior hypothalamus (Peyron et al., 1998; van den 

Pol et al., 1998; Nambu et al., 1999). Although orexins are synthesised by only a relatively 

small number of neurons within the hypothalamus (approximately 3000, 7000 and 50000-

80000 in mice, rats and humans respectively (Modirrousta et al., 2005; de Lecea, 2015)), their 

fibers innervate widespread regions of the brain (Peyron et al., 1998; Nambu et al., 1999). 
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Furthermore, orexin receptors are expressed throughout the CNS (including the spinal cord), 

and also in the peripheral nervous system (Leonard and Kukkonen, 2014). A distinct and often 

complementary expression profile of the two receptors is observed throughout the brain 

(Marcus et al., 2001). OX1R is densely expressed in brain regions such as the prefrontal and 

infralimbic cortex, bed nucleus of the stria terminalis, hippocampus, paraventricular nucleus of 

the thalamus (PVT), anterior hypothalamic nucleus and rather specifically in the LC (Marcus 

et al., 2001). OX2R is heavily expressed throughout the cerebral cortex, hippocampus, septal 

nuclei, rhomboid nucleus of the thalamus, arcuate nucleus/paraventricular nucleus of the 

hypothalamus (PVH), LHA and specifically in the TMN (Marcus et al., 2001). Dense 

orexinergic innervation and high orexin receptor expression levels are present in several brain 

regions involved in the promotion of arousal. These include the noradrenergic cells of the LC, 

serotonergic cells of the DRN, histaminergic cells of the TMN, dopaminergic cells of the 

ventral tegmental area (VTA) and the cholinergic cells of the basal forebrain and PPT (Marcus 

et al., 2001). The DRN and PPT express moderate levels of both receptors whereas; the LC and 

TMN express almost exclusively OX1R and OX2R, respectively (Marcus et al., 2001). The 

importance of this expression profile and the relative contributions of these brain regions to 

certain aspects of sleep regulation will be discussed below.  

The regulation of sleep/wake states, via the innervation of arousal promoting brain 

regions, has been identified as a primary function of the orexin system (Sutcliffe and de Lecea, 

2002). This has been substantiated by convincing evidence showing that deficits in orexin 

functioning leads to a narcoleptic/cataplectic phenotype in rodents, canines and humans. The 

discovery that narcolepsy that occurs in some dog breeds was caused by a mutation in the 

orexin receptor 2 gene (Lin et al., 1999) emphasised the prominent role that OX2R plays in 

sleep regulation. This was particularly important given the discovery that human narcolepsy 

with cataplexy is caused by the loss of orexin producing cells in the LH (see section 1.8.2), 

although, there is no evidence for a receptor defect in human narcoleptics. Due to its extensive 

projections throughout the brain it became rapidly apparent that the orexin system would be 

involved in the regulation of more than just feeding behaviour and sleep/wake control (Peyron 

et al., 1998; van den Pol et al., 1998; Marcus et al., 2001). In the ensuing years, various findings 

have also implicated the orexin system with reward and addiction (Harris et al., 2005), emotion 

and emotional memory (Sakurai, 2014), autonomic function (Samson et al., 2005), cognition 

(Li et al., 2014), locomotion (Nakamura et al., 2000; Hu et al., 2015), nociception (Bingham et 

al., 2001), stress (Kuru et al., 2000; Winsky-Sommerer et al., 2004), several psychiatric 

disorders including anxiety, depression, post-traumatic stress disorder (PTSD) and 
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schizophrenia (Wulff et al., 2010; Gotter et al., 2012; Chen et al., 2015; Li et al., 2016) as well 

as neurodegenerative diseases including AD and FTD (Kang et al., 2009; Fronczek et al., 2012; 

Slats et al., 2013; Liguori et al., 2014b; Roh et al., 2014; Liguori et al., 2016).  

 

1.8.2 Consequences of orexin system dysfunction: narcolepsy with cataplexy 

Narcolepsy is a neurological disorder characterised by excessive daytime sleepiness, 

fragmented sleep (including frequent transitions between sleep and wakefulness), abnormal 

REM sleep (including sleep onset REM periods), hypnagogic hallucinations, vivid dreaming 

and sleep paralysis (Mignot, 1998; Siegel and Boehmer, 2006; Sakurai, 2007; Scammell, 2015; 

Kornum et al., 2017). Narcolepsy is also commonly accompanied by cataplexy (termed type 1 

narcolepsy) – a sudden and transient weakening or complete loss of muscle tone typically 

resulting in paralysis and collapse, whilst maintaining conscious awareness, or direct 

transitions into REM sleep. Cataplexy is frequently triggered by strong positive (laughter or 

excitement) or negative (fear, anger or surprise) emotions in both humans and canines (Siegel 

and Boehmer, 2006; Sakurai, 2007; Dauvilliers et al., 2014a; Scammell, 2015; Liu et al., 2016). 

Canine and rodent genetic studies demonstrated that dysfunction in the orexin system produced 

phenotypes strikingly similar to that of human narcolepsy with cataplexy, proposing a role for 

the orexin system in the regulation and maintenance of sleep and wakefulness (Kilduff and 

Peyron, 2000).  

Before the discovery of orexin, it was known that a form of canine narcolepsy was 

caused by an unidentified autosomal recessive gene with full penetrance (Foutz et al., 1979; 

Baker et al., 1982). Lin et al. (1999) subsequently identified this phenotype was caused by a 

mutation in the gene encoding the orexin receptor 2 – promoting the link between the orexin 

system and normal sleep regulation. Further rodent studies demonstrated that certain 

dysfunctions in the orexin system induced a narcoleptic/cataplectic phenotype. Mice lacking 

the prepro-orexin gene (Chemelli et al., 1999; Diniz Behn et al., 2010), both orexin receptor 

genes (Kalogiannis et al., 2011) or the orexin receptor 2 gene to a limited extent (Willie et al., 

2003) (but not the orexin receptor 1 gene alone), and mice or rats with ablated orexin producing 

neurons (Hara et al., 2001; Beuckmann et al., 2004; Tabuchi et al., 2014; Bernard-Valnet et al., 

2016; Branch et al., 2016) all exhibited characteristic signs of human narcolepsy with 

cataplexy. Despite the different methods used, these animal models all displayed remarkably 

similar phenotypes including the presence of behavioural arrests typical of human cataplexy, 

frequent direct wake-to-REM sleep transitions, severely fragmented sleep and included 

emotional triggering of cataplectic events (Morawska et al., 2011; Mang et al., 2012; Leibiger 
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and Fendt, 2014). Notably, altered sleep/wakefulness patterns were particularly evident during 

the dark phase (when mice are normally awake). Significant decreases in time spent awake and 

increases in time spent in REM and NREM sleep were apparent, including significantly shorter 

latencies and intervals between REM sleep periods (Chemelli et al., 1999), indicative of highly 

fragmented sleep. Recent findings suggest that orexin neurons are critical for the maintenance 

of long bouts of wakefulness; the loss of these neurons consequently leads to an increased 

number of fragmented transitions between sleep and wake (Branch et al., 2016), possibly 

mediated by subsequent enhanced firing of noradrenergic LC neurons (Tsujino et al., 2013). 

Importantly, orexin peptide administration in orexin neuron ablated mice (Mieda et al., 2004) 

or gene transfer in orexin KO mice were able to diminish narcoleptic/cataplectic behaviour 

(Liu et al., 2008a). Overall, these models have highlighted a potential increased pressure for 

sleep during the normally waking phase – characteristic of the excessive daytime sleepiness 

experienced by narcolepsy patients.  

The association between orexin system dysfunction and narcolepsy has been 

thoroughly substantiated in humans. The majority of patients with type 1 narcolepsy have very 

low (Nishino et al., 2001; Kanbayashi et al., 2002; Mignot et al., 2002), or virtually 

undetectable (Nishino et al., 2000; Ripley et al., 2001) levels of orexin-A in the CSF. 

Furthermore, post-mortem studies have identified extensive or complete loss of orexin 

containing neurons in the hypothalamus (Thannickal et al., 2000), in addition to undetectable 

levels of orexin in the cortex and pons of narcolepsy with cataplexy patients (Peyron et al., 

2000). Importantly, melanin-concentrating hormone (MCH) containing neurons, which are co-

located in the hypothalamus, are not affected in human narcolepsy (Peyron et al., 2000; 

Thannickal et al., 2000). Other peptides co-localised with orexin, such as dynorphin or neuronal 

activity-regulated pentraxin (NARP) are also reduced in narcolepsy (Crocker et al., 2005). This 

supports the hypothesis that human narcolepsy is caused by a specific loss of orexin containing 

neurons, potentially mediated by an autoimmune disease, although the exact cause is not known 

(Longstreth et al., 2007; Scammell, 2015; Kornum et al., 2017). It should also be noted that in 

humans with narcolepsy without cataplexy (type 2 narcolepsy), CSF orexin levels are typically 

within the normal range (Kanbayashi et al., 2002; Mignot et al., 2002). Therefore, the 

cataplectic component relates centrally to the absence of orexin producing neurons and/or the 

depletion of orexin levels in the CSF. Overall, the narcoleptic/cataplectic phenotypes resulting 

from orexin dysfunction across multiple species, including humans, has confirmed the 

important role this system plays in sleep/wake control.      

 



Chapter 1  26 

 
 

1.8.3 Orexinergic control of sleep and wakefulness 

Studies such as those described above clearly demonstrated that the orexin system plays a 

crucial role in sleep/wake regulation. However, exactly how orexins mediate this vital 

behaviour and why a deficit in this system results in narcolepsy remains to be fully elucidated. 

Intracerebroventricular injection of orexin-A dose-dependently increased wakefulness and 

suppressed NREM and REM sleep in rodents (Hagan et al., 1999; Piper et al., 2000; Xi et al., 

2001), furthermore, fos immunoreactivity in orexin neurons was positively correlated with 

wakefulness and negatively correlated with the amount of NREM and REM sleep in rats 

(Estabrooke et al., 2001). The level of orexin in the CSF correlates with the sleep-wake cycle, 

peaking during the active phase in rodents and decreasing during the inactive phase (Fujiki et 

al., 2001; Yoshida et al., 2001). Interestingly, orexin levels and/or orexin neuronal activity is 

highest just before the beginning of the transition from wake to sleep (Yoshida et al., 2001; 

Kiyashchenko et al., 2002; Lee et al., 2005a). Additionally, optogenetic stimulation of orexin 

neurons in the LH or LC promotes increased probability of transitions from sleep to 

wakefulness (Adamantidis et al., 2007; de Lecea et al., 2012). Such evidence suggests that 

orexins are wake-active neurons (Kiyashchenko et al., 2002; Takahashi et al., 2008) which 

initiate and maintain wakefulness.  

Brain regions containing monoaminergic neurons such as the TMN, LC and DRN, in 

addition to the cholinergic basal forebrain, receive dense orexinergic input and promote arousal 

and wakefulness (Fig. 1.2; Saper et al., 2005; Scammell et al., 2017). These neurons fire 

actively during wakefulness, are slower during NREM sleep and fall virtually silent during 

REM sleep (Sakurai, 2007). The firing of orexin neurons themselves also follows this pattern 

(Lee et al., 2005a; Mileykovskiy et al., 2005). Furthermore, monoaminergic neurons including 

noradrenergic cells of the LC (Hagan et al., 1999; Horvath et al., 1999), serotonergic cells of 

the DRN (Brown et al., 2001), histaminergic cells of the TMN (Eriksson et al., 2001; 

Yamanaka et al., 2002) and dopaminergic cells of the VTA (Nakamura et al., 2000) are all 

activated by orexins in vitro. Such observations suggest that the arousal promoting effects of 

orexins stem, at least in part, from their excitatory input to wake-active monoaminergic 

neurons. Sleep promoting brain regions such as the ventrolateral preoptic nucleus (VLPO) and 

the median preoptic nucleus (MnPO) send inhibitory projections to arousal promoting areas 

such as the TMN, LC, DRN and PPT, including orexin neurons in the LH (Fig. 1.3; Saper et 

al., 2005; Saper et al., 2010). The activity of wake promoting neurons is therefore largely 

dependent on the balance of inhibitory signals from sleep promoting regions and excitatory 

signals from orexin neurons (Gotter et al., 2012). Saper and colleagues put forward a simplified 
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model of sleep state switching (Saper et al., 2005; Saper et al., 2010) incorporating the activity 

of orexin neurons on sleep/wake promoting neuronal populations. Orexin neurons excite 

‘REM-off’ and ‘wake-on’ neuronal populations (which subsequently inhibit ‘sleep-on’ and 

‘REM-on’ populations) making it nearly impossible for individuals with normal orexin 

functioning to transition directly from wakefulness to REM sleep. When normal orexin 

functioning is lost, these mechanisms become destabilised, disrupting the homeostatic 

switching between arousal states, leading to increased sleep/wake fragmentation (Saper et al., 

2010). The substantial loss of orexin producing neurons in narcolepsy therefore results in 

diminished activation of wake promoting neurons leading to excessive sleepiness (Saper et al., 

2010; Scammell, 2015). Reduced orexin signalling also causes a disinhibition of REM sleep 

promoting (‘REM-on’) brain regions, facilitating the abnormal REM sleep and sleep onset 

REM periods characteristic of human narcolepsy (Saper et al., 2010; Scammell, 2015).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Promotion of wakefulness by orexin and the ascending reticular activating system. 

A-B, Schematic of the ascending reticular activating system (ARAS) in humans (A) and rodents (B). Wake-

promoting nuclei in the ARAS receive dense orexinergic input and project vastly throughout the cortex to promote 

wakefulness. 5-HT serotonin; ACh acetylcholine; BF basal forebrain; DA dopamine; His histamine; GABA gamma-

aminobutyric acid;  LC locus coeruleus; LDT laterodorsal tegmental nuclei; LH lateral hypothalamus; MCH melanin-

concentrating hormone; NA noradrenaline; ORX orexin; PPT pedunculopontine nucleus; TMN tuberomammillary 

nucleus; vPAG ventral periaqueductal gray. From Saper, Scammell and Lu (2005) Nature 437:1257-1263 and 

Scammell, Arrigoni and Lipton (2017) Neuron 93:747-765.    
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Figure 1.3. Inhibition of the ascending reticular activating system to promote sleep. 

A-B, Schematic of sleep-promoting pathways in humans (A) and rodents (B). The ventrolateral (and median) 

preoptic nuclei (VLPO) inhibit orexinergic and wake-promoting nuclei to promote sleep. 5-HT serotonin; ACh 

acetylcholine; DA dopamine; His histamine; GABA gamma-aminobutyric acid; Gal galanin;  LC locus coeruleus; 

LDT laterodorsal tegmental nuclei; NA noradrenaline; ORX orexin; PeF perifornical; PPT pedunculopontine 

nucleus; TMN tuberomammillary nucleus; VLPO ventrolateral preoptic nucleus; vPAG ventral periaqueductal gray. 

From Saper, Scammell and Lu (2005) Nature 437:1257-1263 and Scammell, Arrigoni and Lipton (2017) Neuron 

93:747-765.    

 

The expression profiles for the orexin receptors highlight potentially diverse roles for 

the various sleep/wake functions. Evidence suggests that the wake promoting influence of 

orexins is mediated predominantly via OX2R activation, particularly through activation of 

histaminergic neurons in the TMN (Huang et al., 2001; Yamanaka et al., 2002). In support of 

this, OX2R KO mice exhibit a moderate narcoleptic phenotype whereas OX1R KO mice show 

only mild sleep fragmentation with no behavioural abnormalities (Willie et al., 2001). 

Interestingly, dual orexin receptor KO mice display a more severe narcoleptic phenotype than 

either receptor KO alone, and this is similar to the phenotype observed for orexin KO mice 

(Willie et al., 2003). In comparison to the dual receptor KO mice, OX2R KO mice display a 

lesser degree of disrupted wakefulness and are rarely affected by attacks of cataplexy. In 

addition, they show very few direct wake-to-REM sleep transitions (Chemelli et al., 1999; 

Willie et al., 2003; Mochizuki et al., 2004). Such observations indicate that both receptors 

contribute to the regulation of sleep and wakefulness, although OX2R perhaps to a greater 

extent for sleep induction. Nevertheless, OX1R is certainly implicated in the regulation of 

transitions between behavioural states (Mieda et al., 2011).  
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1.8.4 Orexin receptor antagonists 

Since the discovery that orexin activity mediates wakefulness, and that orexin system 

dysfunction leads to a narcoleptic phenotype, it became apparent that pharmacological 

blockade of orexin receptors may be effective for the promotion of sleep. This led to a number 

of drug discovery programs towards the development of orexin receptor antagonists. Orexin 

receptor antagonists have promising potential for the beneficial treatment of sleep disorders 

such as insomnia, which is characterised predominantly by difficulties initiating or maintaining 

sleep, premature morning awakenings, dissatisfaction with sleep quality, and negatively affects 

normal daytime functioning (Ohayon, 2002; Buysse, 2013). Orexin receptor antagonists also 

have the advantage of producing a more ‘targeted’ induction of sleep with a more natural 

architecture (Fox et al., 2013) as opposed to common treatments such as benzodiazepines or 

Z-drugs. Z-drugs induce sleep via a global inhibition of CNS activity – mediated predominantly 

via the positive allosteric modulation of GABAA receptors (Buysse, 2013), which are expressed 

vastly throughout the brain. Given that GABAA receptors are also targets of alcohol and certain 

anaesthetics there is potential for undesirable additive drug-drug interactions. Furthermore, due 

to their widespread activity, in addition to the long pharmacokinetic half-life of many of these 

agents, these drugs have the potential for adverse effects such as next day cognitive 

impairment, in addition to tolerance and dependence (Winrow and Renger, 2014). Such adverse 

effects were not anticipated and are typically not observed with orexin receptor antagonists 

(Dietrich and Jenck, 2010; Morairty et al., 2014; Tannenbaum et al., 2016).  

High-throughput screening techniques have identified numerous chemical leads which 

after optimisation have resulted in a number of potent and specific orexin receptor antagonists 

which can selectively target only one (single orexin receptor antagonists; SORAs) or both (dual 

orexin receptor antagonists; DORAs) receptors. Selectively inhibiting the activity of only one 

receptor subtype has allowed its relative influence to sleep architecture to be thoroughly 

investigated. In agreement with findings from KO models, studies using these compounds 

revealed that the promotion of arousal is indeed primarily mediated via OX2R signalling 

(Dugovic et al., 2009; Gozzi et al., 2011; Mang et al., 2012; Betschart et al., 2013); hence its 

antagonism could effectively induce sleep, a hypothesis which has now been demonstrated 

with a number of compounds.  

Initial medicinal chemistry programs identified several potent SORAs including the 

OX1R selective antagonists SB-408124 (Langmead et al., 2004; Dugovic et al., 2009), SB-

334867 (Duxon et al., 2001; Smart et al., 2001; Smith et al., 2003) and ACT-335827 (Steiner 

et al., 2013), as well as the OX2R selective antagonists JNJ-10397049 (McAtee et al., 2004; 
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Dugovic et al., 2009), JNJ-42847922/MIN-202 (Bonaventure et al., 2015; Letavic et al., 2015), 

EMPA (Malherbe et al., 2009b; Malherbe et al., 2009a), MK-3697 (Roecker et al., 2014b), 

MK-8133 (Kuduk et al., 2015), MK-1064 (Roecker et al., 2014a; Gotter et al., 2016) and IPSU 

(Betschart et al., 2013; Callander et al., 2013; Hoyer et al., 2013). Preclinical studies utilising 

these compounds has helped to discern the relative functions of each receptor subtype and 

indeed confirmed that OX2R antagonism alone is sufficient to promote sleep. However, due in 

part to the fact that dual orexin receptor KO mice exhibit a more severe sleep phenotype than 

either receptor KO alone, the clinical focus for hypnotics development focused initially in 

DORAs, with OX2R selective SORAs (2-SORAs) MIN202, MK-3697 and MK-1064 only very 

recently entering clinical trials, thus currently available data on their clinical efficacy is limited 

(Jacobson et al., 2017; Hoyer et al., 2019).  

The first DORA to enter clinical development, almorexant, was effective at promoting 

sleep in rats, canines and humans (Brisbare-Roch et al., 2007). Almorexant dose-dependently 

decreased wakefulness and locomotion, whilst increasing NREM and REM sleep time 

(Brisbare-Roch et al., 2007; Dugovic et al., 2009; Mang et al., 2012). Almorexant was as 

effective at inducing sleep in rats as the GABAA modulator zolpidem (a Z-drug, albeit 

administered at supranormal doses in this study); however, although NREM was enhanced, 

REM sleep was over-proportionally increased. In contrast, zolpidem promoted only NREM 

sleep whilst substantially suppressing REM sleep in rodents (Brisbare-Roch et al., 2007), as do 

all GABAA positive allosteric modulators. Initial studies indicated that almorexant was well 

tolerated in humans, and in rats even at doses up to 1,000 mg/kg (Brisbare-Roch et al., 2007). 

Furthermore, almorexant was ineffective in dual orexin receptor or OX2R KO mice, providing 

a proof of concept for its mechanism of action (Mang et al., 2012). Interestingly, almorexant 

was still able to effectively induce sleep in OX1R KO mice, confirming the essential 

requirement of the OX2R for the hypnotic actions of DORAs (Mang et al., 2012). It is 

interesting to note, also, that almorexant disproportionally enhanced REM sleep in the OX1R 

KO mice (Mang et al., 2012). In clinical trials performed in volunteers and insomniac patients, 

almorexant was shown to be effective and well tolerated (Hoever et al., 2010; Hoever et al., 

2012a; Hoever et al., 2012b). Increases in SE and total sleep time (TST) as well as decreases 

in latency to persistent sleep (LPS), latency to REM and WASO were observed (Hoever et al., 

2012b). However, there was no conclusive evidence that almorexant was increasing NREM 

sleep in humans. The development of almorexant ceased during phase III trials for undisclosed 

reasons. Other notable and efficacious DORAs to have entered clinical studies include SB-

649868 (Bettica et al., 2012c; Bettica et al., 2012a; Bettica et al., 2012b), filorexant (MK-6096, 



Chapter 1  31 

 
 

Coleman et al., 2012; Winrow et al., 2012) and suvorexant (MK-4305, Cox et al., 2010; 

Coleman et al., 2011; Winrow et al., 2011; Connor et al., 2012; Herring et al., 2012a; Herring 

et al., 2012b; Ivgy-May et al., 2012; Hoyer et al., 2013; Radl, 2013; Sun et al., 2013; Michelson 

et al., 2014; for a comprehensive review see Jacobson et al. 2014).  

Numerous studies have clearly demonstrated the effectiveness of DORAs in inducing 

sleep in various species including humans, however, to date, only suvorexant is currently 

marketed – approved in Japan in 2013, by the FDA in 2014 and in Australia in 2016, whereas 

lemborexant has just been approved by the FDA (Hoyer et al., 2019). Initial studies using 

suvorexant in rats indicated favourable pharmacokinetic properties and demonstrated 

significant increases in REM and delta sleep time with decreases in active wake (Cox et al., 

2010). Further studies established adequate safety, tolerability and efficacy of suvorexant in 

pre-clinical (Winrow et al., 2011) and clinical settings (Connor et al., 2012; Herring et al., 

2012a; Herring et al., 2012b; Ivgy-May et al., 2012; Sun et al., 2013; Michelson et al., 2014). 

Although again, there is inconclusive evidence that suvorexant increases NREM sleep in 

insomniac patients. Nevertheless, the lack of drug-drug interactions, no negative effects on 

memory and high tolerability suggests orexin receptor antagonists may present as a favourable 

class of drugs for promoting sleep and treating sleep/wake disorders. The relative contribution 

of each receptor subtype to sleep architecture, however, remains to be fully established.  

 

1.8.5 Contributions of orexin receptor subtypes to sleep architecture 

The availability of orexin receptor KO rodents to model various aspects of narcolepsy and the 

combined use of SORAs or DORAs in these (and normal) animals has aided in elucidating the 

differing roles that each orexin receptor plays in various physiological functions such as sleep. 

Yet the question remains as to whether blockade of only one or both receptors is more 

beneficial for the treatment of disorders such as insomnia. The influence of SORAs or DORAs 

on sleep architecture is critically important to answering this question, and to selecting the 

appropriate treatment to induce a balanced sleep that is physiologically similar to naturally 

occurring sleep.  

Clearly OX2R plays a vital role in sleep induction/maintenance and various studies have 

shown that OX2R antagonism alone is sufficient for the induction of sleep (Dugovic et al., 

2009; Gozzi et al., 2011; Mang et al., 2012; Betschart et al., 2013; Gotter et al., 2016). Recently, 

Gotter et al. (2016) published the first study demonstrating the efficacy of an OX2R antagonist 

in rodent, canine and human trials. The 2-SORA MK-1064 (Roecker et al., 2014a) decreased 

arousal and promoted both NREM and REM sleep in human subjects and was well tolerated in 
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two separate studies (Gotter et al., 2016). However, rodent studies found that MK-1064 

requires higher OX2R occupancy to promote sleep in comparison to DORA-12, suggesting that 

OX1R antagonism may also be contributing to the sleep-promoting efficacy of DORAs (Gotter 

et al., 2016). Conversely, certain findings have suggested that the additional blockade of OX1R 

is detrimental to the sleep promoting effects of OX2R antagonism. Coadministration of an 

OX1R and OX2R antagonist increased the latency to NREM and decreased the duration of 

NREM sleep compared to the OX2R antagonist alone, indicating attenuation of its sleep 

promoting effects (Dugovic et al., 2009). Interestingly, the latency to REM sleep decreased and 

the REM duration exhibited a non-significant increase (Dugovic et al., 2009). Similar results 

were observed in a separate study, suggesting that the additional OX1R antagonism may be 

unfavourably contributing to sleep architecture by enhancing REM sleep at the expense of 

NREM sleep (Dugovic et al., 2014). Furthermore, the DORA suvorexant was shown to alter 

sleep architecture in mice by selectively and disproportionately increasing REM sleep during 

the inactive phase, whereas the OX2R specific antagonist IPSU did not exhibit this effect 

(Hoyer et al., 2013).  

In contrast, other studies have suggested that dual orexin receptor antagonism is more 

favourable than selective OX2R antagonism. Mieda et al. (2011) emphasised the importance of 

OX1R for the regulation of sleep (especially REM) but did not specifically investigate the 

respective contributions of OX1R or OX2R antagonism. Additionally, the DORA almorexant 

was shown to be more effective at inducing sleep in rats than either an OX1R selective SORA 

(1-SORA) or 2-SORA alone (Morairty et al., 2012). However, although almorexant increased 

the total amount of sleep it was more fragmented, including more bouts of wake and REM 

sleep, with the number of REM bouts particularly prominent. This further supports the 

hypothesis that the effect of OX1R antagonism facilitates REM sleep (Morairty et al., 2012). It 

should, however, be noted that almorexant exhibits interesting kinetic properties, including a 

very slow dissociation constant from OX2R. Therefore, for short durations it behaves much 

like a DORA but for longer durations (at equilibrium) it appears to act more like a selective 

OX2R antagonist (Callander et al., 2013). Further studies are required to elucidate the effects 

on sleep architecture of different hypnotics. However, the current results suggest that hypnotic 

drugs like zolpidem promote only NREM sleep and substantially suppress or delay the onset 

of REM sleep; DORAs promote sleep but primarily by increasing REM sleep at the expense 

of NREM sleep and 2-SORAs promote a more balanced increase of NREM and REM sleep (at 

least in rodent and canine models). Therefore, assuming the high translatability of preclinical 

studies for DORAs remains true for 2-SORAs, 2-SORAs may prove to be the hypnotics that 
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produce the most physiological-like sleep in a clinical setting (Hoyer and Jacobson, 2013; 

Jacobson et al., 2017; Hoyer et al., 2019).        

Research into the orexin system and orexin receptor antagonists implicate the LC as 

potentially playing a crucial role in the regulation of REM sleep. The LC receives abundant 

projections from orexin neurons and expresses the densest levels of OX1R of any brain region. 

The LC sends inhibitory inputs to ‘REM-On’ brain regions including the PPT, laterodorsal 

tegmental nucleus (LDT) and sublaterodorsal nucleus (SLD) and sends excitatory inputs to 

‘REM-off’ regions in the ventral periaqueductal gray (vPAG) and lateral pontine tegmentum 

(LPT; Saper et al., 2010). LC neuronal activity is also correlated with the sleep-wake cycle 

(Aston-Jones and Bloom, 1981). Furthermore, optogenetic stimulation of the LC promotes 

arousal and sleep-to-wake transitions (Carter et al., 2010; Carter et al., 2012), whilst orexin-A 

also activates LC neurons to promote arousal (Hagan et al., 1999; Gompf and Aston-Jones, 

2008) and importantly, suppress REM sleep (Bourgin et al., 2000; Smith et al., 2003). This 

suppression effect was reversed by a selective OX1R antagonist (Smith et al., 2003). Ablation 

of LC neurons in rats attenuated the relative increases in REM sleep typically observed 

following almorexant treatment (Schwartz et al., 2016). LC-ablated rats exhibited a decreased 

time spent in REM and a decreased REM:NREM ratio as compared to non-ablated rats 

following almorexant. The effect of LC ablation was not observed with zolpidem, indicating 

specificity for orexin system involvement and the requirement of an intact LC (Schwartz et al., 

2016). These findings indicate that alterations in sleep architecture by increasing REM sleep 

are likely mediated by blockade of OX1R in the LC. Antagonism of OX1R is therefore likely 

to enhance REM sleep in the presence of OX2R antagonism, whereas 1-SORAs alone do not 

promote sleep of any sort (Dugovic et al., 2009; Dugovic et al., 2014). Further research into 

the role the LC and OX1R plays in the regulation of REM sleep is warranted.  
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1.9 Summary 

Disrupted sleep has been associated with a number of neuropsychiatric and neurodegenerative 

disorders including AD and FTD. The bidirectional relationship between sleep and disease 

pathology has developed from numerous lines of evidence, particularly involving Aβ and tau 

pathologies. Various approaches for treating sleep/wake disturbances are currently available, 

however, in general, their adverse drug-drug interactions, potential for dependence and/or 

tolerance, impairment of memory/cognition and inability to produce physiological-like sleep 

architecture renders them undesirable for treating sleep/wake disturbances, especially in 

neurodegenerative disorders such as AD and FTD. 

The orexin system is the newest target for sleep promoting therapeutics and the 

development of orexin receptor antagonists has enabled the specific and selective modulation 

of this system to promote sleep. Orexin receptor antagonists have numerous potential 

advantages including lack of drug-drug interactions with alcohol or other narcoleptics, no 

cognitive impairment and there is no evidence at present for a risk of tolerance/dependence. 

DORAs and 2-SORAs have differing effects on sleep architecture – DORAs promote sleep 

primarily by increasing REM sleep at the expense of NREM sleep as evidenced from both 

preclinical and clinical studies, whereas 2-SORAs tend to induce a more balanced and 

physiologically natural sleep (at least in preclinical species). As the understanding of these 

mechanisms evolves and the development of more selective compounds continues, the 

indications for orexin receptor antagonists are likely to extend beyond the treatment of 

insomnia. Improving sleep with orexin receptor antagonists therefore presents as a potentially 

viable and efficacious therapeutic option in neurodegenerative disorders. The concept that early 

sleep disturbances derive from tau pathologies in the ascending arousal regions of the brain, 

which receive dense orexinergic inputs, further supports the idea of using orexin receptor 

antagonists to manage sleep in the preclinical stages of neurodegenerative disorders, before the 

onset of any substantial physiological insult or cognitive impairment.    

Despite the emerging evidence outlined above, there is still substantial research 

required to further elucidate the interactions between the pathogenesis of neurodegenerative 

disorders and sleep/wake disruptions. In particular, there is a considerable gap in the preclinical 

literature regarding the relationship between tau and sleep/wake behaviour and studies 

reporting the sleep/wake phenotype in pure tauopathy mouse models are currently limited.   
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1.10 Thesis objectives 

The primary research focus of this thesis was to investigate the role that hyperphosphorylated 

tau plays in mediating sleep/wake disturbances and cognitive impairments in a transgenic 

mouse model of tauopathy. The therapeutic potential of restoring physiological sleep using 

orexin receptor antagonists was also assessed. The rTg4510 transgenic mouse model of 

tauopathy (Ramsden et al., 2005; Santacruz et al., 2005) was primarily used throughout these 

studies. rTg4510 mice overexpress human tau containing the P301L MAPT mutation 

(genetically associated with FTD-tau) and are a model of FTD-tau and also of the neuronal tau 

hyperphosphorylation observed in AD. Transgene expression is specifically restricted to 

forebrain structures (due to a Ca2+-calmodulin-dependent protein kinase II (CaMKII) 

promoter) and inactivated by administration of the tetracycline analogue doxycycline (Dox). 

The repressible transgene expression was ideal for investigating the specific hypotheses of this 

thesis and was a key reason rTg4510 mice were selected. Although recently, more extensive 

characterisation of the rTg4510 model has revealed non-targeted gene KO (Gamache et al., 

2019), which may influence the breadth of conclusions that can be drawn from this model (see 

Chapter 6 for more detail).      

The first experiment in this series of studies (Chapter 2) aimed to characterise orexin 

receptor mRNA expression in the brains of both rTg4510 and tau KO mice using in situ 

hybridisation (ISH). The hypotheses tested, generated from the observed hyperarousal 

phenotype of both tau KO and transgenic mice, was that tau alterations would modify the 

expression of these receptors in components of the ARAS. This experiment thus provided 

information as to whether tau affects the orexin system at the molecular level, hence potentially 

contributing to sleep/wake disturbances in tauopathy.  

Next, the functional and behavioural consequences of hyperphosphorylated tau were 

investigated (Chapter 3). Here, the aim was to characterise the sleep/wake phenotype of 

rTg4510 mice and to investigate the effects of suppressing tau transgene expression with Dox 

treatment on sleep/wake behaviour, in conjunction with its effects on the more thoroughly 

established cognitive and neurodegenerative phenotype of rTg4510 mice. This experiment 

provided information as to the role of tau at mediating sleep/wake and cognitive impairments 

and aimed to determine if these deficits can be attenuated or reversed by reducing tau levels. 

The bidirectional relationship between sleep and tau pathology was then further 

investigated (Chapter 4). In this experiment, the hypothesis was that restoring sleep in a model 

of tauopathy would improve the cognitive and other tau-associated phenotypes. The aim was 

to determine if pharmacologically promoting sleep, with two different orexin receptor 
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antagonists and treatment approaches, improved cognition and/or slowed tauopathy 

progression in rTg4510 mice. These experiments provided information as to the potential 

therapeutic benefit of sleep in neurodegenerative mouse models, further implicating their 

bidirectional link.  

Finally, the sleep/wake profile of rTg4510 mice in response to acute administration of 

hypnotic drugs was assessed (Chapter 5). These experiments provide the first investigation of 

the effects of different hypnotic principles in a model of tauopathy. Furthermore, they 

facilitated comparisons between the acute (Chapter 5) and chronic (Chapter 4) responses of 

rTg4510 mice to orexin receptor antagonists.  

Information generated in this thesis thus provides new insights into a rather neglected, 

but vitally important, component of AD and FTD research, by further defining the role of tau 

in the bidirectional relationship between sleep and disease. Furthermore, this research 

highlights implications for the use of sleep-promoting hypnotics as potential therapeutic tools 

in tauopathy-related disorders.     
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2.1 Abstract 

Sleep/wakefulness disturbances are a hallmark of the neurodegenerative disorders Alzheimer’s 

disease (AD) and Frontotemporal dementia (FTD). A bidirectional relationship between sleep 

and disease pathology has been proposed, leading to a detrimental cycle that accelerates disease 

progression and cognitive decline. Typical sleep problems in dementia include insomnia and 

sleep fragmentation, which are, to some extent, reminiscent of the neurological disorder 

narcolepsy with cataplexy, which is caused by the loss of orexin-producing neurons. This 

similarity in symptoms may suggest a dysregulation in the orexin system in AD/FTD, and 

clinical evidence exists to support this notion. AD and FTD-tau also share the accumulation of 

central nervous system (CNS) tau fibrils as a core, diagnostic pathology. It was therefore aimed 

to characterise orexin receptor mRNA expression in the brains of tau transgenic rTg4510 and 

tau-/- knockout (KO) mice using in situ hybridisation (ISH), focusing on regions involved in 

sleep/wakefulness regulation. These data show that both rTg4510 and tau-/- KO mice exhibit a 

similarly decreased orexin receptor 1 (OX1R) mRNA expression in the locus coeruleus (LC) 

compared with wildtype (WT) controls. Orexin receptor 2 (OX2R) mRNA levels were not 

altered in the brains of either model. The LC is strongly implicated in the regulation of 

sleep/wakefulness and expresses abundant levels of OX1R. These findings thus raise interesting 

questions regarding the effects of altered tau on the orexin system, specifically OX1R, and 

emphasise a potential mechanism which could help to explain sleep/wakefulness disturbances 

reported in AD and FTD.  
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2.2 Introduction 

Sleep/wakefulness disturbances are common in Alzheimer’s disease (AD) and Frontotemporal 

dementia (FTD), in which they often present very early in the course of disease progression, 

typically preceding cognitive impairment (Prinz et al., 1982; Bathgate et al., 2001; Liu et al., 

2004; Moran et al., 2005; Anderson et al., 2009; Westerberg et al., 2012; Bonakis et al., 2014; 

Ju et al., 2014; Lim et al., 2014). Common sleep disturbances include insomnia, sleep 

fragmentation, excessive daytime sleepiness, decreased NREM/REM sleep, considerable shifts 

in circadian rhythms and an abnormally elevated level of arousal around bedtime (sundowning 

syndrome) (Bonanni et al., 2005; Crowley, 2011; Slats et al., 2013; Lim et al., 2014; Musiek 

et al., 2015; Peter-Derex et al., 2015; Urrestarazu and Iriarte, 2016; Cagnin et al., 2017). There 

are numerous lines of evidence suggesting that a bidirectional relationship exists between sleep 

disturbances and AD pathology. A positive feedback loop has been proposed in which the 

initial AD pathology disrupts the sleep-wake cycle, which subsequently negatively influences 

disease development to exacerbate and accelerate AD pathology (Ju et al., 2014; Lim et al., 

2014). Animal models are currently being used to delve deeper into the potential mechanisms 

mediating these processes, however, the root causes of these sleep/wakefulness disturbances 

remain to be determined.  

Although not as severe, sleep/wakefulness disruptions in AD parallel some of the 

distinguishing features of the neurological disorder narcolepsy with cataplexy (type 1 

narcolepsy). In humans, narcolepsy with cataplexy (Mignot, 1998; Siegel and Boehmer, 2006; 

Sakurai, 2007; Scammell, 2015; Kornum et al., 2017) is caused by the loss of orexin-producing 

neurons and is characterised, amongst other features, by highly fragmented sleep including fast 

transitions from wakefulness to sleep, with a sudden loss of muscle tone. Furthermore, mice 

with disruptive modifications of the orexin system (at the gene, neuronal, peptide or receptors 

level) all exhibit remarkably similar phenotypes (Chemelli et al., 1999; Hara et al., 2001; Willie 

et al., 2003; Beuckmann et al., 2004; Kalogiannis et al., 2011; Tabuchi et al., 2014; Bernard-

Valnet et al., 2016; Branch et al., 2016), which echo the characteristic symptoms of human 

narcolepsy with cataplexy, cementing orexin neuron loss as the primary mechanism underlying 

this disorder.   

The orexin system (de Lecea et al., 1998; Sakurai et al., 1998) plays a crucial role in 

the regulation of sleep and wakefulness (Sutcliffe and de Lecea, 2002; Hoyer and Jacobson, 

2013). The two neuropeptides orexin A and orexin B are synthesised by neuronal cell bodies 

restricted primarily to the lateral hypothalamus (LH; Peyron et al., 1998; van den Pol et al., 

1998; Nambu et al., 1999). Orexin fibres broadly innervate the central nervous system (CNS; 
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Peyron et al., 1998; Nambu et al., 1999) and the neuropeptides act on two G-protein coupled 

receptors (GPCRs) – orexin receptor 1 (OX1R) and orexin receptor 2 (OX2R). A widespread, 

but distinct expression profile of the two receptors is observed throughout the brain (Marcus et 

al., 2001). Dense orexinergic innervation and high orexin receptor expression levels are found 

especially in brain regions involved in the regulation of arousal and accordingly, activation of 

orexin receptors promotes wakefulness (Marcus et al., 2001), whereas antagonism of OX2R, or 

OX2R and OX1R together, promotes sleep (Hoyer and Jacobson, 2013; Jacobson et al., 2017). 

The arousal promoting effects of orexin originate from their excitatory inputs to wake-active 

neuronal populations, including the noradrenergic locus coeruleus (LC), histaminergic 

tuberomammillary nucleus (TMN), serotonergic dorsal raphe nucleus (DRN), dopaminergic 

ventral tegmental area (VTA) and the cholinergic basal forebrain (Saper et al., 2010). In 

particular, the LC and TMN play key roles in the regulation of arousal and express almost 

exclusively OX1R and OX2R, respectively (Marcus et al., 2001). Dysfunctions in the orexin 

system therefore have the potential to cause sleep/wakefulness disturbances. The similarities 

in sleep/wakefulness symptoms of AD and narcolepsy with cataplexy may be suggestive of a 

dysregulation of the orexin system in the early stages of AD. Indeed, there is clinical evidence 

to support the concept that orexin signalling is altered in AD, given that cerebrospinal fluid 

(CSF) orexin levels are elevated (Liguori et al., 2014b; Liguori et al., 2016; Gabelle et al., 

2017) and negatively correlate with daytime somnolence (Liguori et al., 2014b). Additionally, 

there is a reduced expression of OX1R mRNA in the hippocampus of AD patients (Davies et 

al., 2015).      

The characteristic lesions of AD are extracellular senile or neuritic plaques composed 

of aggregated amyloid beta (Aβ) peptides and intracellular neurofibrillary tangles (NFTs) 

comprised of hyperphosphorylated tau protein (Braak and Braak, 1991b; Dickson, 1997; 

Selkoe, 1997, 2001; Blennow et al., 2006; Querfurth and LaFerla, 2010; Ballard et al., 2011; 

Holtzman et al., 2011). Many of the preclinical studies conducted so far have focused on the 

Aβ aspect of the bidirectional relationship between sleep and AD pathology (Cirrito et al., 

2005; Kang et al., 2009; Bero et al., 2011; Roh et al., 2012), however, it is plausible that tau 

could also play a key role in this process. Patients with frontotemporal dementia (FTD) exhibit 

substantial sleep and circadian disturbances (Bathgate et al., 2001; Liu et al., 2004; Anderson 

et al., 2009), which are similar to, and possibly even more severe than those experienced by 

AD patients (Bonakis et al., 2014). Although FTD is genetically heterogeneous, one genetic 

variant (FTD-tau; Forrest et al., 2018) is caused by a mutation in the tau gene (MAPT) located 

on chromosome 17 (Hutton et al., 1998; Goedert and Spillantini, 2006) and sporadic tauopathy 
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in FTD also exists. Furthermore, both tau transgenic mice and tau-/- knockout (KO) mice show 

disrupted sleep/wakefulness phenotypes (Cantero et al., 2010; Holth et al., 2017b). Together 

these data may point to a role of altered tau function and/or its negative neurobiological 

consequences in mediating sleep/wake disturbances in AD and FTD. 

In light of these findings, the present study resolved to test the hypothesis that tau 

influences the orexin system and that this influence may be implicated in the underlying 

mechanisms of sleep/wakefulness disturbances in both AD and FTD-tau. This study therefore 

aimed to characterise and quantify orexin receptor mRNA expression in the brains of rTg4510 

mice which overexpress human tau harbouring the FTD-associated P301L mutation, and tau-/- 

KO mice, using in situ hybridisation (ISH), focusing in particular on brain regions associated 

with the regulation of sleep and wakefulness.     

 

 

 

2.3 Materials and methods  

Animals  

Mice used in this study were the rTg4510 transgenic mouse model of tauopathy (Ramsden et 

al., 2005; Santacruz et al., 2005) and tau-/- KO mice on a C57BL/6 background (Dawson et al., 

2001; Lei et al., 2014).  

rTg4510 mice were bred in house, as previously described (Ramsden et al., 2005; 

Santacruz et al., 2005). In brief, FBV/N mice expressing human tau containing the MAPT 

P301L mutation (associated with FTD-tau in humans) downstream of a tetracycline operon-

responsive element (TRE) were crossed with 129SVeV mice expressing a tetracycline-

controlled transactivator (tTA) under control of the Ca2+-calmodulin-dependent protein kinase 

II (CaMKII) promotor. In this mouse, constitutive expression of the tau transgene (in the 

absence of doxycycline) is specifically restricted to forebrain structures due to the CaMKII 

promotor.  

Tau KO (tau-/-) or WT (tau+/+) mice as initially described in Dawson et al. (2001) were 

bred in house as previously reported (Lei et al., 2014). Mice bred on the C57BL/6 background 

were used for the present experiments. All mice were genotyped using a standardised 

polymerase chain reaction (PCR) assay for tail DNA (Transnetyx Inc., Cordova, TN, USA).   

5.2-month-old male rTg4510 (n = 6) and WT (n = 6) mice were used. This age was 

selected as modified variants of tau and tangle-like inclusions have already begun to develop 
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however, neurodegeneration and extensive neuronal or synaptic loss has yet to occur (Ramsden 

et al., 2005).  

6-month-old tau-/- (n = 5 males; n = 4 females) and tau+/+ (n = 5 males; n = 3 females) 

mice were also used in this study. This age was selected given the fragmented sleep (Cantero 

et al., 2010) and olfactory deficit (Beauchamp et al., 2018) phenotype manifested in these mice 

around this age.  

All mice were group-housed in standard transparent individually ventilated cages (IVC; 

29.5 x 16 x 13 cm) with sawdust and tissue paper nesting material. The holding room was under 

a 12 h light/dark cycle (lights on at 0700h). Standard rodent food and water were available ad 

libitum. All experimentation was performed in accordance with the Prevention of Cruelty to 

Animals Act (2004), under the guidelines of the National Health and Medical Research Council 

Code of Practice for the Care and Use of Animals for Experimental Purposes in Australia 

(2013) and approved by The Florey Animal Ethics Committee (AEC number: 16-022). All 

efforts were made to minimise animal suffering.  

 

Perfusion and brain collection  

Mice were culled during the inactive phase (between 1000-1600h). All sample collection was 

performed under RNase-free conditions (all instruments and surfaces were pre-treated with 

RNase Zap®, Sigma-Aldrich). Mice were terminally anaesthetised with a lethal dose of sodium 

pentobarbitone (80 mg/kg) and perfused with approximately 3 times their blood volume 

(estimated as 7% of body weight) of 0.01M phosphate-buffered saline (PBS) containing 

heparin (55.6 mg/L) immediately followed by the same volume of 4% paraformaldehyde 

(PFA). Brains were extracted and post-fixed in 4% PFA for 24 h at 4°C, washed (2 x 30 mins) 

in ice-cold 0.1% diethylpyrocarbonate (DEPC)-treated PBS and then equilibrated in 30% (w/v) 

molecular grade sucrose in DEPC-treated PBS until the brain had sunk (2-3 days). Brains were 

snap-frozen in isopentane cooled on dry ice and stored at -80°C until sectioning.  

 

Cryosectioning 

All brains were placed in a -20°C freezer the day before sectioning. 30 µm-thick coronal 

sections of a 1 in 5 series (A→E) were cut through the brain (minus the olfactory bulbs) on a 

cryostat (Leica, Leica Microsystems, Wetzlar, Germany). Sections were mounted 12 sections 

per slide on positively charged Superfrost Ultra Plus glass slides (Thermo Scientific) and air-

dried for at least 1-2 h at room temperature to ensure adequate adherence. Slides were then 
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stored at -80°C, with desiccant, until ISH procedures. All cryosectioning was performed under 

RNase-free conditions.       

 

In situ hybridisation (ISH) 

Generation of digoxigenin (DIG) labelled cRNA probes  

The forward and reverse primers used to amplify the mouse orexin receptor probe sequences 

were designed using Vector NTI® software (ThermoFisher Scientific) as previously described 

(Bron et al., 2013; Bron et al., 2014). Briefly, the Ensembl database was used to identify target 

sequences for the genes of interest (mHcrtr1 and mHcrtr2) and to design the forward and 

reverse primers. The primer sequences were as follows:  

mHcrtr1 forward primer: TGAACTCTACCCCAAGATCTATCACA  

mHcrtr1 reverse primer: 

GAATTCTAATACGACTCACTATAGGGAGAGTGAATATGTCTGTGGGGACCTTT          

mHcrtr2 forward primer: ATTCCCGGAACTTCTTCTGTGGTT 

mHcrtr2 reverse primer: 

GAATTCTAATACGACTCACTATAGGGAGATGACATCTCACATCGAAGGCTTGA 

Underlined sequences represent the T7 recognition sites located in the reverse primers. All 

primers were initially made up to a 40 µM stock solution in endotoxin free TE buffer 

(Invitrogen) and then diluted with molecular grade ultrapure water (Invitrogen) to a working 

solution of 2 µM.  

cDNA containing both the mHcrtr1 and mHcrtr2 sequences for the cRNA probes were 

generated from RNA extracted from the trigeminal ganglion of a C57BL/6 mouse using a 

Qiagen RNAEasy® kit (Chatsworth, CA, USA). RNA concentration and purity were 

determined using a Nanodrop 1000 Spectrophotometer. Reverse-transcription (RT) of RNA 

was performed using SuperScript® III (Invitrogen) according to the manufacturer’s 

instructions. 

PCR was performed on a mixture containing PCR mastermix (5 Prime), the relevant 

forward primer, the relevant reverse primer, molecular grade ultrapure water and cDNA. 

Thermal cycler settings were as follows: 1 hold at 94°C (3 min) followed by 12 touchdown 

cycles of 94°C (40 s), 68-57°C (40 s, 1°C decrease per cycle), 72°C (90 s), then 35 cycles of 

94°C (40 s), 56°C (40 s), 72°C (90 s) and finally holds of 72°C (10 min) and 12°C (∞). The 

PCR product (containing the specific T7 polymerase promotor sequence) was used to generate 

the cRNA probes by in vitro transcription. Briefly, a master mix containing 1x transcription 

buffer (Roche), 10 mM Dithiothreitol (DTT; Sigma-Aldrich), DIG-RNA labelling mix 
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(Roche), molecular grade ultrapure water, RNAse out (Invitrogen), the generated PCR 

templates and T7 RNA polymerase (Roche) was incubated at 37°C for 90 min. DNase (Roche) 

was then added to destroy the DNA template and the solution was incubated at 37°C for a 

further 7 min. The reaction was stopped with molecular grade 0.5 M ethylenediaminetetraacetic 

acid (EDTA; Sigma-Aldrich) and the nucleic acid precipitated with 8 M lithium chloride 

solution (Sigma-Aldrich). 70 µL of 100% ethanol was then added and the solution stored at -

20°C overnight. The following day probe mixtures were centrifuged at 21,000 x g for 10 min 

at room temperature, the supernatant was discarded and the pellet was re-suspended in 70% 

ethanol in ultrapure water. Following re-centrifugation at 21,000 x g for 5 min at room 

temperature the supernatant was discarded and the pellet allowed to air dry for 45 min. The 

pellet was suspended in ultrapure water and 100 mM DTT was added to a final concentration 

of 10 mM. To confirm generation of the cRNA probes, 5 µL of solution was run in a 0.6% 

agarose gel for 12 mins at 70V and imaged on a Bio-Rad Chemi Doc™ MP imager (Hercules, 

CA, USA) coupled with Bio-Rad Image Lab™ software version-4.1. OX1R and OX2R cRNA 

probes were stored at -80°C until required.  

 

ISH protocol  

One slide from series B, C and D and two from series E (due the small size of the LC brain 

structure located in this series) were allocated to hybridisation with the OX1R receptor probe 

from each mouse. One slide from series B, C, D and E were allocated to hybridisation with the 

OX2R receptor probe. During workup of the ISH protocol and validation of the cRNA probes, 

several ‘no probe’ controls were also run. No detectable staining was observed (Fig. 2.1A-C).  

All steps performed prior to hybridisation of the cRNA probes were conducted under 

RNase-free conditions. Required slides were removed from -80°C storage and allowed to dry 

at room temperature for 1-2 h. Slides were placed in Hellendahl jars and washed (2 x 10 min) 

in DEPC-PBS then placed flat in slide boxes (Kartell Labware) filled with 50 ml of humidifying 

buffer containing 50% formamide (Sigma-Aldrich) and 1x salts solution. The OX1R and OX2R 

RNA probes were diluted (1:100) separately in hybridisation buffer containing 50% 

formamide, 10% dextran sulphate (ThermoFisher Scientific), 1x salts solution, 1 mg/ml RNA 

from yeast (Sigma-Aldrich) and 1x Denhardt’s solution (Invitrogen), then heated in a water 

bath at 70°C for 20 min. 300 µL of the relevant probe mixture was added to each slide, a 

coverslip was added and the lid of the slide box closed and sealed with masking tape. Slides 

were incubated overnight in an oven at 60°C to allow hybridisation of the cRNA probe to the 

complimentary mRNA sequence of the orexin receptors. The following day the coverslips were 
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detached via gravity and the slides washed (2 x 30 min) at 60°C in Hellendahl jars containing 

pre-heated (~20 min) washing solution consisting of 1x saline sodium citrate (SSC), 50% 

formamide and 0.1% Tween-20 (Sigma-Aldrich). The slides were then washed (5 x 10 min) at 

room temperature on a rocker with 1x MABT solution (100 mM maleic acid (Sigma-Aldrich), 

150 mM sodium chloride (Sigma-Aldrich), 0.1% Tween-20 (Sigma-Aldrich), pH 7.5). Slides 

were then incubated for 90 min at room temperature with blocking solution consisting of 2% 

Roche blocking reagent (Roche), 1x MABT and 20% inactivated sheep serum (Sigma-

Aldrich). After blocking, the slides were incubated with Sheep anti-DIG-AP Fab fragments 

(Roche, Cat. No. 11093274910) in blocking solution (1:2000), overnight at 4°C in slide boxes 

containing water. The antibody binds to the DIG-labelled cRNA probe. The following day 

excess antibody solution was removed and the slides washed (5 x 10 min) in 1x MABT solution 

at room temperature on a rocker. This was followed by (2 x 10 min) washes with alkaline 

phosphatase (AP) buffer consisting of 100 mM sodium chloride, 50 mM magnesium chloride, 

100 mM Tris pH 9.5 and 0.1% Tween-20. Staining solution was prepared by dissolving 5% 

(w/v) Mowiol (polyvinylalcohol 4-88; Sigma-Aldrich) in AP buffer with heating and stirring 

and then adding 20 µL/ml of nitro-blue tetrazolium/5-bromo-4-chloro-3'-indolyphosphate 

(NBT/BCIP; Roche). Slides were dried and positioned in slide boxes then 400 µL of staining 

solution was added. The NBT/BCIP reagent generates an intense purple/black precipitate when 

reacted with the AP-conjugated antibody. The reaction was allowed to proceed at room 

temperature and monitored using a dissection microscope every 30-60 min until sufficient 

staining had developed, typically 6-8 h. Once sufficient staining had developed excess solution 

was removed and slides were washed (3 x 10 min) with PBS at room temperature on a rocker. 

Slides were air-dried and then mounted with Fluorescence Mounting Medium (DAKO), a 

coverslip added and then stored at 4°C in the dark to dry, until imaging.  

 

Image acquisition and analysis 

ISH-stained slides were scanned using a Pannoramic Scan II (3DHISTECH) digital slide 

scanner. Images were captured using Pannoramic Scanner version 1.22 SP software 

(3DHISTECH) and manually viewed using CaseViewer version 2.2 software (3DHISTECH) 

to determine appropriate sections for analysis. Once sections were assigned for quantitative 

analysis the relevant images were exported as TIFF files using Pannoramic Viewer version 

1.15.4 (3DHISTECH).  

The brain regions analysed included the cerebral cortex, DRN, hippocampus, LH, LC, 

paraventricular nucleus of the thalamus, TMN and the VTA (Fig. 2.1). 2-3 sections per brain 
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region were selected for analysis using Fiji/ImageJ software (Schindelin et al., 2012) and 

mRNA receptor expression was quantified using custom written analysis scripts.  

An investigator blinded to animal genotype and sex manually outlined the individual 

brain regions of interest (ROI) using the freehand region tool (see Lazic, 2009) and the area 

and outline of the region was measured and saved. A Gaussian blur (sigma = 2) was applied to 

the image and the background staining subtracted using a rolling ball subtraction (radius = 50). 

After background subtraction, positive staining was extracted from the image using the colour 

deconvolution plugin built into Fiji/ImageJ and the extent of positive staining was thresholded 

using the IJ_IsoData auto threshold algorithm. The automatically set threshold value was then 

manually adjusted to closely match the intensity of staining on the section. The original image 

was positioned side by side with the thresholded image when setting the threshold value, for 

accuracy and consistency. Once the threshold was set, the ROIs were reloaded onto the image 

and the area of positive staining within the ROI was calculated. Therefore, the percentage of 

stain-positive pixels in a target region was determined and was considered a reliable estimate 

of the relative expression of OX1R or OX2R receptor mRNA. Typically, 2-4+ ROI replicates 

per brain region were used, taken from up to 3 different brain sections, and averaged together 

for the overall value specified for that brain region.  

 

Statistical analysis 

Statistical analyses were performed using the software package GraphPad Prism (Version 8.0.0 

for Windows). Effects of sex or brain region hemisphere on expression of OX1R or OX2R were 

first analysed by Student’s t-test to determine if any sex or hemisphere differences were 

evident. Percentage OX1R or OX2R mRNA expression were analysed using Student’s t-test 

between genotype (rTg4510 vs. WT; or tau-/- vs. tau+/+) for both receptors (OX1R and OX2R) 

and within each brain region. For all analyses, P < 0.05 was considered to be statistically 

significant.  
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2.4 Results 

rTg4510 and tau-/- KO mice do not exhibit brain hemisphere or sex differences 

in orexin receptor mRNA expression 

There was no effect of brain hemisphere or sex in either the rTg4510 or tau-/- KO strain 

(Appendix II), therefore averages across hemispheres were used and the data from the two 

sexes pooled for subsequent analyses. Representative images of ISH staining are shown in Fig. 

2.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Representative sections hybridised with orexin receptor RNA probes.  

A-I, Coronal brain sections following in situ hybridisation (ISH) procedures hybridised with no probe (A-C), OX1R 

RNA probe (D-F) and OX2R RNA probe (G-I). The locus coeruleus (LC) expresses abundant OX1R and is distinctly 

visible in F. CA1 CA1 subfield of hippocampus; CA2 CA2 subfield of hippocampus; CA3 CA3 subfield of 

hippocampus; CTX cerebral cortex; DG dentate gyrus; DRN dorsal raphe nucleus; LC locus coeruleus; LH lateral 

hypothalamus; PVT paraventricular nucleus of the thalamus; TMN tuberomammillary nucleus.      
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rTg4510 mice exhibit decreased orexin receptor 1 mRNA expression in the locus 

coeruleus  

rTg4510 mice exhibited a decreased OX1R mRNA expression in the LC compared with their 

WT controls (MWT – MrTg4510 = 11.47, t = 3.216, df = 9, P = 0.0105; Fig. 2.2A). rTg4510 mice 

also exhibited an increased OX1R mRNA expression in the CA1 subfield of the hippocampus 

(MWT – MrTg4510 = -15.55, t = 3.260, df = 9, P = 0.0098; Fig. 2.2A). No statistically significant 

differences were observed in OX1R mRNA expression between genotype for all other brain 

regions measured. No differences were observed in OX2R mRNA expression between 

genotype for all brain regions (Fig. 2.2B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Orexin receptor mRNA expression in the brains of rTg4510 mice. 

A-B, Percentage expression of OX1R mRNA (A) and OX2R mRNA (B) per brain region. Data are means ± SEM. n 

= 4-6 per brain region. *P < 0.05, **P < 0.01 vs. WT within brain region, by Student’s t-test. CA1 CA1 subfield of 

hippocampus; CA2 CA2 subfield of hippocampus; CA3 CA3 subfield of hippocampus; CTX cerebral cortex; DG 

dentate gyrus; DRN dorsal raphe nucleus; LC locus coeruleus; LH lateral hypothalamus; PVT paraventricular 

nucleus of the thalamus; TMN tuberomammillary nucleus; VTA ventral tegmental area.      
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Tau-/- KO mice exhibit decreased orexin receptor 1 mRNA expression in the 

locus coeruleus 

Tau-/- KO mice also exhibited decreased OX1R mRNA expression in the LC compared with 

their respective tau+/+ (WT) controls (MWT – Mtau KO = 10.76, t = 2.939, df = 14, P = 0.0108; 

Fig. 2.3A). No differences were observed in OX1R mRNA expression between genotype for 

all other brain regions measured. Analogous to rTg4510 mice, no differences were observed in 

OX2R mRNA expression between genotype for all brain regions (Fig. 2.3B).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Orexin receptor mRNA expression in the brains of tau-/- KO mice. 

A-B, Percentage expression of OX1R mRNA (A) and OX2R mRNA (B) per brain region. Data are means ± SEM. n 

= 7-9 per brain region. *P < 0.05 vs. WT within brain region, by Student’s t-test. CA1 CA1 subfield of hippocampus; 

CA2 CA2 subfield of hippocampus; CA3 CA3 subfield of hippocampus; CTX cerebral cortex; DG dentate gyrus; 

DRN dorsal raphe nucleus; LC locus coeruleus; LH lateral hypothalamus; PVT paraventricular nucleus of the 

thalamus; TMN tuberomammillary nucleus; VTA ventral tegmental area.      
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Figure 2.4. Representative orexin receptor 1 mRNA expression in the locus coeruleus.  

A-D, Zoomed images of the locus coeruleus (LC) hybridised with the OX1R RNA probe in WT (A), rTg4510 (B), 

tau+/+ WT (C) and tau-/- KO (D) mice.  

 

 

 

2.5 Discussion 

The aim of this study was to quantify orexin receptor mRNA levels in the brains of rTg4510 

and tau-/- KO mice compared to their WT controls, with a particular focus on brain regions 

involved in the regulation of sleep and wakefulness. The principle finding was a similarly 

decreased OX1R mRNA expression in the LC of both mouse strains investigated. An increased 

OX1R mRNA expression was also observed in the CA1 hippocampal subfield in rTg4510 mice. 

Similar findings across both strains raises interesting questions regarding the potential 

mechanisms by which altered tau function may be influencing the orexin system. Furthermore, 

given the critical role the LC plays in the regulation of sleep and wakefulness, these results are 

suggestive of a process which could help to explain the sleep disturbances reported in AD and 

FTD.  

In the present study, OX1R mRNA expression in the LC was reduced in both rTg4510 

and tau-/- KO mice. The LC is a central node in the arousal pathway, a highly conserved network 

that promotes and maintains wakefulness (Saper et al., 2005) in humans and rodents. 

Wakefulness is promoted via the release of noradrenaline (NA), and over half of the brain NA 

and all neocortex NA comes from the LC (Valentino and Van Bockstaele, 2008; de Lecea et 
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al., 2012). The LC is a critical effector of sleep-to-wake transitions (Carter et al., 2010; Carter 

et al., 2012; Yamaguchi et al., 2018) and it receives particularly dense projections from 

orexinergic neurons of the LH (Peyron et al., 1998). A number of studies have illustrated the 

functional integration of orexin and LC neurons in gating sleep/wake arousal states (Hagan et 

al., 1999; Horvath et al., 1999; Gompf and Aston-Jones, 2008; Carter et al., 2012). The present 

data therefore suggest that alterations in tau influences the relationship between the orexinergic 

and LC/noradrenergic components of the ascending arousal system at a molecular level.   

This alteration may be associated with previously described sleep/wakefulness 

phenotypes in both tau transgenic and tau-/- KO mice. The PS19 tau transgenic mouse, which 

harbour a similar tau mutation (P301S) to the rTg4510 mice used here (P301L), was recently 

demonstrated to exhibit a progressive hyperarousal phenotype (Holth et al., 2017b). Similarly, 

Cantero et al. (2010) observed that tau-/- KO mice also exhibit a hyperarousal phenotype, in 

addition to severe sleep fragmentation. In this regard, it is interesting to consider that OX1R 

KO mice also exhibit mildly fragmented sleep/wakefulness (Willie et al., 2001), whereas dual 

receptor KO mice exhibit a more severe narcoleptic/cataplectic phenotype (Willie et al., 2003). 

This aligns with the alteration of OX1R in the LC observed in the present study and with the 

sleep/wakefulness disturbances reported in tau mutant strains. Proportional decreases in OX1R 

mRNA expression of 25-30% of WT levels were observed in the LC in this experiment. Several 

studies utilising siRNA have demonstrated that even subtle alterations (10-20%) in mRNA 

expression can result in profound behavioural and functional changes (Thakker et al., 2005; 

Hoyer et al., 2006; O'Connor et al., 2013) and supports the concept that these receptor changes 

may be contributing to the sleep/wakefulness phenotypes observed in tau mutant mice. 

Furthermore, given the influence of orexin on arousal and the reported elevation in orexin CSF 

levels in AD (Dauvilliers et al., 2014b; Liguori et al., 2014b; Liguori et al., 2016; Gabelle et 

al., 2017), in addition to the positive correlation between CSF orexin levels and total tau and 

phosphorylated tau levels in AD (Deuschle et al., 2014; Liguori et al., 2014b; Liguori et al., 

2016; Osorio et al., 2016), it will therefore be of interest to assess other aspects of the orexin 

system in tau transgenic and tau-/- KO mice in the future.  

The focal effect of OX1R reduction in the LC is of particular interest since it has been 

amply demonstrated that the LC is selectively vulnerable in AD. Braak and colleagues recently 

suggested that the development of tau pathology specifically affects brain regions involved in 

the regulation of sleep/wakefulness first, particularly the LC (Braak and Del Tredici, 2015; 

Stratmann et al., 2016), and postulated this preceded amyloid pathology by a considerable 

period in AD (Braak and Braak, 1991b, 1995; Braak et al., 2006; Braak et al., 2011). 
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Pathological tau variants affecting these regions may thus contribute to sleep/wakefulness 

disruptions in AD and FTD-tau patients. Selective vulnerability of the LC to tau pathology has 

also been demonstrated in preclinical models. Iba et al. (2013) injected synthetic fibrils of 

recombinant tau into the hippocampus or cortex/striatum of tau transgenic (P301S) mice. 

Immunohistochemical analysis showed time- and region-specific development of tau 

pathology throughout the brain – with the LC exhibiting rapid and advanced pathology despite 

being physically distant from the injection site (Iba et al., 2013). In fact, tau pathology 

developed faster and was more advanced in the LC than at the injection site itself, 

demonstrating that the LC is particularly vulnerable to the development of tau pathology. These 

data further suggest that excitatory input to the LC, in the form of orexin, is modulated under 

conditions of altered tau.   

The mechanism responsible for altering OX1R in the LC in tau mutant mice in the 

present study has yet to be defined. It is currently unclear if the LC expressed less OX1R mRNA 

per neuron or if there was a loss of LC cells. If the latter was the case it may also have been 

expected to observe a decrease in OX2R mRNA expression in the LC of tau mutant mice, which 

was not the case. However, the LC expresses minimal OX2R and therefore ISH may not have 

been sensitive/specific enough to detect subtle difference at this level of expression. 

Alternatively, the loss of LC neurons has been associated with AD pathology in both humans 

(Bondareff et al., 1982; Bondareff et al., 1987; German et al., 1987; German et al., 1992; 

Manaye et al., 1995) and rodent models (O'Neil et al., 2007; Liu et al., 2008b; Manaye et al., 

2013). Pertinently for this study, extended wakefulness/disrupted sleep has also been 

demonstrated to cause LC cell loss in WT mice (Zhang et al., 2014; Zhu et al., 2016).   

Almost identical results were observed in this study in the LC, across the two strains 

investigated. This is interesting given that tau pathology in the form of a toxic gain of function 

may be proposed to have contributed to the observed alterations in rTg4510 mice, however, 

the same mechanism cannot be proposed in the tau-/- KO mice given the absence of tau. Tau 

hyperphosphorylation has also been suggested to induce tau loss of function (Iqbal et al., 2005) 

– an explanation that is compatible with the phenocopy of tau transgenic and KO mice in the 

present study, and indeed with the similar hyperarousal and fragmented sleep/wakefulness 

phenotype between tau-/- KO (Cantero et al., 2010) and P301S mice (Holth et al., 2017b). Given 

the two distinct mouse models used in the current study it appears that irrespective of the 

specific mechanism by which tau function is lost the resulting phenotype is similar at both a 

functional (hyperarousal and sleep/wakefulness fragmentation) and molecular (OX1R 

expression) level.  
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An increase in OX1R mRNA expression in the CA1 subfield of the hippocampus was 

also observed in rTg4510 mice but not in tau-/- KO mice. Changes in hippocampal OX1R have 

been reported in AD post-mortem tissue using PCR methods (Davies et al., 2015), although 

specific subfields were not analysed in that study. It is difficult to interpret these findings based 

solely on the present data and in the context of scarce literature regarding specific orexin 

receptor/system changes in the hippocampus in AD. Although no changes in the hippocampus 

were observed in tau-/- KO mice, given that the two models are genetically diverse and on 

different background strains, identical results across all measured parameters were not 

expected. As discussed above, the LC appears to be susceptible in both models and is 

potentially due to the loss of function of tau. Furthermore, rTg4510 mice have been shown to 

develop hippocampal-dependent cognitive deficits (Ramsden et al., 2005; Santacruz et al., 

2005; Blackmore et al., 2017) whereas tau-/- KO mice have no reported cognitive impairment 

at the age investigated in this study (Morris et al., 2013; Lei et al., 2014). Akbari et al. (2006) 

found that antagonism of OX1R in the CA1 subfield impaired spatial memory in rats, 

implicating its involvement in hippocampal-dependent learning. The differences observed in 

the CA1 subfield could thus be compensatory upregulation of OX1R mRNA in response to 

hippocampal insult from hyperphosphorylated tau and the resulting cognitive decline – a 

phenotype not present in tau-/- KO mice at 6 months of age. Further investigations are 

warranted.     

In conclusion, the aim of this study was to characterise and quantify orexin receptor 

mRNA expression in the brains of rTg4510 and tau-/- KO mice using ISH, focusing in particular 

on brain regions associated with the regulation of sleep and wakefulness. It was observed that 

rTg4510 and tau-/- KO mice exhibited decreased OX1R mRNA expression in the LC compared 

to WT controls. The similar findings across the two models highlights a comparable molecular 

consequence – which may relate to the loss of function of tau in both the KO and the rTg4510 

model. The differences observed in the LC aligns with the current literature regarding the 

vulnerability of the LC and spread of tau pathology in AD.  Furthermore, given the LC’s crucial 

role in arousal regulation, these data offer an insight into how sleep/wakefulness disturbances 

may manifest over the course of AD progression.  
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Chapter 3  
 
 
 
Tau Transgene Suppression Rescues Cognitive and 

Neurodegenerative Phenotypes but not Hyperarousal in the 

rTg4510 Mouse Model of Tauopathy 

 

 

 

 

3.1 Abstract 

Alzheimer’s disease (AD) and tau-variant frontotemporal dementia (FTD-tau) are 

neurodegenerative disorders which share the development of tau pathologies and 

sleep/wakefulness disturbances. A bidirectional relationship between sleep and disease 

pathology has been proposed and current evidence suggests tau may play a key role in 

mediating sleep/wake disturbances. The present work aimed to characterise the sleep/wake 

profile of tau transgenic rTg4510 mice and to explore whether reducing hyperphosphorylated 

tau accumulation by suppressing transgene expression (with chronic doxycycline (Dox) 

treatment) affected this phenotype, in conjunction with its effects on the known cognitive and 

neurodegenerative phenotype of the rTg4510 mouse. Four and a half-month-old male and 

female rTg4510 mice were administered 200 ppm Dox for a period of nine weeks during which 

polysomnographic and behavioural assessments were carried out, followed by ex vivo magnetic 

resonance imaging (MRI) and biochemical measures. Dox treatment reduced hippocampal and 

cortical tau levels, attenuated brain atrophy, prevented cognitive deficits and mitigated 

locomotor hyperactivity. rTg4510 mice exhibited a hyperarousal sleep/wake phenotype 

particularly prominent during the active phase, in addition to altered sleep/wake architecture 

and electroencephalography (EEG) power spectral deficits; however, this phenotype was 

largely unaffected by Dox. These data indicate the hyperarousal phenotype is due to the 

invasion of tau pathology into the arousal circuitry and the blunted effect of Dox suggests 

pathology in these regions may be more severe and less reversible than in other brain regions. 

Collectively, these findings highlight a role of hyperphosphorylated tau in mediating 

sleep/wake disturbances in neurodegenerative disorders and provides incentive for further 

research into mechanisms underlying non-plastic alterations induced by tau variants in the 

ascending arousal circuitry.             
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3.2 Introduction 

Alzheimer’s disease (AD) and tau-variant frontotemporal dementia (FTD-tau) are debilitating 

and progressive neurodegenerative disorders which share the accumulation of CNS 

hyperphosphorylated tau fibrils as a core, diagnostic pathology (Hutton et al., 1998; Blennow 

et al., 2006; Ballatore et al., 2007; Gotz and Ittner, 2008; Forrest et al., 2018). AD and FTD-

tau also share several common symptomologies, including prominent sleep/wake disturbances, 

which often present well in advance of cognitive impairment (Moran et al., 2005; Anderson et 

al., 2009; Westerberg et al., 2012; Musiek et al., 2015). A bidirectional relationship between 

sleep and disease pathology has been proposed (Ju et al., 2014; Lim et al., 2014), particularly 

for AD; although much of the research so far has focused on the effects of amyloid-β (Aβ; 

Cirrito et al., 2005; Kang et al., 2009; Bero et al., 2011; Roh et al., 2012), whereas tau has not 

yet been as extensively studied. Nevertheless, tau pathology is a major hallmark of AD, and 

neurofibrillary tangle (NFT) burden correlates more strongly with cognitive impairment in AD 

than does Aβ plaque burden (Nelson et al., 2012). Furthermore, patients with FTD exhibit 

substantial sleep and circadian disturbances, which are similar to, and possibly even more 

severe than those experienced by AD patients (Bonakis et al., 2014). This may point to a role 

of tau pathology and/or its negative neurobiological consequences in mediating sleep 

disturbances in AD and FTD-tau.     

Current preclinical findings regarding the relationship between tauopathy and sleep are 

limited. Holth et al. (2017b) showed that tau transgenic mice with the human P301S MAPT 

mutation (PS19 mice) exhibited age-dependent sleep/wake disturbances including prominent 

increases in wake and decreases in NREM and REM sleep time. PS19 mice also exhibited a 

reduced number of wake bouts, although with longer bout durations, indicative of a 

hyperarousal phenotype. Reduction in electroencephalography (EEG) power during sleep were 

also observed. It was concluded that tau pathology alone is sufficient to drive sleep/wake 

changes (Holth et al., 2017b). In PLB2Tau mice, similar increases in wake and decreases in 

NREM sleep were also observed, however this only occurred during the light phase (Koss et 

al., 2016). One key concept of the bidirectional relationship between sleep and disease 

pathology is that heightened neuronal activity such as during extended wakefulness, or sleep 

deprivation, regulates the extracellular release of both Aβ (Cirrito et al., 2005; Cirrito et al., 

2008; Bero et al., 2011; Tabuchi et al., 2015) and tau (Pooler et al., 2013; Yamada et al., 2014; 

Wu et al., 2016; Wang et al., 2017a). In accordance with this, chronic sleep disruption was 

shown to advance the established temporal progression of tauopathy in PS19 (P301S) mice 
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(Zhu et al., 2018), supporting the notion that hyperarousal and/or poor sleep can exacerbate tau 

pathology, potentially via the increased cellular release of tau.  

Currently, no study has yet reported the effect of reducing hyperphosphorylated tau 

accumulation on sleep/wakefulness and EEG architecture in tau transgenic mice. In the present 

study, the conditional/inducible rTg4510 transgenic mouse model of tauopathy (Ramsden et 

al., 2005; Santacruz et al., 2005), which overexpresses human tau containing the P301L MAPT 

mutation (associated with FTD-tau in humans), was used to investigate this concept. In this 

model, tau transgene expression is specifically restricted to forebrain structures and is 

inactivated by administration of the tetracycline analogue doxycycline (Dox). rTg4510 mice 

are therefore an ideal strain to model the effects of tau reduction on sleep/wakefulness. Given 

the similarity in mutations between PS19 (P301S) and rTg4510 (P301L) mice, a similarly 

disrupted sleep/wake phenotype in rTg4510 mice was anticipated.     

The present study aimed to characterise the sleep/wake phenotype of rTg4510 mice 

using polysomnography (EEG/EMG recordings) and to investigate the effects of repressing tau 

transgene expression with Dox treatment on sleep/wake behaviour, and its relationship with 

the effects on the more thoroughly established cognitive and neurodegenerative phenotype of 

rTg4510 mice (Ramsden et al., 2005; Santacruz et al., 2005; Spires et al., 2006; Yue et al., 

2011; Blackmore et al., 2017).   

 

 

 

3.3 Materials and methods 

Animals  

Male and female rTg4510 transgenic mice and wildtype (WT) littermate controls were used 

(Ramsden et al., 2005; Santacruz et al., 2005). rTg4510 mice were bred in house as previously 

described (Ramsden et al., 2005; Santacruz et al., 2005). In brief, FBV/N mice expressing 

human tau containing the P301L MAPT mutation (associated with FTD-tau in humans) 

downstream of a tetracycline operon-responsive element (TRE) were crossed with 129SVeV 

mice expressing a tetracycline-controlled transactivator (tTA) under control of the Ca2+-

calmodulin-dependent protein kinase II (CaMKII) promotor. In this mouse, constitutive 

expression of the tau transgene (in the absence of Dox) is specifically restricted to forebrain 

structures due to the CaMKII promotor. All mice were genotyped using a standardised 

polymerase chain reaction (PCR) assay for tail DNA (Transnetyx Inc., Cordova, TN, USA). 

rTg4510 mice and WT controls were used in this study from 4.5 months of age. The objective 
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was to define the effects of reducing hyperphosphorylated tau after its initial accumulation, but 

before substantial neurodegeneration had begun. Hence, this age was selected as modified 

variants of tau and tangle-like inclusions have already begun to develop, whereas actual 

neurodegeneration and extensive neuronal or synaptic loss have yet to occur (Ramsden et al., 

2005). All mice were group-housed in standard, transparent open-top cages (29.5 x 16 x 13 

cm), unless intra-cage aggression necessitated single housing, on sawdust with tissue paper 

nesting materials. Standard rodent food and water were available ad libitum. All 

experimentation was performed in accordance with the Prevention of Cruelty to Animals Act 

(2004), under the guidelines of the National Health and Medical Research Council Code of 

Practice for the Care and Use of Animals for Experimental Purposes in Australia (2013) and 

approved by The Florey Animal Ethics Committee (AEC number: 16-022). All efforts were 

made to minimise animal suffering.  

 

Procedure and study design 

rTg4510 mice and WT littermates were allocated to one of four groups: WT Control; WT Dox; 

rTg4510 Control or rTg4510 Dox. The experimental study timeline is presented in Fig. 3.1. 

Briefly, at 4.5 months of age mice were provided a diet containing 200 ppm Dox (SF11-059, 

Specialty Feeds) or control diet for nine weeks. Four weeks after treatment initiation mice were 

surgically implanted with EEG/EMG recording head mounts. Mice were initially housed under 

a 12 h light/dark cycle (lights on at 0700h) until five months of age, they were then transitioned 

to an experimental housing area with a new light cycle (lights on at 0200h), ten days before 

EEG/EMG surgery. Following surgery recovery and a one-week acclimatisation to recording 

chambers, three 23 h polysomnographic recordings were conducted over three consecutive 

days. Cognition was assessed in a six-day Barnes maze behavioural test followed by locomotor 

activity determination in an open field. At 6.5 months of age mice were culled and samples 

collected. Mice entered the protocol in staggered cohorts of up to eight mice at a time with 

treatments pseudorandomly allocated within each cohort. A satellite cohort of mice did not 

receive EEG/EMG surgery but went through all other procedures until the brains were 

extracted for ex vivo magnetic resonance imaging (MRI) scanning at the end of the behavioural 

protocol.   

 

 

 

 

 



Chapter 3  59 

 
 

 

 

 

 

 

 

Figure 3.1. Experimental timeline schematic. 

Four and a half-month-old rTg4510 mice and WT littermates were given a chow diet containing 200 ppm 

doxycycline (Dox) or a control diet. Four weeks after treatment initiation, mice were surgically implanted with 

EEG/EMG recording devices. Polysomnographic recordings were conducted at 6 months of age, followed by 

cognition testing in the Barnes maze and then locomotor activity assessment. Mice were culled at 6.5 months of 

age and samples collected. Mice entered this protocol in staggered cohorts of up to eight mice at a time. A satellite 

cohort of mice did not receive EEG/EMG surgery but went through all other procedures until brains were extracted 

for an ex vivo MRI scan at the cessation of treatment.    

 

Brain tissue collection 

All culls and tissue collection occurred between 0930-1400h. Mice were deeply anaesthetised 

with a lethal dose of sodium pentobarbitone (80 mg/kg) and perfused with approximately three 

times their blood volume (estimated as 7% of body weight) of 0.01M phosphate-buffered saline 

(PBS) containing heparin (55.6 mg/L). Brains were extracted and dissected down the midline, 

the right hemisphere was used to micro dissect regions containing the hippocampus and 

cerebral cortex, which were then immediately frozen on dry ice and stored at -80°C.  

 

Western blotting 

Tissue preparation: Dissected brain samples were homogenised on ice using a probe sonicator 

(~10 s; 0.5 s on, 0.5 s off) in sodium dodecyl sulfate (SDS) lysis buffer (1:3; tissue weight 

(mg): buffer volume (µL)) containing 2% SDS (BioRad) and 10 mM Tris (pH 6.8), plus 

protease and phosphatase inhibitors (Roche). Homogenates were centrifuged at 13000 rpm for 

30 min at 4°C. The supernatant was collected and total protein concentration was determined 

using the bicinchoninic acid (BCA) assay (Pierce).  

Immunoblotting: Samples were diluted in SDS lysis buffer and 4X sample buffer (250 mM 

Tris (pH 6.8), 8% SDS, 20% Glycerol. 0.2% Bromo Blue, 10 mM Dithiothreitol (DTT)) was 

added to yield a final protein concentration of 1.67 µg/µL. Samples were heated at 95°C for 5-

10 min, thoroughly mixed, then briefly spun down. 15 µL of sample (25 µg of protein) were 

added to the relevant well. Proteins were electrophoresed at 200V for 35 min on 4-20% 

polyacrylamide gels (BioRad) and transferred on to 0.45 µm (pore-size) nitrocellulose 

membranes (BioRad). Membranes were blocked in tris-buffered saline with 0.05% Tween20 
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(TBS-T) containing 5% skim milk powder for 1 h at room temperature. Membranes were first 

incubated with mouse anti-β-actin (1:10000, catalogue number: A5441; Sigma-Aldrich) for 1 

h at 4°C, then with anti-mouse secondary (1:10000, catalogue number: #7076; Cell Signaling 

Technology) for 1 h at room temperature. Proteins were detected using enhanced 

chemiluminescence (ECL; BioRad) and visualised using the ChemiDoc (BioRad). Membranes 

were then incubated with rabbit primary antibodies (Total tau, 1:10000, catalogue number: 

A0024; DAKO or phospho-tau S404, 1:4000, catalogue number: ab92676; Abcam) overnight 

at 4°C followed by anti-rabbit secondary (same dilution as primary, catalogue number: #7074; 

Cell Signaling Technology) for 2 h at room temperature. All antibodies were diluted in 5% 

skim milk in TBS-T. All membranes were washed with TBS-T (3 x 5-10 min) before and after 

incubation with secondary antibodies. Proteins were detected as described above and analysed 

via densitometry (ImageLab version 6.0.1, BioRad). A reference sample homogenate taken 

from the same WT mouse, rTg4510 mouse and tau knockout (tau-/-) mouse were loaded onto 

every gel. Protein levels were first normalised to β-actin and then to the reference samples. All 

values are expressed as a percentage of the WT Control group.  

 

Ex vivo MRI scan 

Cull and sample preparation: Mice were deeply anaesthetised with a lethal dose of sodium 

pentobarbitone (80 mg/kg) and perfused with approximately three times their blood volume 

(estimated as 7% of body weight) of PBS containing heparin (55.6 mg/L), immediately 

followed by the same volume of 4% paraformaldehyde (PFA). Brains were extracted and post-

fixed in 4% PFA for 24 h at 4°C, then washed (3 x 10 min) in ice-cold phosphate buffer (PB). 

Brains were then embedded in a 1% agarose solution (containing 0.05% ProClin antimicrobial, 

Sigma-Aldrich) in clear plastic vials and stored at 4°C until scanning.  

MRI scan: Brains were scanned with a Bruker 9.4T MRI operated via ParaVision version 6.1 

software (Bruker). Imaging was performed using actively decoupled volume transmit and 

surface receive coils and consisted of T2-weighted and diffusion-weighted images (DWI) for 

assessing structural and microstructural changes, respectively. Three dimensional T2-weighted 

images were acquired with a multi-echo sequence and the following imaging parameters: 

repetition time (TR) = 1,000 ms; number of echoes = 12; echo times = 10, 20, 30, …, 120 ms; 

number of excitations (NEX) = 1; field of view (FOV) = 20.48 × 12.32 × 7.2 mm3; and 

resolution = 80 × 80 × 80 μm3. Diffusion imaging was performed over 60 directions with a 4-

shot echo planar imaging sequence and the following imaging parameters: TR/TE = 750/31 
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ms; NEX = 2; FOV = 16 × 12.8 × 7.4 mm3; resolution = 100 × 100 × 100 μm3; and b-value = 

4,000 s/mm2. Two b0 images were also acquired. 

MRI image analysis: The mean echo image was calculated for each T2-weighted image and 

the left and right hippocampus, left and right cortex, and corpus callosum were segmented 

using ITK-SNAP version 3.8.0 (www.itksnap.org; Yushkevich et al., 2006). Volumes were 

calculated for each of the five regions of interest (ROIs) using FMRIB Software Library (FSL). 

Diffusion tensor images (DTI) were reconstructed using MRtrix3 software (Tournier et al., 

2019).  The mean b0 image was registered to the mean T2-weighted image using Advanced 

Normalization Tools (ANTs, http://stnava.github.io/ANTs/) and the resulting inverse 

diffeomorphism used to register each segmentation to its corresponding DTI. The mean 

fractional anisotropy (FA), apparent diffusion coefficient (ADC), radial diffusivity (RD) and 

axial diffusivity (ADi) were calculated for each ROI using FSL. All measurements were 

averaged across the left and right hippocampus and cortex.  

 

Behaviour  

Barnes maze  

The Barnes maze (Barnes, 1979) was used to interrogate hippocampal-dependent spatial 

learning and memory in rTg4510 and WT mice. The Barnes maze comprised a circular 

platform (120 cm diameter) with 36 evenly spaced holes (5 cm diameter) around its perimeter, 

raised 56 cm off the ground. Two floodlights and two additional 3D visual cues (tall lamp and 

yellow biohazard bin affixed to a steel pole) were positioned around the maze. Laminated, 

patterned A2 sheets (stripes or dots) were attached to the floodlight stands as further visual 

cues. A cylindrical container (13 cm diameter x 10 cm height) was used to hold mice in the 

centre of the maze at the start of each trial and was raised to the ceiling via a pulley system. A 

small black container (14 x 9.5 x 5 cm) with a wire mesh ramp was used as an escape box and 

positioned under one hole in the maze. A camera mounted to the ceiling was positioned directly 

above the maze. TopScan Lite version 2.00 (CleverSys Inc.) was used for tracking analysis.  

Day 0 – Habituation trials: Each mouse performed one habituation trial on day 0. All visual 

cues were removed for the habituation trial. The mouse was placed under the start-container, 

the floodlights switched on and the container raised using the pulley. After 15-30 s, the mouse 

was gently guided into the escape box and allowed to remain inside for 2 min, then returned to 

its home cage.  

Days 1-4 – Acquisition trials: Each mouse performed 4 acquisition trials per day for 4 

consecutive days, with an inter-trial interval of 25-27 min. Acquisition trials were performed 
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during the active phase, typically between 1500-1900h each day. Mice were randomly assigned 

a target escape box location (hole 1, 9, 18 or 27). The escape box was positioned under this 

hole for every trial for that mouse. Acquisition trials lasted 4 min or until the mouse entered 

the escape box; if it had not entered after 4 min had elapsed, the mouse was guided inside by 

hand. Once the mouse was inside the escape box, the floodlights were immediately switched 

off. Mice remained inside the box for 30-60 s and were then returned to their home cage. The 

maze surface was wiped down with 80% ethanol between each trial. 

The acquisition trial parameters measured included: Total errors: the number of nose 

pokes into a hole that was not the target hole, with consecutive dips into the same hole 

considered a single error. Hole deviation: the difference in the number of holes between the 

first hole the mouse visited and the target hole (range 0-18). Latency to investigate any hole: 

the time it took the mouse to move from the centre starting point and poke its nose into any 

hole on the maze. Primary latency to escape hole: the time it took the mouse to first poke its 

nose into the target hole. Latency to enter escape box: the time it took the mouse to enter the 

escape box. Search strategy: the search strategy mice used to locate the escape box. A spatial 

search strategy occurred when the mouse moved directly to within three holes either side of 

the target and then quickly located the escape box thereafter. The serial search strategy occurred 

when the mouse moved around the edge of the maze making errors at sequential holes before 

locating the escape box. The random search strategy occurred when the mouse investigated the 

maze in an unsystematic fashion, often moving through the centre of the maze and returning to 

holes previously visited. Proportion of mice requiring guidance: the proportion of mice that 

had not entered the escape box after the 4 min trial limit had elapsed and hence needed to be 

guided inside. Proportion of mice failing to explore the maze: the proportion of mice that 

remained in the centre of the maze for the entire 4 min trial limit (see Appendix III).   

Day 5 – Probe trial: Each mouse performed one 3 min probe trial in which the escape box had 

been removed. The maze surface was wiped down with 80% ethanol between each probe trial. 

Probe trial parameters measured included: Hole deviation: see above. Nose pokes into each 

hole: the number of times the mouse poked its nose into each hole on the maze. In this case, 

consecutive dips into the same hole were considered as multiple nose pokes. Only the first 90 

s (or second 90 s if the mouse took longer to move from the centre) of the trial were analysed. 

A higher number of nose pokes into the target and adjacent holes was indicative of heightened 

spatial recall and cognitive ability.    
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Locomotor activity  

Locomotor activity in an open field was assessed by placing mice individually into the 

locomotor cell (27.3 x 27.3 x 20 cm) and activity monitored for 1 h by a grid of infrared beams. 

Locomotor activity was assessed during the active (dark) phase. All locomotor cells were 

cleaned with 80% ethanol and dried between each trial. The data (ambulatory distance travelled 

and time spent ambulatory) were analysed using Activity Monitor version 7.0.5.10 (MED 

Associates, Inc).   

 

Polysomnographic recordings and analysis 

Surgery: Mice were anaesthetised with isoflurane in air (5% for induction, 2-3% for 

maintenance) and placed in a stereotaxic frame. Meloxicam (1-3 mg/kg, Ilium) and 500 µL of 

warm saline were administered subcutaneously. 50 µL of 1% lignocaine HCl (Pfizer) was 

administered near the incision site, then the skull was exposed and EEG/EMG preformed head 

mounts (Catalogue number: #8201-SS, Pinnacle Technology Inc.) were surgically implanted. 

EEG1 and EEG2 electrodes (screws inserted into the head mount) were positioned over the 

parietal and frontal lobe, respectively. Reference and ground electrodes were positioned at 

equivalent regions, with reference embedded in the parietal region and ground in the frontal, 

in addition to a non-penetrating anchor screw embedded into the skull over the motor cortex. 

Two EMG wires attached to the head mount were inserted into the neck musculature and 

sutured (7-0 Prolene, Ethicon) into place. Sutures were used to close the scalp around the head 

mount. Dental cement was positioned under and around the head mount using an 18G drawing-

up needle and allowed to set. The mouse was removed from the stereotaxic frame and placed 

into a warmed recovery box (30°C) until it was moving freely, then returned to its original 

cage.  

Recordings: Mice were individually housed in transparent, cylindrical sleep recording 

chambers (29 cm diameter, x 30 cm height) for a further week of recovery and acclimatisation. 

Head mounts were plugged into pre-amplifiers 24 h before recordings began. Three individual 

23 h recordings were then acquired over three consecutive days using Sirenia Acquisition 

version 1.8.0 software (Pinnacle Technology Inc.). Three channels were recorded: EEG1, 

EEG2 and EMG. The sampling rate was 200 Hz. 100 Hz EEG and EMG filters were applied. 

Recordings began at 1400h (Circadian time (CT)12) and finished at 1300h (CT11). Following 

EEG/EMG recordings all mice were returned to their original cages.  

Analysis: Sirenia recording files (.pvfs) were exported as European Data Format (.edf) and 

imported into Somnivore™ (Allocca et al., 2019) in 4 s epochs for vigilance state and power 
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spectral analysis. The final 23 h recording from each mouse was used for analysis, unless faulty 

or otherwise unavailable, in which case the recording from day two or one was used. Each 

recording was scored by first training the Somnivore machine learning algorithm with 101 

epochs of wake, NREM and REM. The entire hypnogram was then populated using 

Somnivore’s auto-score function. Contextual scoring rules included a minimum bout length 

setting of 8 s (two contiguous epochs) for both wake and NREM and 12 s (three contiguous 

epochs) for REM. A further 50 epochs of each state were then trained, and the auto-score 

function was run again. The entire recording was then manually checked and corrected. All 

sleep scoring was performed blinded to genotype and treatment. Vigilance state-specific (wake, 

NREM or REM) normalised power spectral data were obtained using Somnivore’s built in 

power spectral analysis capabilities (Allocca et al., 2019). For power spectral analysis, all 

transition epochs were excluded and signals from EEG1 and EEG2 electrodes were averaged. 

Frequencies in the 0-20 Hz range were selected for statistical analysis.            

 

Statistical analysis  

Statistical analyses were performed using GraphPad Prism (version 8.0.0) or R (version 

3.6.1)/RStudio (version 1.2.5001). Relative tau levels (western blots), brain volumes and white 

matter parameters (MRI), hole deviation during the probe trial (Barnes maze) and ambulatory 

distance and time (locomotor activity) were all analysed by two-way ANOVA with Tukey’s 

multiple comparisons test. Due to overly hyperactive mice, one statistical outlier from WT 

Control (Distance travelled: 10560.91 cm vs. group average of 4096.13 cm), WT Dox 

(40329.22 vs. 4013.29) and rTg4510 Dox (24330.30 vs. 5634.03) groups, and two outliers from 

the rTg4510 Control group (74653.96 and 82782.51 vs. 8152.07) were removed from 

locomotor activity analysis. Search strategy during acquisition trials were analysed by a 

repeated measures linear mixed effects model in R, using the lmer function, incorporating the 

factors of genotype, treatment and day (repeated factor). Nose poke distributions during the 

Barnes maze probe trial were analysed using one-way repeated measures ANOVA followed 

by Fisher’s LSD multiple comparisons test, versus the target hole. One mouse from the WT 

Control, eleven mice from the rTg4510 Control and six mice from the rTg4510 Dox groups 

were excluded from probe trial analyses due to lack of movement. Time spent in each vigilance 

state (sleep/wake data) across the 23 h recording were analysed using the R lmer function, 

incorporating the factors of genotype, treatment, sex and time (repeated factor). Bout numbers, 

bout durations, EEG power per specified frequency range and time spent in each vigilance state 

per phase were analysed by a linear mixed effects model in R, using the lm function, 
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incorporating the factors of genotype, treatment and sex. Vigilance state-specific normalised 

EEG power were analysed using the lmer function, incorporating the factors of genotype, 

treatment and frequency (repeated factor). Correlation between ambulatory time and average 

wake time during the active phase were analysed by Pearson’s correlation. Akaike information 

criterion (AIC) was used to determine the model of best fit for all R related analyses. For 

vigilance state time, average EEG power, bout numbers and bout durations, sex was a 

significant contributing factor and hence data from both male and female mice are presented 

separately. All R related post hoc analyses were performed using the emmeans function, with 

Tukey’s multiple comparisons test. For all analyses, P < 0.05 was considered to be statistically 

significant.    

 

 

 

3.4 Results 

Dox treatment reduced tau and phosphorylated tau in the hippocampus and 

cortex 

Tau expression in the hippocampus and cortex was assessed by western blot (Fig. 3.2A). 

Phosphorylated tau (p-tau) S404 levels were 7.67-fold higher in the hippocampus and 6.20-

fold higher in the cortex of rTg4510 Control mice compared with WT Control mice (Fig. 3.2B, 

D). Dox treatment significantly reduced p-tau S404 levels in rTg4510 mice without affecting 

p-tau S404 levels in WT mice, in the hippocampus (Genotype: F(1, 42) = 795.9, P < 0.0001; 

treatment: F(1, 42) = 104.6, P < 0.0001; interaction: F(1, 42) = 90.11, P < 0.0001, Fig. 3.2B) and 

cortex (Genotype: F(1, 42) = 488.2, P < 0.0001; treatment: F(1, 42) = 62.08, P < 0.0001; interaction: 

F(1, 42) = 51.74, P < 0.0001, Fig. 3.2D). Total tau levels were 2.70-fold higher in the 

hippocampus and 2.89-fold higher in the cortex of rTg4510 Control mice compared with WT 

Control mice (Fig. 3.2C, E). Dox treatment significantly reduced total tau levels in rTg4510 

mice without affecting total tau levels in WT mice, in the hippocampus (Genotype: F(1, 42) = 

112.8, P < 0.0001; treatment: F(1, 42) = 20.8, P < 0.0001; interaction: F(1, 42) = 26.43, P < 0.0001, 

Fig. 3.2C)  and cortex (Genotype: F(1, 42) = 142.2, P < 0.0001; treatment: F(1, 42) = 54.75, P < 

0.0001; interaction: F(1, 42) = 23.92, P < 0.0001, Fig. 3.2E). 
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Figure 3.2. Decreased tau and phosphorylated tau levels in Dox-treated rTg4510 mice. 

A, Representative western blots from the hippocampus (left) and cortex (right) probed with p-tau S404 or total tau 

antibodies. β-actin was used as a housekeeping protein. B, D, Relative p-tau S404 levels in the hippocampus (B) 

and cortex (D). C, E, Relative total tau levels in the hippocampus (C) and cortex (E). Densitometry signals were 

normalised to β-actin and then to the reference samples (WT Ref; rTg4510 Ref) which were loaded on every gel. 

Lysate from a tau knockout (Tau-/-) mouse was used as a negative control. Data are means ± SEM and expressed 

as a percentage of the WT Control group. n = 10-12 per group. *P < 0.05, **P < 0.01, ***P < 0.001, by two-way 

ANOVA with Tukey’s multiple comparisons test.     

 

Dox treatment attenuated hippocampal and cortical brain atrophy  

To assess the extent of neurodegeneration in the hippocampus and cortex, ex vivo MRI scans 

were performed at 6.5 months of age in a satellite group of animals. Hippocampal volume was 

smaller in rTg4510 mice compared with WT mice and was partly rescued by Dox treatment 

(Genotype: F(1, 11) = 85.47, P < 0.0001; treatment: F(1, 11) = 8.677, P = 0.0133; interaction: F(1, 

11) = 9.385, P = 0.0108, Fig. 3.3A). Comparable changes in volume were also observed in the 

cortex (Genotype: F(1, 11) = 75.13, P < 0.0001; treatment: F(1, 11) = 8.887, P = 0.0125; interaction: 

F(1, 11) = 21.59, P = 0.0007, Fig. 3.3B), indicative of attenuated neurodegeneration with Dox 

treatment.  
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Figure 3.3. Attenuated brain atrophy in Dox-treated rTg4510 mice.  

A-B, Hippocampal (A) and cortical (B) volumes as assessed by ex vivo MRI scans. Data are means ± SEM. n = 3-

4 per group. *P < 0.05, **P < 0.01, ***P < 0.001, by two-way ANOVA with Tukey’s multiple comparisons test. C, 

Representative 3D images of the outlined left and right hippocampus (red and pink) and cortex (blue and green). 

Volume measurements were averaged across the left and right outlined regions.  

 

rTg4510 mice exhibited microstructural alterations consistent with white matter 

degeneration 

To investigate white matter changes, diffusion-weighted images (DWI) were acquired as part 

of the ex vivo MRI scan. FA, ADC, ADi and RD measures were obtained for the hippocampus, 

cortex and corpus callosum. FA was reduced in both the hippocampus (Genotype: F(1, 11) = 

32.95, P < 0.0001; treatment: F(1, 11) = 0.05827, P = 0.8127; interaction: F(1, 11) = 0.04759, P = 

0.8313, Fig. 3.4A) and cortex (Genotype: F(1, 11) = 7.682, P = 0.0182; treatment: F(1, 11) = 1.885, 

P = 0.1971; interaction: F(1, 11) = 0.01631, P = 0.9007, Fig. 3.4B) in rTg4510 mice compared 

with WT mice, but were not influenced by Dox treatment. In the corpus callosum, however, 

Dox treatment restored FA back to WT levels in rTg4510 mice (Genotype: F(1, 10) = 14.78, P = 

0.0032; treatment: F(1, 10) = 6.572, P = 0.0282; interaction: F(1, 10) = 7.692, P = 0.0197, Fig. 

3.4C). ADC was increased in both the hippocampus (Genotype: F(1, 11) = 157.8, P < 0.0001; 

treatment: F(1, 11) = 6.874, P = 0.0238; interaction: F(1, 11) = 0.4706, P = 0.5069, Fig. 3.4D) and 

cortex (Genotype: F(1, 11) = 21.49, P = 0.0007; treatment: F(1, 11) = 6.772, P = 0.0246; interaction: 

F(1, 11) = 0.004537, P = 0.9475, Fig. 3.4E) in rTg4510 mice compared with WT mice, but were 

unaffected by treatment, whereas the corpus callosum exhibited no significant differences 

between groups (Genotype: F(1, 10) = 1.786, P = 0.2111; treatment: F(1, 10) = 0.7937, P = 0.3939; 

interaction: F(1, 10) = 1.446, P = 0.2568, Fig. 3.4F). ADi was also increased in both the 

hippocampus (Genotype: F(1, 11) = 155.4, P < 0.0001; treatment: F(1, 11) = 8.523, P = 0.0140; 

interaction: F(1, 11) = 0.4093, P = 0.5354, Fig. 3.4G) and cortex (Genotype: F(1, 11) = 21.24, P = 

0.0008; treatment: F(1, 11) = 6.644, P = 0.0257; interaction: F(1, 11) = 0.003637, P = 0.9530, Fig. 
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3.4H) of rTg4510 mice versus WT, but unaffected by treatment, with the corpus callosum 

similarly unaffected by genotype or treatment (Genotype: F(1, 10) = 0.07744, P = 0.7865; 

treatment: F(1, 10) = 0.03795, P = 0.8494; interaction: F(1, 10) = 0.0007744, P = 0.9783, Fig. 3.4I). 

RD was increased in rTg4510 mice in the hippocampus (Genotype: F(1, 11) = 147.0, P < 0.0001; 

treatment: F(1, 11) = 5.699, P = 0.0360; interaction: F(1, 11) = 0.4641, P = 0.5098, Fig. 3.4J), cortex 

(Genotype: F(1, 11) = 21.58, P = 0.0007; treatment: F(1, 11) = 6.765, P = 0.0247; interaction: F(1, 

11) = 0.001726, P = 0.9676, Fig. 3.4K) and corpus callosum (Genotype: F(1, 10) = 6.725 , P = 

0.0268; treatment: F(1, 10) = 2.989, P = 0.1145; interaction: F(1, 10) = 3.933, P = 0.0755, Fig. 

3.4L), but was not affected by treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. White matter changes in rTg4510 and WT mice given Dox or control diets. 

A-L, Fractional anisotropy (FA) (A-C), apparent diffusion coefficient (ADC) (D-F), axial diffusivity (ADi) (G-I) and 

radial diffusivity (RD) (J-L) in the hippocampus, cortex and corpus callosum (from left to right), as assessed by 

diffusion weighted imaging (DWI). Data are means ± SEM. n = 2-4 per group. # and † denote main effects of 

genotype and treatment, respectively. #P < 0.05, ###P < 0.001 vs. WT; †P < 0.05 vs. Control; *P < 0.05, **P < 0.01, 

by two-way ANOVA with Tukey’s multiple comparisons test.  
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Dox treatment rescued hippocampal-dependent spatial recall deficits in the 

Barnes maze 

To assess cognition, mice performed the Barnes maze behavioural test for hippocampal-

dependent spatial memory (Barnes, 1979). Spatial recall in the final probe trial, in which the 

escape box had been removed, was used as the primary outcome measure. Search strategy 

throughout acquisition trials was also considered a reliable indicator of hippocampal function. 

A substantial proportion of rTg4510 mice failed to explore the maze during acquisition/probe 

trials and remained in the centre of the maze for the maximum time limit. Eleven out of nineteen 

rTg4510 Control and 6/18 rTg4510 Dox mice were excluded from the probe trial analysis due 

to lack of movement (Appendix III; Fig. A3.2C). With regards to acquisition search strategy, 

WT Control mice used the random search strategy significantly less than rTg4510 Control mice 

across all four days of acquisition (Fig. 3.5A). Dox treatment resulted in a decreased use of the 

random search strategy by day 4 in rTg4510 mice compared with Control treated mice (Fig. 

3.5A). Analysis of the serial search strategy revealed a genotype effect across each day, with 

WT mice using the serial search strategy significantly more than rTg4510 mice on days 1 and 

2 (Fig. 3.5B). Thereafter, use of the serial search strategy declined in WT mice, in favour of 

other strategies. Both WT Control and rTg4510 Dox mice used the spatial search strategy to 

accurately locate the escape box significantly more than rTg4510 Control mice by day 4 (Fig. 

3.5C), indicative of greater spatial learning/acquisition.  

Spatial recall in the probe trial was inferred by measuring the number of nose pokes 

into each individual hole on the maze relative to the target hole (Fig. 3.6). WT Control mice 

investigated the target hole significantly more than all other holes (except one immediately 

adjacent) on the maze (F(5.612, 95.41) = 7.273, P < 0.0001, Fig. 3.6A), as too did WT Dox mice 

(F(3.508, 49.11) = 6.338, P = 0.0006, Fig. 3.6B). rTg4510 Control mice displayed no overall 

preference for the target hole (F(3.933, 27.53) = 1.678, P = 0.1843, Fig. 3.6C), whereas Dox 

treatment completely rescued this phenotype (F(3.267, 35.94) = 7.014, P = 0.0006, Fig. 3.6D). 

Furthermore, upon commencement of the probe trial, WT Control, WT Dox and rTg4510 Dox 

mice either went directly to the target hole, or immediately adjacent to it (± 1), for 10/18, 9/15 

and 8/12 trials, respectively, compared to only 1/8 for rTg4510 Control mice (Fig. 3.6E), 

although no statistical differences were observed between groups.   
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Figure 3.5. Search strategies used during Barnes maze acquisition trials. 

A-C, Percentage use of the random (A), serial (B) and spatial (C) search strategies during Barnes maze acquisition 

trials in rTg4510 and WT mice administered doxycycline (Dox) or control diets. Data are means ± SEM. n = 16-18 

per group. *P < 0.05, **P < 0.01 vs. rTg4510 Control; ††P < 0.01, †††P < 0.001 vs. WT Control (genotype x treatment 

x day); #P < 0.05, ###P < 0.001 vs. rTg4510 (genotype x day) within acquisition day, by repeated measures linear 

mixed effects model with Tukey’s multiple comparisons test.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Rescue of spatial recall in the final probe trial of the Barnes maze. 

A-D, Number of nose pokes into each of the 36 holes on the Barnes maze during the final probe trial, deviating 

from the target hole (denoted 0) by rTg4510 and WT mice administered doxycycline (Dox) or control diets. Data 

are means ± SEM. n = 8-18 per group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. target hole, by one-way repeated 

measures ANOVA with Fisher’s LSD multiple comparisons test. E, Deviation between the target hole and the first 

hole visited during the probe trial (hole deviation of zero indicates the mouse went directly to the target hole upon 

trial commencement).     
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rTg4510 mice exhibited a hyperarousal phenotype during the active phase 

which was not compensated for during the inactive phase and not rescued by 

Dox treatment  

To assess the sleep/wake phenotype of rTg4510 mice, 23 h polysomnographic recordings were 

performed (Fig. 3.7A-C). Parameters for the fixed effects from the repeated measures linear 

mixed effects model statistical analyses are summarised in Table 3.1. Significant sex effects 

were observed in the data, whereby the hyperarousal phenotype tended to be exacerbated in 

female mice and hence, data from male and female mice are graphed separately (Fig. 3.7D-L). 

rTg4510 mice spent significantly more time awake (Fig. 3.7A) and correspondingly less time 

in NREM sleep (Fig. 3.7B) compared with WT mice at numerous circadian time points during 

the active phase only. No genotype differences were observed during the inactive phase. An 

overall main effect of genotype was observed for REM sleep, whereby WT mice spent more 

time in REM sleep than rTg4510 mice (Fig. 3.7C). To further investigate the sleep/wake 

phenotype of rTg4510 mice, the average time spent in each vigilance state across the different 

circadian phases (active, inactive and entire recording; linear mixed effects model statistical 

analyses are summarised in Table 3.2) were analysed. Significant genotype effects were 

observed for wake time across the active phase (Fig. 3.7D) and entire recording (Fig. 3.7F), 

but not during the inactive phase (Fig. 3.7E), whereby rTg4510 mice spent more time awake 

than WT mice, indicative of a hyperarousal phenotype. This phenotype was not influenced by 

Dox treatment.  

Given the increase in wake time, as expected, rTg4510 mice exhibited a corresponding 

decrease in NREM sleep time across the active phase (Fig. 3.7G) and entire recording (Fig. 

3.7I), compared with WT mice. NREM sleep time was not affected by genotype, treatment or 

sex during the inactive phase (Fig. 3.7H), indicating rTg4510 mice slept no more than WT 

mice during this period, and therefore did not show a compensatory rebound from lack of sleep 

during the active phase.  

rTg4510 mice also exhibited a decrease in REM sleep time during the active phase, 

compared with WT mice (Fig. 3.7C, J). During the inactive phase, a genotype and treatment 

interaction was observed; rTg4510 mice exhibited decreased REM sleep during this period, 

which was rescued by Dox treatment, predominantly in female mice (Fig. 3.7K). This effect 

was also evident, although less pronounced, when analysing the recording as a whole (Fig. 

3.7L).     
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Figure 3.7. Altered sleep/wake phenotype in rTg4510 mice.  

A-C, Minutes spent in wake (A), NREM (B) and REM (C) vigilance states per hour across a 23 h recording in 

rTg4510 and WT mice administered doxycycline (Dox) or control diets. Dark shade represents the active phase. 

Data are means ± SEM. n = 14-18 per group. Short bar: P < 0.05, medium bar: P < 0.01, tall bar: P < 0.001 vs. WT 

(genotype x time) within circadian time, # denotes main effect of genotype, by repeated measures linear mixed 

effects model with Tukey’s multiple comparisons test. D-L, Minutes spent in each vigilance state per hour averaged 

across (from left to right) the active phase, inactive phase and entire recording, for wake (D-F), NREM (G-I) and 

REM (J-L). n = 5-11 per group, per sex. #, † and § denote main effects of genotype, treatment and sex, respectively. 

#P < 0.05, ##P < 0.01, ###P < 0.001 vs. WT; †P < 0.05, ††P < 0.01 vs. Control; §P < 0.05, §§P < 0.01 vs. Female, by 

linear mixed effects model with Tukey’s multiple comparisons test. For D-L, only main effects are graphically 

presented, refer to Table 3.1 and 3.2 for further details.       
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Table 3.1. EEG recordings statistical analyses summary. 

Time spent in each vigilance state across the 23 h recording were analysed by a repeated measures linear mixed 

effects model in R, using the lmer function, incorporating the factors of Genotype, Treatment, Sex and Time 

(repeated factor). Indented Pr(>|t|) values indicate statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2. Phase specific EEG recordings statistical analyses summary.   

Average time spent in each vigilance state per phase were analysed by a linear mixed effects model in R, using 

the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vigilance state time

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype -13.827 2.892 434.439 -4.781 < 0.001 12.397 2.557 396.152 4.849 < 0.001 1.429 0.468 496.700 3.054 < 0.01

Treatment -3.081 3.170 434.439 -0.972 > 0.05 2.995 2.803 396.152 1.069 > 0.05 0.086 0.513 496.700 0.168 > 0.05

Sex -10.285 3.078 434.439 -3.342 < 0.001 9.609 2.720 396.152 3.532 < 0.001 0.674 0.498 496.700 1.354 > 0.05

Time -1.874 0.159 1378.000 -11.805 < 0.001 1.635 0.138 1378.000 11.823 < 0.001 0.239 0.026 1378.000 9.125 < 0.001

Genotype:Treatment 5.177 4.031 434.439 1.284 > 0.05 -4.466 3.563 396.152 -1.253 > 0.05 -0.711 0.652 496.700 -1.090 > 0.05

Genotype:Sex 2.135 4.131 434.439 0.517 > 0.05 -2.157 3.651 396.152 -0.591 > 0.05 0.022 0.668 496.700 0.033 > 0.05

Treatment:Sex 6.450 4.209 434.439 1.532 > 0.05 -6.314 3.721 396.152 -1.697 > 0.05 -0.136 0.681 496.700 -0.200 > 0.05

Genotype:Time 0.641 0.197 1378.000 3.251 < 0.01 -0.635 0.172 1378.000 -3.697 < 0.001 -0.006 0.033 1378.000 -0.180 > 0.05

Treatment:Time -0.033 0.216 1378.000 -0.152 > 0.05 -0.032 0.188 1378.000 -0.169 > 0.05 0.065 0.036 1378.000 1.812 > 0.05

Sex:Time 0.375 0.210 1378.000 1.786 > 0.05 -0.379 0.183 1378.000 -2.070 < 0.05 0.004 0.035 1378.000 0.103 > 0.05

Genotype:Treatment:Sex -3.646 5.921 434.439 -0.616 > 0.05 3.440 5.233 396.152 0.657 > 0.05 0.206 0.958 496.700 0.215 > 0.05

Genotype:Treatment:Time -0.102 0.275 1378.000 -0.372 > 0.05 0.126 0.240 1378.000 0.526 > 0.05 -0.024 0.045 1378.000 -0.524 > 0.05

Genotype:Sex:Time -0.027 0.282 1378.000 -0.097 > 0.05 0.094 0.245 1378.000 0.381 > 0.05 -0.066 0.047 1378.000 -1.426 > 0.05

Treatment:Sex:Time -0.108 0.287 1378.000 -0.375 > 0.05 0.161 0.250 1378.000 0.644 > 0.05 -0.053 0.047 1378.000 -1.123 > 0.05

Genotype:Treatment:Sex:Time 0.013 0.404 1378.000 0.033 > 0.05 -0.067 0.352 1378.000 -0.189 > 0.05 0.053 0.067 1378.000 0.799 > 0.05

Wake NREM REM

Vigilance state time

Vigilance state Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Wake Genotype -11.189 2.833 -3.949 < 0.001 -0.610 1.498 -0.407 > 0.05 -6.130 1.661 -3.691 < 0.001

Treatment -3.411 3.106 -1.098 > 0.05 -3.548 1.642 -2.160 < 0.05 -3.476 1.820 -1.910 > 0.05

Sex -9.176 3.015 -3.043 < 0.01 -2.087 1.594 -1.309 > 0.05 -5.786 1.767 -3.274 < 0.01

Genotype:Treatment 4.694 3.949 1.189 > 0.05 3.138 2.088 1.503 > 0.05 3.950 2.315 1.707 > 0.05

Genotype:Sex 3.608 4.047 0.892 > 0.05 -0.155 2.140 -0.072 > 0.05 1.809 2.372 0.763 > 0.05

Treatment:Sex 7.058 4.124 1.711 > 0.05 3.087 2.180 1.416 > 0.05 5.158 2.417 2.134 < 0.05

Genotype:Treatment:Sex -5.049 5.800 -0.870 > 0.05 -1.784 3.067 -0.582 > 0.05 -3.487 3.399 -1.026 > 0.05

NREM Genotype 9.556 2.518 3.795 < 0.001 -0.449 1.308 -0.343 > 0.05 4.771 1.511 3.158 < 0.01

Treatment 2.930 2.761 1.061 > 0.05 2.268 1.434 1.581 > 0.05 2.614 1.656 1.578 > 0.05

Sex 8.328 2.680 3.108 < 0.01 1.509 1.392 1.084 > 0.05 5.067 1.608 3.152 < 0.01

Genotype:Treatment -3.772 3.510 -1.075 > 0.05 -2.062 1.824 -1.131 > 0.05 -2.954 2.106 -1.403 > 0.05

Genotype:Sex -2.962 3.597 -0.823 > 0.05 1.070 1.869 0.573 > 0.05 -1.033 2.158 -0.479 > 0.05

Treatment:Sex -6.407 3.665 -1.748 > 0.05 -2.173 1.904 -1.141 > 0.05 -4.382 2.199 -1.993 > 0.05

Genotype:Treatment:Sex 4.176 5.155 0.810 > 0.05 0.967 2.678 0.361 > 0.05 2.641 3.093 0.854 > 0.05

REM Genotype 1.632 0.374 4.366 < 0.001 1.060 0.360 2.944 < 0.01 1.359 0.257 5.282 < 0.001

Treatment 0.480 0.410 1.170 > 0.05 1.280 0.395 3.242 < 0.01 0.862 0.282 3.058 < 0.01

Sex 0.846 0.398 2.127 < 0.05 0.577 0.383 1.505 > 0.05 0.717 0.274 2.620 < 0.05

Genotype:Treatment -0.922 0.521 -1.769 > 0.05 -1.077 0.502 -2.146 < 0.05 -0.996 0.359 -2.779 < 0.01

Genotype:Sex -0.647 0.534 -1.211 > 0.05 -0.914 0.514 -1.777 > 0.05 -0.774 0.367 -2.108 < 0.05

Treatment:Sex -0.651 0.544 -1.195 > 0.05 -0.911 0.524 -1.739 > 0.05 -0.775 0.374 -2.071 < 0.05

Genotype:Treatment:Sex 0.873 0.765 1.141 > 0.05 0.816 0.737 1.106 > 0.05 0.846 0.527 1.606 > 0.05

Entire recordingActive phase Inactive phase
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Dox treatment modulated altered rTg4510 vigilance state (wake, NREM, REM) 

bout numbers and bout durations  

To further examine the sleep/wake architecture of rTg4510 mice, overall bout numbers and 

bout durations were analysed for each vigilance state: wake, NREM and REM. Statistical 

analyses parameters for bout numbers are summarised in Table 3.3. Significant effects of 

genotype, treatment and sex were observed for both wake and NREM bouts, which were 

particularly prominent during the active phase. rTg4510 mice exhibited fewer bouts (thus less 

transitions) between vigilance states than WT mice, however, this was restored to WT levels 

by Dox treatment for both wake (Fig. 3.8A, C) and NREM (Fig. 3.8D, F) states (Table 3.4). 

Analysis of REM bout numbers revealed an overall genotype effect, whereby REM bout 

numbers were consistently reduced in rTg4510 mice compared with WT mice, but with no 

significant attenuation by Dox treatment (Fig. 3.8G-I; Table 3.3, 3.4).  

Vigilance state bout durations statistical analyses summary is shown in Table 3.5. Wake 

bout duration was influenced by genotype, treatment and sex, particularly during the active 

phase (Fig. 3.8J). Female mice of both genotypes (but more pronounced in rTg4510 mice) 

tended to display longer bouts of wake, with female rTg4510 Control mice displaying a 

propensity for especially long, uninterrupted bouts of wakefulness (Fig. 3.8J-L). Combined 

with their reduced wake bout numbers (Fig. 3.8A-C), this suggests these mice develop a 

persistent hyperarousal phenotype and an inability to transition normally between vigilance 

states. NREM sleep time during the inactive phase was nearly identical between WT and 

rTg4510 mice (Fig. 3.7H) given that male mice of either genotype displayed both similar 

NREM bout numbers and bout durations during the inactive phase. Female rTg4510 mice, 

however, exhibited less NREM bout numbers (Fig. 3.8E), but of longer durations (Fig. 3.8N), 

balancing out to an equivalent NREM sleep time, compared with WT mice. This further 

emphasises the rTg4510’s impaired ability to regulate sleep/wake transitions, which is 

exacerbated in female mice. During the active phase, REM bout durations tended to be shorter 

in rTg4510 mice than WT mice, especially in females (Fig. 3.8P). During the inactive phase, 

REM bout durations were comparable or longer in rTg4510 mice (Fig. 3.8Q). Dox treatment 

had no notable effects on REM bout durations.  
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Figure 3.8. Altered sleep/wake architecture in rTg4510 mice.  

A-I, Total number of wake (A-C), NREM (D-F) and REM (G-I) bouts averaged across (from left to right) the active 

phase, inactive phase and entire recording in rTg4510 and WT mice administered doxycycline (Dox) or control 

diets. J-R, Mean wake (J-L), NREM (M-O) and REM (P-R) bout durations averaged across (from left to right) the 

active phase, inactive phase and entire recording in rTg4510 and WT mice administered Dox or control diets. Data 

are means ± SEM. n = 5-11 per group, per sex. #, † and § denote main effects of genotype, treatment and sex, 

respectively. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. WT; †P < 0.05, ††P < 0.01 vs. Control; §P < 0.05, §§P < 0.01 vs. 

Female, by linear mixed effects model with Tukey’s multiple comparisons test. Only main effects are graphically 

presented, refer to Table 3.3, 3.4 and 3.5 for further details.  

 

Table 3.3. Vigilance state bout numbers statistical analyses summary. 

Average bout numbers of each vigilance state per phase were analysed by a linear mixed effects model in R, using 

the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance. 

 

 

 

 

 

 

 

 

Vigilance state Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Wake Genotype 75.450 28.770 2.623 < 0.05 71.697 21.845 3.282 < 0.01 147.150 40.490 3.634 < 0.001

Treatment 90.570 31.540 2.872 < 0.01 30.762 23.947 1.285 > 0.05 121.330 44.390 2.733 < 0.01

Sex 62.370 30.620 2.037 < 0.05 44.583 23.246 1.918 > 0.05 106.960 43.090 2.482 < 0.05

Genotype:Treatment -94.230 40.100 -2.350 < 0.05 -19.826 30.449 -0.651 > 0.05 -114.050 56.440 -2.021 < 0.05

Genotype:Sex -41.540 41.090 -1.011 > 0.05 -35.376 31.200 -1.134 > 0.05 -79.920 57.830 -1.330 > 0.05

Treatment:Sex -41.720 41.870 -0.996 > 0.05 -9.012 31.794 -0.283 > 0.05 -50.740 58.930 -0.861 > 0.05

Genotype:Treatment:Sex 96.890 58.900 1.645 > 0.05 -6.096 44.719 -0.136 > 0.05 90.800 82.890 1.095 > 0.05

NREM Genotype 80.890 29.210 2.769 < 0.01 71.833 21.721 3.307 < 0.01 152.730 40.870 3.737 < 0.001

Treatment 94.450 32.020 2.950 < 0.01 30.119 23.810 1.265 > 0.05 124.570 44.800 2.780 < 0.01

Sex 66.670 31.080 2.145 < 0.05 44.333 23.113 1.918 > 0.05 111.000 43.490 2.552 < 0.05

Genotype:Treatment -98.680 40.720 -2.424 < 0.05 -21.119 30.276 -0.698 > 0.05 -119.800 56.970 -2.103 < 0.05

Genotype:Sex -40.680 41.720 -0.975 > 0.05 -33.762 31.023 -1.088 > 0.05 -74.440 58.380 -1.275 > 0.05

Treatment:Sex -47.290 42.520 -1.112 > 0.05 -8.619 31.613 -0.273 > 0.05 -55.900 59.490 -0.940 > 0.05

Genotype:Treatment:Sex 99.000 59.800 1.656 > 0.05 -6.952 44.464 -0.156 > 0.05 92.050 83.670 1.100 > 0.05

REM Genotype 18.591 4.362 4.262 < 0.001 14.939 5.457 2.738 < 0.01 33.530 8.062 4.159 < 0.001

Treatment 6.241 4.782 1.300 > 0.05 9.667 5.982 1.616 > 0.05 15.881 8.838 1.797 > 0.05

Sex 7.500 4.642 1.616 > 0.05 4.792 5.806 0.825 > 0.05 12.292 8.579 1.433 > 0.05

Genotype:Treatment -12.805 6.080 -2.106 < 0.05 -5.539 7.606 -0.728 > 0.05 -18.345 11.237 -1.632 > 0.05

Genotype:Sex -2.448 6.230 -0.393 > 0.05 -4.064 7.793 -0.522 > 0.05 -6.512 11.515 -0.566 > 0.05

Treatment:Sex -6.992 6.349 -1.101 > 0.05 -4.014 7.942 -0.505 > 0.05 -11.006 11.734 -0.938 > 0.05

Genotype:Treatment:Sex 10.440 8.929 1.169 > 0.05 9.287 11.170 0.831 > 0.05 19.272 16.504 1.195 > 0.05

Vigilance state bout numbers

Entire recordingActive phase Inactive phase
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Table 3.4. Vigilance state bout numbers post hoc analyses summary. 

Post hoc analysis of the genotype x treatment interaction from Table 3.3. Post hoc tests were conducted in R, using 

the emmeans function, with Tukey’s multiple comparisons test. Indented p values indicate statistical significance.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5. Vigilance state bout duration statistical analyses summary.  

Average bout duration of each vigilance state per phase were analysed by a linear mixed effects model in R, using 

the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Vigilance state Treatment group Estimate Std. error df t-value p value Estimate Std. error df t-value p value Estimate Std. error df t-value p value

Wake rTg4510 Control : WT Control -54.700 20.500 55.000 -2.661 < 0.05 -108.700 28.900 55.000 -3.759 < 0.01

rTg4510 Control : rTg4510 Dox -69.700 20.900 55.000 -3.329 < 0.01 -96.000 29.500 55.000 -3.257 < 0.05

rTg4510 Control : WT Dox -78.600 21.800 55.000 -3.606 < 0.01 -136.000 30.700 55.000 -4.432 < 0.001

WT Control : rTg4510 Dox -15.000 19.800 55.000 -0.759 > 0.05 12.700 27.900 55.000 0.457 > 0.05

WT Control : WT Dox -23.900 20.700 55.000 -1.156 > 0.05 -27.300 29.100 55.000 -0.937 > 0.05

rTg4510 Dox: WT Dox -8.900 21.100 55.000 -0.422 > 0.05 -40.000 29.700 55.000 -1.349 > 0.05

NREM rTg4510 Control : WT Control -60.600 20.900 55.000 -2.903 < 0.05 -115.500 29.200 55.000 -3.957 < 0.01

rTg4510 Control : rTg4510 Dox -70.800 21.300 55.000 -3.331 < 0.01 -96.600 29.700 55.000 -3.248 < 0.05

rTg4510 Control : WT Dox -82.200 22.100 55.000 -3.713 < 0.01 -138.300 31.000 55.000 -4.467 < 0.001

WT Control : rTg4510 Dox -10.300 20.100 55.000 -0.510 > 0.05 18.900 28.100 55.000 0.672 > 0.05

WT Control : WT Dox -21.600 21.000 55.000 -1.029 > 0.05 -22.800 29.400 55.000 -0.776 > 0.05

rTg4510 Dox: WT Dox -11.400 21.400 55.000 -0.531 > 0.05 -41.700 30.000 55.000 -1.392 > 0.05

REM rTg4510 Control : WT Control -17.370 3.110 55.000 -5.575 < 0.001

rTg4510 Control : rTg4510 Dox -2.720 3.170 55.000 -0.856 > 0.05

rTg4510 Control : WT Dox -12.500 3.310 55.000 -3.782 < 0.01

WT Control : rTg4510 Dox 14.650 3.000 55.000 4.881 < 0.001

WT Control : WT Dox 4.870 3.140 55.000 1.550 > 0.05

rTg4510 Dox: WT Dox -9.780 3.200 55.000 -3.058 > 0.05

Entire recording

No significant interaction term No significant interaction term

Vigilance state bout numbers

Interaction: Genotype x Treatment

No significant interaction term

No significant interaction term

Active phase Inactive phase

Vigilance state Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Wake Genotype -507.800 257.000 -1.976 > 0.05 -115.010 41.380 -2.779 < 0.01 -319.900 147.200 -2.173 < 0.05

Treatment -584.600 281.800 -2.075 < 0.05 -112.340 45.360 -2.477 < 0.05 -358.700 161.400 -2.222 < 0.05

Sex -733.600 273.500 -2.682 < 0.01 -122.590 44.030 -2.784 < 0.01 -441.400 156.700 -2.817 < 0.01

Genotype:Treatment 500.100 358.300 1.396 > 0.05 126.020 57.680 2.185 < 0.05 321.200 205.200 1.565 > 0.05

Genotype:Sex 367.300 367.100 1.000 > 0.05 89.210 59.100 1.509 > 0.05 234.300 210.300 1.114 > 0.05

Treatment:Sex 510.100 374.100 1.364 > 0.05 101.710 60.220 1.689 > 0.05 314.800 214.300 1.469 > 0.05

Genotype:Treatment:Sex -349.700 526.100 -0.665 > 0.05 -103.590 84.710 -1.223 > 0.05 -232.000 301.400 -0.770 > 0.05

NREM Genotype 18.279 13.445 1.360 > 0.05 -69.150 16.040 -4.311 < 0.001 -23.534 10.869 -2.165 < 0.05

Treatment -6.018 14.739 -0.408 > 0.05 -26.080 17.590 -1.483 > 0.05 -15.613 11.915 -1.310 > 0.05

Sex 37.385 14.307 2.613 < 0.05 -48.490 17.070 -2.841 < 0.01 -3.685 11.566 -0.319 > 0.05

Genotype:Treatment 19.807 18.741 1.057 > 0.05 23.930 22.360 1.070 > 0.05 21.781 15.150 1.438 > 0.05

Genotype:Sex -21.932 19.203 -1.142 > 0.05 54.750 22.910 2.390 < 0.05 14.741 15.524 0.950 > 0.05

Treatment:Sex -37.912 19.569 -1.937 > 0.05 23.640 23.350 1.012 > 0.05 -8.474 15.819 -0.536 > 0.05

Genotype:Treatment:Sex 3.423 27.523 0.124 > 0.05 -23.490 32.840 -0.715 > 0.05 -9.448 22.250 -0.425 > 0.05

REM Genotype 23.743 6.302 3.767 < 0.001 -6.514 4.799 -1.357 > 0.05 9.272 3.902 2.376 < 0.05

Treatment 8.163 6.909 1.181 > 0.05 5.523 5.261 1.050 > 0.05 6.900 4.278 1.613 > 0.05

Sex 16.574 6.706 2.472 < 0.05 2.561 5.107 0.501 > 0.05 9.875 4.152 2.378 < 0.05

Genotype:Treatment -6.594 8.785 -0.751 > 0.05 -4.969 6.689 -0.743 > 0.05 -5.817 5.439 -1.069 > 0.05

Genotype:Sex -12.729 9.001 -1.414 > 0.05 -4.944 6.854 -0.721 > 0.05 -9.005 5.573 -1.616 > 0.05

Treatment:Sex -4.274 9.173 -0.466 > 0.05 -8.801 6.985 -1.260 > 0.05 -6.440 5.680 -1.134 > 0.05

Genotype:Treatment:Sex 0.562 12.902 0.044 > 0.05 -0.965 9.824 -0.098 > 0.05 -0.168 7.988 -0.021 > 0.05

Active phase Inactive phase Entire recording

Vigilance state bout duration
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rTg4510 mice display decreased delta and theta power during sleep 

To infer sleep/wakefulness quality, vigilance state-specific EEG power spectral analysis 

(statistical analyses summarised in Table 3.6 and 3.7) were performed. rTg4510 mice showed 

a general reduction in EEG power during wake compared with WT mice, predominantly in the 

1-10 Hz range, but this was not affected by Dox treatment (Fig. 3.9A, D). rTg4510 mice also 

showed substantial decreases in delta (1-4 Hz) power during NREM sleep, particularly in the 

slower delta frequencies (Fig. 3.9B). Delta power deficits appeared to be slightly attenuated by 

Dox treatment in male, but not female rTg4510 mice, indicative of improvements in slow wave 

sleep quality (Fig. 3.9E). When assessing slow delta (1-2.5 Hz; Fig. 3.9G) and fast delta (2.5-

4 Hz; Fig. 3.9H) power during NREM sleep separately, delta power was significantly increased 

in Dox-treated male rTg4510 mice, compared to controls, in the slow, but not fast frequencies. 

Dox treatment did not influence NREM delta power in female rTg4510 mice (Fig. 3.9E, G, H). 

Theta (5-9 Hz) power was also decreased in rTg4510 mice during REM sleep (Fig. 3.9C, F). 

Dox treatment appeared to slightly modulate theta power during REM sleep in male rTg4510 

mice, although this did not reach statistical significance.  
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Figure 3.9. Altered EEG power in rTg4510 mice.  

A-C, Vigilance state-specific normalised EEG power for wake (A), NREM (B) and REM (C) in rTg4510 and WT 

mice administered doxycycline (Dox) or control diets. Data are means ± SEM. n = 14-18 per group. **P < 0.01, ***P 

< 0.001 vs. rTg4510 Control (genotype x treatment x frequency); #P < 0.05, ##P < 0.01, ###P < 0.001 vs. WT 

(genotype x frequency) within frequency band, by repeated measures linear mixed effects model with Tukey’s 

multiple comparisons test. D, Average wake power over the 1-10 Hz frequency range. E, Average NREM power 

over the delta (1-4 Hz) frequencies. F, Average REM power over the theta (5-9 Hz) frequencies. G, Average NREM 

power over the slow delta (1-2.5 Hz) frequencies. H, Average NREM power over the fast delta (2.5-4 Hz) 

frequencies. n = 5-11 per group, per sex. D-H, # and † denote main effects of genotype and treatment, respectively. 

###P < 0.001 vs. WT; †P < 0.05 vs. Control; *P < 0.05, **P < 0.01, ***P < 0.001, by linear mixed effects model with 

Tukey’s multiple comparisons test. Signals from EEG1 and EEG2 electrodes were combined. All transition epochs 

were excluded from power analysis. For clarity, not all statistically significant differences are graphically presented 

(A-C). Refer to Table 3.6 and 3.7 for further details.  
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Table 3.6. EEG power statistical analyses summary. 

Vigilance state-specific normalised EEG power across the 23 h recording were analysed by a repeated measures 

linear mixed effects model in R, using the lmer function, incorporating the factors of Genotype, Treatment and 

Frequency (repeated factor). Indented Pr(>|t|) values indicate statistical significance.   

 

 

 

 

 

Table 3.7. EEG NREM delta power statistical analyses summary. 

NREM normalised EEG power across the 23 h recording were analysed by a linear mixed effects model in R, using 

the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance.  

 

 

 

 

 

 

Dox treatment abolished the positive correlation between hyperarousal and 

hyperactivity in rTg4510 mice without affecting wake time 

Hyperlocomotion has been previously described in rTg4510 mice (Blackmore et al., 2017). 

Similarly, the present study investigated locomotor activity in an open field for one hour during 

the active phase and detected a hyperactivity phenotype in rTg4510 mice. A main effect of 

genotype was observed when assessing total ambulatory distance travelled (Genotype: F(1, 62) 

= 17.96, P < 0.0001; treatment: F(1, 62) = 3.770, P = 0.0567; interaction: F(1, 62) = 3.305, P = 

0.0739, Fig. 3.10A). Dox treatment appeared to attenuate this phenotype, although not 

significantly. When assessing total ambulatory time, rTg4510 Control mice spent significantly 

more time ambulatory than both WT groups and Dox-treated rTg4510 mice (Genotype: F(1, 62) 

= 17.17, P < 0.0001; treatment: F(1, 62) = 4.318, P = 0.0419; interaction: F(1, 62) = 4.798, P = 

0.0323, Fig. 3.10B). As expected, given the hyperarousal phenotype during the active phase, a 

positive correlation between average wake time and ambulatory time was detected in rTg4510 

Control mice (R2 = 0.5192, P = 0.0055, Fig. 3.10C). The present study aimed to determine the 

dominant driving force for wakefulness in rTg4510 mice: hyperactivity or hyperarousal. 

Regression analysis suggested it may be hyperarousal, given that there was no association 

Vigilance state-specific EEG power

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype 0.000384 0.000118 144.1 3.252 < 0.01 0.001109 0.000139 346.9 7.999 < 0.001 0.000417 0.000132 203.9 3.164 < 0.01

Treatment 0.000016 0.000121 144.1 0.133 > 0.05 0.000477 0.000142 346.9 3.346 < 0.001 0.000279 0.000135 203.9 2.063 < 0.05

Frequency (Hz) -0.000222 0.000005 6422.0 -41.544 < 0.001 -0.000332 0.000008 6442.0 -41.336 < 0.001 -0.000154 0.000007 6442.0 -22.738 < 0.001

Genotype:Treatment 0.000100 0.000168 144.1 0.599 > 0.05 -0.000595 0.000197 346.9 -3.019 < 0.01 -0.000154 0.000187 203.9 -0.821 > 0.05

Genotype:Frequency -0.000019 0.000007 6422.0 -2.620 < 0.01 -0.000085 0.000011 6442.0 -7.983 < 0.001 -0.000032 0.000009 6442.0 -3.584 < 0.001

Treatment:Frequency 0.000002 0.000007 6422.0 0.286 > 0.05 -0.000038 0.000011 6442.0 -3.494 < 0.001 -0.000026 0.000009 6442.0 -2.840 < 0.01

Genotype:Treatment:Frequency -0.000012 0.000010 6422.0 -1.186 > 0.05 0.000044 0.000015 6442.0 2.855 < 0.01 0.000018 0.000013 6442.0 1.420 > 0.05

Wake NREM REM

Vigilance state-specific EEG power

Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Genotype 0.001581 0.000423 3.739 < 0.001 0.001978 0.000481 4.111 < 0.001 0.001155 0.000399 2.896 < 0.01

Treatment -0.000043 0.000463 -0.093 > 0.05 -0.000239 0.000527 -0.452 > 0.05 0.000195 0.000437 0.447 > 0.05

Sex -0.000363 0.000450 -0.806 > 0.05 -0.000631 0.000512 -1.233 > 0.05 -0.000029 0.000424 -0.068 > 0.05

Genotype:Treatment -0.000125 0.000589 -0.212 > 0.05 0.000180 0.000671 0.268 > 0.05 -0.000496 0.000556 -0.893 > 0.05

Genotype:Sex 0.000465 0.000604 0.771 > 0.05 0.000559 0.000687 0.814 > 0.05 0.000351 0.000570 0.616 > 0.05

Treatment:Sex 0.001322 0.000615 2.149 < 0.05 0.001703 0.000700 2.433 < 0.05 0.000856 0.000580 1.475 > 0.05

Genotype:Treatment:Sex -0.001240 0.000865 -1.432 > 0.05 -0.001943 0.000985 -1.973 = 0.05 -0.000399 0.000816 -0.489 > 0.05

NREM (delta 1-4 Hz) NREM (slow delta 1-2.5 Hz) NREM (fast delta 2.5-4 Hz)
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between ambulatory time and wake duration in rTg4510 Dox-treated mice (R2 = 0.01268, P = 

0.6895, Fig. 3.10C), despite Dox treatment not altering wake time during the active phase (Fig. 

3.7A, D).  

 

 

 

 

 

 

 

Figure 3.10. Abolished relationship between hyperarousal and hyperactivity in Dox-treated rTg4510 mice.  

A-B, Total ambulatory distance travelled (A) and total time spent ambulatory (B) during the 1 hr open field 

locomotor activity assessment, conducted during the active phase of rTg4510 and WT mice administered 

doxycycline (Dox) or control diets. Data are means ± SEM. n = 14-17. # denotes main effect of genotype. ###P < 

0.001 vs. WT; *P < 0.05, ***P < 0.001, by two-way ANOVA with Tukey’s multiple comparisons test. C, Correlation 

between total ambulatory time and average wake time per hour during the active phase. Solid lines denote the 

linear regression line of best fit, with 95% confidence bands (dotted curves).  

 

 

 

3.5 Discussion 

The present study examined the effects of genetically reducing tau expression on 

sleep/wakefulness in a mouse model overexpressing human mutant tau, in addition to the 

effects on the noted phenotypes of the rTg4510 mouse, which include neurodegeneration, 

cognitive impairments and locomotor hyperactivity. As previously reported (Ramsden et al., 

2005; Santacruz et al., 2005; Blackmore et al., 2017), Dox treatment decreased tau and p-tau 

levels in the brain. Dox treatment also slowed or reversed the cognitive and neurodegenerative 

phenotype of rTg4510 mice, which attenuated brain atrophy, prevented spatial learning and 

recall deficits and reduced locomotor hyperactivity. rTg4510 mice exhibited a pronounced 

hyperarousal phenotype during the active phase, in addition to altered sleep/wake architecture 

and EEG power spectral deficits. Intriguingly, this sleep/wake profile was largely unaffected 

by Dox treatment, suggesting the arousal circuitry is affected by tau earlier and more 

permanently than other brain regions. Sex differences were also observed in the sleep/wake 

phenotype of rTg4510 mice, in general with females showing an exacerbated phenotype versus 
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males, certain aspects of which were corrected by Dox treatment, again particularly in female 

mice.  

Tau and p-tau protein levels were reduced by approximately 50% in hippocampal and 

cortical regions in rTg4510 mice following Dox treatment. A complete abolition of transgene 

expression is not necessary to halt tauopathy progression or exhibit functional benefits 

(Blackmore et al., 2017). Furthermore, repressing tau transgene expression would likely not 

eliminate mutant tau that has already been deposited prior to treatment initiation. Therefore, 

the rescue of cognitive ability and attenuation of brain atrophy presented here is encouraging 

given the relative amount of hyperphosphorylated tau still present in the brains of Dox-treated 

rTg4510 mice. These data stress the possibility that clinical interventions for tauopathy-related 

diseases may not necessarily need to remove all pathological tau and that partial reductions 

could still be functionally beneficial, in agreement with Blackmore et al. (2017).   

Dox treatment attenuates the decrease in brain weight in rTg4510 mice (Santacruz et 

al., 2005; Blackmore et al., 2017). Here, increased brain volume in the hippocampus and cortex 

of Dox-treated rTg4510 mice was documented using ex vivo MRI imaging. Using DWI, 

microstructural alterations consistent with white matter degeneration in the hippocampus, 

cortex and corpus callosum were also observed, which align with previous findings in rTg4510 

mice (Sahara et al., 2014; Wells et al., 2015). Reduced FA and increased ADC, ADi and RD 

are associated with white matter degeneration (Johnstone et al., 2015; Wright et al., 2017a; 

Wright et al., 2017b; Wright et al., 2019). For the first time, the present study demonstrated 

that Dox treatment restored FA to WT levels throughout the corpus callosum, but not in the 

hippocampus or cortex, indicating that attenuated deterioration of long white matter tracts is 

within the scope of therapeutic rescue that may be achieved by reducing tau and p-tau levels. 

Together, these data suggest that accumulation of hyperphosphorylated tau contributes to 

neuronal, synaptic and axonal degeneration and that reducing tau levels can slow these 

processes.      

Complete prevention of hippocampal-dependent spatial recall deficits in the Barnes 

maze were observed following Dox treatment in rTg4510 mice. Improvement in spatial 

memory following Dox treatment in rTg4510 mice has been previously demonstrated using the 

Morris water maze (Ramsden et al., 2005; Santacruz et al., 2005) and Y-maze (Blackmore et 

al., 2017), however, this is the first such report in the Barnes maze, further emphasising the 

robustness of hippocampal-dependent cognitive rescue in the model. Thus, 

hyperphosphorylated tau contributes to cognitive decline which may be reversible, if treated 

early enough.  
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The sleep/wake phenotype has not previously been characterised in rTg4510 mice. The 

present study showed that rTg4510 mice exhibit 1) a pronounced hyperarousal phenotype 

specifically during the active phase, 2) alterations in vigilance state bout numbers and bout 

durations and 3) EEG power spectral deficits, particularly during NREM and REM sleep. 

rTg4510 mice displayed a similar sleep/wake profile to that of PS19 mice (Holth et al., 2017b), 

whereby both mice exhibited increased wake time and decreased NREM and REM sleep time. 

Together, these data provide compelling evidence for a causative role of p-tau in altering 

sleep/wakefulness. This phenotype emerged rather later in PS19 mice (9-11 months) than in 

rTg4510 mice in the present study, although this is not surprising given the PS19’s 

comparatively slow tauopathy progression and lower tau expression (Yoshiyama et al., 2007), 

compared with rTg4510 mice. Furthermore, the alterations in vigilance state bout numbers and 

bout durations of rTg4510 mice described here paralleled some of those reported in PS19 mice 

(Holth et al., 2017b). rTg4510 mice showed a decreased number of wake bouts, but of longer 

durations, mirroring that of 9-11-month-old PS19 mice (Holth et al., 2017b); indicating these 

mice are less likely to transition out of the wake state, contributing to their hyperarousal. During 

the inactive phase, NREM bout numbers were decreased, whereas bout durations were 

increased in rTg4510 mice, thus NREM time was equivalent in rTg4510 and WT mice. Again, 

this points to an inability to regulate sleep/wake transitions, especially out of the prevailing 

vigilance state. REM bout numbers were reduced in rTg4510 mice across the recording, 

however, bout durations varied with the phase analysed.  

Substantial sex differences in the sleep/wake phenotype of rTg4510 mice were also 

determined in the present study, with female mice showing an exacerbated hyperarousal 

phenotype. Such findings align with previous reports on sex differences in rTg4510 mice, with 

female mice displaying a more severe phenotype due to advanced tau pathology (Yue et al., 

2011). Interestingly, although rTg4510 Dox-treated mice spent as much time in wake as 

rTg4510 Control mice, Dox treatment partially normalised their sleep/wake architecture by 

increasing the number of wake bouts and decreasing wake bout duration, especially in female 

rTg4510 mice, such that Dox-treated mice more closely resembled their WT littermates.      

Delta (δ) waves (1-4 Hz) and theta (θ) waves (5-9 Hz) are the dominant frequencies 

during NREM and REM sleep, respectively (Franken et al., 1998). rTg4510 mice displayed 

state-specific decreases in delta and theta power, in addition to a generalised reduction in wake 

power. Reductions in EEG power across vigilance states have also been reported in PS19 mice 

(Holth et al., 2017b). In the present study, wake EEG power was predominantly unaffected by 

Dox treatment, although the attenuation of delta power during NREM sleep, especially in the 
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slow delta frequencies, suggests an improvement in sleep quality. Increased delta power was 

not present in female rTg4510 mice, which may be attributed to their exacerbated hyperarousal 

and tauopathy phenotype (Yue et al., 2011), compared with males. The similar sleep/wake 

phenotypes of rTg4510 and PS19 mice further emphasises the concept that tau pathology alone 

is sufficient to drive sleep/wake changes. Interestingly, despite substantially improving the 

parameters discussed above, Dox treatment exhibited a much less pronounced influence on the 

sleep/wake phenotype of rTg4510 mice.   

Several nuclei of the ascending reticular activating system (ARAS) such as the locus 

coeruleus (LC), tuberomammillary nucleus (TMN) and dorsal raphe nucleus (DRN) play a key 

role in regulating sleep and wakefulness. The ARAS, especially the LC, is particularly affected 

in the early development of tau pathology (Braak and Del Tredici, 2011; Braak et al., 2011; 

Braak and Del Tredici, 2015; Stratmann et al., 2016); this may contribute to sleep/wake 

changes preceding the actual onset of cognitive decline observed in neurodegenerative 

diseases. The tau transgene expression in rTg4510 mice is CaMKII specific, which should 

theoretically spare expression in the brainstem and the ARAS. However, pathological tau 

spreads throughout the brain and particularly to these vulnerable regions (Iba et al., 2013), 

especially those widely connected with the rest of the brain, such as the LC. In future work it 

will therefore be of interest to determine whether tau spreading to and invading these regions 

in rTg4510 mice contributes to the early hyperarousal phenotype. The somewhat blunted effect 

of Dox treatment on the sleep/wake phenotype suggests the pathological insult to these regions 

is more permanent than in the hippocampus or cortex. Although, in light of the recent findings 

from Gamache et al. (2019), it cannot be conclusively determined whether the hyperarousal 

phenotype of rTg4510 mice is due to non-plastic tau-induced changes in the ARAS or rather, 

due to consequences from non-targeted gene KO in these mice (see Chapter 6, section 6.4). 

However, the similar hyperarousal phenotype of PS19 mice, which do not exhibit non-targeted 

gene KO (Goodwin et al., 2019), supports the concept that mutant tau in particular is 

contributing to the hyperarousal phenotype of rTg4510 mice.  

A hyperactivity phenotype has previously been reported in rTg4510 mice, which 

worsens with age, and is modulatable by Dox treatment (Blackmore et al., 2017). The data in 

the present study validates this finding and extends it to emphasise the relationship between 

hyperactivity and hyperarousal. It is expected that mice spending more time awake would also 

display more ambulatory time, and vice versa. Such a relationship indeed exists in rTg4510 

mice, yet the dominant driving force is unknown. However, the abolition of this relationship in 

rTg4510 Dox-treated mice suggests hyperarousal is the likely dominant factor, in that Dox 
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treatment weakens the hyperactivity impulse yet does not affect wake time. Together these data 

suggest that the insult to the arousal circuitry is extensive and perhaps permanent by 4.5-6.5 

months of age in rTg4510 mice.     

A bidirectional relationship between sleep and neurodegenerative disease pathology 

has been recognised, particularly for Aβ, however, less so for tau. A key aim of the present 

study was to document the sleep/wake profile of tau transgenic rTg4510 mice and to determine 

the effects of genetically reducing mutant tau expression, after initiation of pathology, on this 

phenotype. In addition to altered sleep/wake architecture and diminished EEG power, rTg4510 

mice exhibited a hyperarousal phenotype which was particularly prominent during the active 

phase and was exacerbated in female mice. This sleep/wake profile is similar to that of the tau 

transgenic PS19 mice (Holth et al., 2017b), which harbour a similar tau mutation to rTg4510 

mice despite a dissimilar genetic construction (Yoshiyama et al., 2007; Goodwin et al., 2019), 

supporting the hypothesis that modified tau variants are responsible for this phenotype. 

Intriguingly, Dox treatment produced substantial or complete attenuation of all parameters 

investigated in this study, except for hyperarousal and power spectral deficits, which were only 

partially mitigated. These findings suggest potentially irreversible tau-mediated damage to the 

arousal circuitry at the ages investigated. Further work is required to investigate this hypothesis 

and to determine the underlying mechanisms involved. In conclusion, these findings highlight 

a primary role of tau pathology on early sleep/wake behaviour alterations in neurodegenerative 

diseases characterised by tauopathy. 
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The Orexin Receptor 2 Antagonist MK-1064, but not Suvorexant, 

Improves Cognitive Performance in the rTg4510 Mouse Model of 

Tauopathy by Promoting Balanced Sleep 

 

 

 

 

4.1 Abstract 

Tau pathology contributes to the bidirectional relationship between sleep and 

neurodegenerative disease. Prominent sleep/wake disturbances have been reported in the 

rTg4510 transgenic mouse model of tauopathy, emphasising the concept that 

hyperphosphorylated tau may drive sleep/wake changes. The present study aimed to 

specifically target these sleep/wake deficits and determine whether pharmacological promotion 

of sleep, with orexin receptor antagonists, could improve cognition and/or slow tauopathy 

progression in rTg4510 mice. Four and a half-month-old male and female rTg4510 mice were 

treated daily for eight weeks with either 50 mg/kg/day of the dual orexin receptor antagonist 

(DORA) suvorexant or 40 mg/kg/day of the selective orexin receptor 2 antagonist (2-SORA) 

MK-1064. Vehicle-treated rTg4510 mice again demonstrated a marked hyperarousal 

phenotype during the active, but not inactive, phase. Suvorexant increased REM sleep in 

rTg4510 mice when administered during the inactive phase but did not affect cognitive ability 

or alter tau/phosphorylated tau levels in the brain. On the other hand, MK-1064 increased both 

NREM and REM sleep and attenuated the hyperarousal phenotype when administered at the 

beginning of the active phase in male, but not female, rTg4510 mice. MK-1064-treated male 

rTg4510 mice exhibited a partial improvement in hippocampal-dependent spatial recall, which 

correlated with the amount of MK-1064-promoted sleep. The origin of the sex-divergent 

responses to MK-1064 are unknown but are postulated to be due to sex differences in the 

hyperarousal drive of rTg4510 mice and/or functional alterations in their orexin system. 

Collectively, these findings highlight the therapeutic potential of sleep to correct cognitive 

deficits in tauopathy models and further emphasises the emerging bidirectional relationship 

between sleep and neurodegenerative disease.                     
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4.2 Introduction 

There is a growing recognition of the bidirectional relationship between sleep and neurological 

disease pathology, particularly in neurodegenerative disorders involving amyloid-β (Aβ) 

and/or tau pathologies (Ju et al., 2014; Lim et al., 2014; Wang and Holtzman, 2020). Much of 

the preclinical research conducted thus far has focused on the effects of Aβ on 

sleep/wakefulness (Cirrito et al., 2005; Kang et al., 2009; Bero et al., 2011; Roh et al., 2012), 

although emerging evidence points to a crucial involvement of tau (Chapter 3; Koss et al., 

2016; Holth et al., 2017b; Zhu et al., 2018). The likely critical contribution of tau to sleep/wake 

phenotypes is perhaps unsurprising, since tau pathology is a major feature of neurodegenerative 

disorders such as Alzheimer’s disease (AD) and tau-variant frontotemporal dementia (FTD-

tau; Hutton et al., 1998; Blennow et al., 2006; Ballatore et al., 2007; Gotz and Ittner, 2008; 

Forrest et al., 2018) and patients with these disorders commonly exhibit prominent sleep/wake 

disturbances, which often present well before cognitive impairment (Moran et al., 2005; 

Anderson et al., 2009; Westerberg et al., 2012; Musiek et al., 2015). It is also plausible that in 

AD, Aβ and tau pathologies work synergistically to mediate sleep/wake disturbances. 

However, FTD patients, with little or no Aβ pathology, often experience even more severe 

sleep and circadian disturbances (Bonakis et al., 2014). Such observations emphasise a 

potentially vital role that tau may play in mediating sleep/wake disturbances in AD or FTD-

tau.  

Preclinical transgenic models can play an important role in answering questions about 

specific molecular contributions to disease symptomatology. To date, however, sleep/wake 

alterations in models of pure tauopathy have been published for only two tau transgenic mouse 

models, the PLB2Tau mouse (Koss et al., 2016) and the PS19 mouse, where a progressive 

hyperarousal phenotype was identified (Holth et al., 2017b). Given the relative scarcity of 

preclinical literature regarding the relationship between tauopathy mouse models and sleep, a 

third tau overexpression model was investigated (Chapter 3), revealing a previously unreported 

sleep/wake phenotype of the rTg4510 transgenic mouse model of tauopathy, which 

overexpresses human tau containing the P301L MAPT mutation (associated with FTD-tau in 

humans). rTg4510 mice exhibited a hyperarousal phenotype which was particularly prominent 

during the active phase, in addition to altered vigilance state bouts and bout durations and 

vigilance state-specific electroencephalography (EEG) power spectral deficits (Chapter 3). 

Importantly, much of the observed sleep/wake phenotype in rTg4510 mice paralleled that of 

the tau transgenic PS19 mouse, which harbors a similar P301S MAPT mutation (Holth et al., 

2017b). Together, these two studies emphasise that tau pathology alone is sufficient to drive 
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sleep/wake changes and that these changes manifest themselves in a similar way across 

tauopathy models (Chapter 3; Holth et al., 2017b).  

An advantage of the rTg4510 mouse is that tau transgene expression is repressible upon 

administration of doxycycline (Dox; Ramsden et al., 2005; Santacruz et al., 2005). Suppressing 

tau transgene expression with Dox from 4.5-6.5 months of age rescued the cognitive, 

neurodegenerative and hyperlocomotor phenotype of rTg4510 mice, but it did not prevent their 

altered sleep/wake phenotype (Chapter 3). In Chapter 3, a REM sleep deficit evident during 

the inactive phase was corrected by Dox treatment. This observation led to the hypothesis that 

REM sleep played a role in cognitive rescue, especially given the proposed involvement of 

REM sleep in the consolidation of spatial learning (Boyce et al., 2016) and the noted REM 

sleep disruption in AD and FTD (Prinz et al., 1982; Petit et al., 2004; Moran et al., 2005). 

However, despite improving REM sleep, Dox had no effect on the hyperarousal phenotype.  

Sleep appears to play a key role in the consolidation of memory and learning 

(Diekelmann and Born, 2010). In addition, periods of extended wakefulness, or sleep 

deprivation, affect the extracellular release of both Aβ (Cirrito et al., 2005; Cirrito et al., 2008; 

Bero et al., 2011; Tabuchi et al., 2015) and tau (Pooler et al., 2013; Yamada et al., 2014; Wu 

et al., 2016; Wang et al., 2017a). During sleep, toxic metabolites such as Aβ and/or tau are 

more readily cleared from the brain in rodents (Xie et al., 2013), mediated via a glymphatic 

pathway (Iliff et al., 2012; Iliff et al., 2013; Iliff et al., 2014). Such findings suggest a 

therapeutic benefit of sleep in neurodegenerative models and/or disorders. Furthermore, it has 

previously been shown that sleep restriction exacerbated Aβ plaque burden in APP/PS1 mice 

whereas chronic treatment with the dual orexin receptor antagonist (DORA) almorexant, 

attenuated plaque burden (Kang et al., 2009). Tau pathology was also exacerbated following 

sleep restriction in tau transgenic PS19 (P301S) mice (Zhu et al., 2018), however, no studies 

have yet reported whether beneficial effects are accessible in a tauopathy mouse model 

following the enhancement of sleep or reduction of hyperarousal.  

The aim of the present study was therefore to determine whether pharmacologically 

promoting sleep could improve cognition and/or slow tauopathy progression in rTg4510 mice 

by targeting the previously reported sleep/wake deficits in these mice (Chapter 3), using 

chronic dosing of orexin receptor antagonists to promote sleep, in an attempt to recover these 

insufficiencies. Orexin receptor antagonists were selected given their ability to promote both 

NREM and REM sleep, with DORAs in particular selectively promoting REM sleep (Mang et 

al., 2012; Betschart et al., 2013). Hypnotics such as non-benzodiazepine GABAA allosteric 

modulators tend to abolish REM sleep in rodents (Hoyer and Jacobson, 2013; Jacobson et al., 
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2017; Hoyer et al., 2019). Therefore, the DORA suvorexant (Cox et al., 2010), which 

antagonises both orexin receptor 1 (OX1R) and orexin receptor 2 (OX2R) was administered 

during the inactive phase, with the aim of promoting REM sleep (Hoyer et al., 2013; Jacobson 

et al., 2014), as was previously observed following Dox treatment (Chapter 3). In a second 

study, the OX2R selective orexin receptor antagonist (2-SORA) MK-1064 (Roecker et al., 

2014a) was used, with the aim of promoting both NREM and REM sleep (Gotter et al., 2016). 

MK-1064 was administered at the beginning of the active phase, in order to mitigate the 

prominent hyperarousal phenotype of rTg4510 mice and replace it with balanced sleep 

containing both NREM and REM. The effects these treatments had on the sleep/wake profile 

of rTg4510 mice and their subsequent influence on cognitive ability and tau/phosphorylated 

tau (p-tau) levels were then assessed.    

 

 

4.3 Materials and methods 

Animals  

Male and female rTg4510 transgenic mice and wildtype (WT) littermates controls were used 

(Ramsden et al., 2005; Santacruz et al., 2005). rTg4510 mice were bred in house, as previously 

described (Ramsden et al., 2005; Santacruz et al., 2005). In brief, FBV/N mice expressing 

human tau containing the P301L MAPT mutation (associated with FTD-tau in humans) 

downstream of a tetracycline operon-responsive element (TRE) were crossed with 129SVeV 

mice expressing a tetracycline-controlled transactivator (tTA) under control of the Ca2+-

calmodulin-dependent protein kinase II (CaMKII) promotor. In this mouse, constitutive 

expression of the tau transgene is specifically restricted to forebrain structures due to the 

CaMKII promotor. All mice were genotyped using a standardised polymerase chain reaction 

(PCR) assay for tail DNA (Transnetyx Inc., Cordova, TN, USA). rTg4510 mice and WT 

controls entered the studies at 4.5 months of age, based on previous studies in-house (Chapter 

3). All mice were single- or group-housed in standard, transparent open-top cages (29.5 x 16 x 

13 cm) on sawdust with tissue paper nesting material. Standard rodent food and water were 

available ad libitum. All experimentation was performed in accordance with the Prevention of 

Cruelty to Animals Act (2004), under the guidelines of the National Health and Medical 

Research Council Code of Practice for the Care and Use of Animals for Experimental Purposes 

in Australia (2013) and approved by The Florey Animal Ethics Committee (AEC number: 16-

022). All efforts were made to minimise animal suffering.  
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Compounds and drug preparation  

The DORA suvorexant (Suvo; AdooQ Bioscience) or the 2-SORA MK-1064 (Merck and Co., 

Inc) were used. Drugs were prepared fresh daily as suspensions. The vehicle for suvorexant 

was 0.5% methylcellulose (MC; Sigma-Aldrich) in water. The vehicle for MK-1064 was 20% 

D-α-tocopherol polyethylene glycol 1000 succinate (TPGS; Sigma-Aldrich) in water. All drugs 

were administered by oral gavage, daily, in a volume of 10 ml/kg.  

 

Procedure and study design 

Two separate experiments were conducted, each using a different orexin receptor antagonist. 

The experimental protocols were principally identical, except where noted. The experimental 

study design timelines are presented in Fig. 4.1. Mice were initially housed under a 12 h 

light/dark cycle (lights on at 0700h) until just prior to 4.5 months of age, they were then 

transitioned to an experimental housing area with a new lights-on time (Experiment 1: lights 

on 0300h; Experiment 2: lights on 2130h) ten days before treatment began, to acclimatise to 

the new cycle. In Experiment 1 (suvorexant; Fig. 4.1A), rTg4510 mice and WT littermates 

were allocated to one of four groups: WT MC; WT Suvo; rTg4510 MC or rTg4510 Suvo. In 

Experiment 2 (MK-1064; Fig. 4.1B), rTg4510 and WT littermates were also allocated to one 

of four groups: WT TPGS; WT MK-1064; rTg4510 TPGS or rTg4510 MK-1064. At 4.5 

months of age, all mice began receiving their respective treatments.  

For Experiment 1, mice were orally administered 50 mg/kg/day suvorexant, or MC 

vehicle alone. This dose was selected based on previous literature using suvorexant in C57BL/6 

mice (Betschart et al., 2013) and preliminary data in-house in rTg4510 mice. All dosing 

occurred between 0900-1000h (Circadian time (CT)6-7). For Experiment 2, mice were orally 

administered 40 mg/kg/day MK-1064, or TPGS vehicle alone. This dose was selected based 

on previous literature using MK-1064 in C57BL/6 mice (Gotter et al., 2016) and preliminary 

data in-house in rTg4510 mice. All dosing occurred between 0830-0930h (CT11-12). Four 

weeks after treatment initiation, mice in each experiment were surgically implanted with 

EEG/EMG recording devices (Pinnacle Technology Inc.). Following surgery recovery and a 

one-week acclimatisation to recording chambers, three 23 h polysomnographic recordings 

were conducted over three consecutive days, then cognition was assessed in the six-day Barnes 

maze behavioural test. At approximately 6.4 months of age mice were culled and samples 

collected. Mice entered the protocol in staggered cohorts of up to nine mice at a time with 

treatments pseudorandomly allocated within each cohort.  
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Figure 4.1. Experimental timeline schematic. 

A-B, Schematic of the two separate study design timelines. Four and a half-month-old rTg4510 and WT littermates 

were acclimatised to their respective experimental light cycle ten days before treatment began. A, Mice were orally 

administered 50 mg/kg/day of suvorexant or 0.5% methylcellulose (MC) vehicle, during the inactive phase. B, Mice 

were orally administered 40 mg/kg/day of MK-1064 or 20% D-α-tocopherol polyethylene glycol 1000 succinate 

(TPGS) vehicle, at the beginning of the active phase. A-B, Four weeks after treatment initiation, mice were 

surgically implanted with EEG/EMG recording devices. Sleep/wake recordings were conducted at 6 months of age, 

followed by cognition testing in the Barnes maze. Mice were culled at 6.4 months of age and samples were 

collected. Mice entered this protocol in staggered cohorts of up to nine mice at a time.  

 

Polysomnographic recordings and analysis 

Surgery: Mice were anaesthetised with isoflurane in air (5% for induction, 2-3% for 

maintenance) and placed in a stereotaxic frame. Meloxicam (1-3 mg/kg, Ilium) and 500 µL of 

warm saline were administered subcutaneously. 50 µL of 1% lignocaine HCl (Pfizer) was 

administered near the incision site, then the skull was exposed and EEG/EMG preformed head 

mounts (Catalogue number: #8201-SS, Pinnacle Technology Inc.) were surgically implanted. 

EEG1 and EEG2 electrodes (screws inserted into the head mount) were positioned over the 

parietal and frontal lobe, respectively. Reference and ground electrodes were positioned at 

equivalent regions, with reference embedded in the parietal region and ground in the frontal, 

in addition to a non-penetrating anchor screw embedded into the skull over the motor cortex. 

Two EMG wires attached to the head mount were inserted into the neck musculature and 

sutured (7-0 Prolene, Ethicon) into place. Sutures were used to close the scalp around the head 

mount. Dental cement was positioned under and around the head mount using an 18G drawing-

up needle and allowed to set. The mouse was removed from the stereotaxic frame and placed 

into a warm recovery box (30°C) until it was moving freely, then returned to its original cage.  

Recordings: Mice were individually housed in transparent, cylindrical sleep recording 

chambers (29 cm diameter x 30 cm height) for a further week of recovery and acclimatisation. 

Head mounts were plugged into pre-amplifier 24 h before recordings began. Three individual 

23 h recordings were then acquired over three consecutive days using Sirenia Acquisition 

version 1.8.0 software (Pinnacle Technology Inc.). Three channels were recorded: EEG1, 
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EEG2 and EMG. The sampling rate was 200 Hz. 100 Hz EEG and EMG filters were applied. 

For Experiment 1, recordings began at 1000h (CT7) and finished at 0900h (CT6). For 

Experiment 2, recordings began at 0930h (CT12) and finished at 0830h (CT11). Following 

EEG/EMG recordings all mice were returned to their original cages.   

Analysis: Sirenia recording files (.pvfs) were exported as European Data Format (.edf) and 

imported into the program Somnivore™ (Allocca et al., 2019) in 4 s epochs for vigilance state 

and power spectral analysis. The final 23 h recording from each mouse was used for analysis, 

unless faulty or otherwise unavailable, in which case the recording from day two or one was 

used. Each recording was scored by first training the Somnivore machine learning algorithm 

with 101 epochs of wake, NREM and REM. The entire hypnogram was then populated using 

Somnivore’s auto-score function. Contextual scoring rules included a minimum bout length 

setting of 8 s (two contiguous epochs) for both wake and NREM and 12 s (three contiguous 

epochs) for REM. A further 50 epochs of each state were then trained, and the auto-score 

function was run again. The entire recording was then manually checked and corrected. All 

sleep scoring was performed blinded to genotype and treatment. Vigilance state-specific 

(NREM or REM) normalised power spectral data were obtained from the first 5 h of recording 

for Experiment 1. Normalised power spectral data were obtained for the first 6 h of recordings 

for NREM and first 12 h for REM (due to the relative scarcity of REM sleep during the active 

phase) for Experiment 2, using Somnivore’s built in power spectral analysis capabilities 

(Allocca et al., 2019). For power spectral analysis, all transition epochs were excluded and 

signals from EEG1 and EEG2 were averaged. Frequencies in the 0-20 Hz range were selected 

for statistical analysis.     

 

Behaviour  

Barnes maze  

The Barnes maze (Barnes, 1979) was used to interrogate hippocampal-dependent spatial 

learning and memory in rTg4510 and WT mice. The Barnes maze comprised a circular 

platform (120 cm diameter) with 36 evenly spaced holes (5 cm diameter) around its perimeter, 

raised 56 cm off the ground. Two floodlights, three pedestal fans (providing ~2.2 m/s and ~1.4 

m/s air speed at the edge and centre of the platform, respectively) and one additional 3D visual 

cue (yellow biohazard bin affixed to a steel pole) were positioned around the maze. Laminated, 

patterned A2 sheets (stripes or dots) were attached to the floodlight stands as further visual 

cues. A cylindrical container (13 cm diameter x 10 cm height) was used to hold mice in the 

centre of the maze at the start of each trial and was raised to the ceiling via a pulley system. A 
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small black container (14 x 9.5 x 5 cm) with a wire mesh ramp was used as an escape box and 

positioned under one hole in the maze. A camera mounted to the ceiling was positioned directly 

above the maze. TopScan Lite version 2.00 (CleverSys Inc.) was used for tracking analysis.  

Day 0 – Habituation trials: Each mouse performed one habituation trial on day 0. All visual 

cues were removed for the habituation trial. The mouse was placed under the start container, 

the floodlights and pedestal fans switched on and the container raised using the pulley. After 

15-30 s the mouse was gently guided into the escape box and allowed to remain inside for 2 

min, then returned to its home cage.  

Days 1-4 – Acquisition trials: Each mouse performed 3 acquisition trials per day for 4 

consecutive days, with an inter-trial interval of 25-27 min. Acquisition trials were performed 

during the active phase. Acquisition trials began a minimum of 6 h after drug administration, 

to avoid excessive and potentially confounding somnolence. Mice were randomly assigned a 

target escape box location (hole 7, 13, 25 or 31). The escape box was positioned under this hole 

for every trial for that mouse. Acquisition trials lasted 4 min or until the mouse entered the 

escape box, if it had not entered after 4 min had elapsed, the mouse was guided inside by hand. 

Once the mouse was inside the escape box the floodlights and fans were immediately switched 

off. Mice remained inside the box for 30-60 s and were then returned to their home cage. The 

maze surface was wiped down with 80% ethanol between each trial.  

The acquisition trial parameters measured included: Total errors: the number of nose 

pokes into a hole that was not the target hole, with consecutive dips into the same hole 

considered a single error. Hole deviation: the difference in the number of holes between the 

first hole the mouse visited and the target hole (range 0-18).  Latency to investigate any hole: 

the time it took the mouse to move from the centre starting point and poke its nose into any 

hole on the maze. Primary latency to escape hole: the time it took the mouse to first poke its 

nose into the target hole. Latency to enter escape box: the time it took the mouse to enter the 

escape box. Search strategy: the search strategy mice used to locate the escape box. A spatial 

search strategy occurred when the mouse moved directly to within three holes either side of 

the target and then quickly located the escape box thereafter. The serial search strategy occurred 

when the mouse moved around the edge of the maze making errors at sequential holes before 

locating the escape box. The random search strategy occurred when the mouse searched the 

maze in an unsystematic fashion, often moving through the centre of the maze and returning to 

holes previously visited. Proportion of mice requiring guidance: the proportion of mice that 

had not entered the escape box after the 4 min trial limit had elapsed and hence needed to be 
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guided inside. Proportion of mice failing to explore the maze: the proportion of mice that 

remained in the centre of the maze for the entire 4 min trial limit (see Appendix III). 

Day 5 – Probe trial: Each mouse performed one 3 min probe trial in which the escape box had 

been removed. The maze surface was wiped down with 80% ethanol between each probe trial. 

The number of times the mouse poked its nose into each hole on the maze was measured. In 

this case, consecutive dips into the same hole were considered as multiple nose pokes. Only 

the first 90 s (or second 90 s if the mouse took longer to move from the centre) of the trial were 

analysed. A higher number of nose pokes into the target and adjacent holes was indicative of 

heightened spatial recall and cognitive ability.    

 

Cull and sample collection 

All sample collection occurred within the first few hours of the active phase commencing. Mice 

were terminally anaesthetised with a lethal dose of sodium pentobarbitone (80 mg/kg) and 

perfused with approximately three times their blood volume (estimated as 7% of body weight) 

of 0.01M phosphate-buffered saline (PBS) containing heparin (55.6 mg/L). Brains were 

extracted and dissected down the midline, the right hemisphere was used to micro dissect 

regions containing the hippocampus and cerebral cortex, which were then immediately frozen 

on dry ice and stored at -80°C.  

 

Western blotting 

Tissue preparation: Brain samples were homogenised on ice using a probe sonicator (~10 s; 

0.5 s on, 0.5 s off) in sodium dodecyl sulfate (SDS) lysis buffer (1:3; tissue weight (mg): buffer 

volume (µL)) containing 2% SDS and 10 mM Tris (pH 6.8), plus protease and phosphatase 

inhibitors (Roche). Homogenates were centrifuged at 13000 rpm for 30 min at 4°C. The 

supernatant was collected and total protein concentration was determined using the 

bicinchoninic acid (BCA) assay (Pierce).   

Immunoblotting: Samples were diluted in SDS lysis buffer and 4X sample buffer (250 mM 

Tris (pH 6.8), 8% SDS, 20% Glycerol. 0.2% Bromo Blue, 10 mM Dithiothreitol (DTT)) was 

added to yield a final protein concentration of 1.67 µg/µL. Samples were heated at 95°C for 5-

10 min, thoroughly mixed, then briefly spun down. 15 µL of sample (25 µg of protein) were 

added to the relevant well. Proteins were electrophoresed at 200V for 35 min on 4-20% 

polyacrylamide gels (BioRad) and transferred on to 0.45 µm (pore-size) nitrocellulose 

membranes (BioRad). Membranes were blocked in tris-buffered saline with 0.05% Tween20 

(TBS-T) containing 5% skim milk powder for 1 h at room temperature. Membranes were first 
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incubated with mouse anti-β-actin (1:10000, catalogue number: A5441; Sigma-Aldrich) for 1 

h at 4°C, then with anti-mouse secondary (1:10000, catalogue number: #7076; Cell Signaling 

Technology) for 1 h at room temperature. Proteins were detected using enhanced 

chemiluminescence (ECL; BioRad) and visualised using the ChemiDoc (BioRad). Membranes 

were then incubated with rabbit primary antibodies (Total tau, 1:10000, catalogue number: 

A0024; DAKO; phospho-tau S404, 1:4000, catalogue number: ab92676; Abcam or phospho-

tau S202, 1:4000, catalogue number: #39357; Cell Signaling Technology) overnight at 4°C 

followed by anti-rabbit secondary (same dilution as primary, catalogue number: #7074; Cell 

Signaling Technology) for 2 h at room temperature. These p-tau epitopes were selected as they 

have been demonstrated to affect microtubule dynamics and are sites commonly 

phosphorylated by tau kinases cyclin-dependent kinase 5 (CDK5) and glycogen synthase 

kinase 3 beta (GSK-3β) in the AD state (Mandelkow et al., 1992; Baumann et al., 1993). P-tau 

S202 has also been associated with the increased propensity for tau to aggregate (Despres et 

al., 2017). All antibodies were diluted in 5% skim milk in TBS-T. All membranes were washed 

with TBS-T (3 x 5-10 min) before and after incubation with secondary antibodies. Proteins 

were detected as described above and analysed via densitometry (ImageLab version 6.0.1, 

BioRad). A reference sample homogenate taken from the same WT mouse, rTg4510 mouse 

and tau knockout (tau-/-) mouse were loaded onto every gel. Protein levels were first normalised 

to β-actin and then to the reference samples. All values are expressed as a percentage of the 

WT vehicle (MC or TPGS) group.        

 

Statistical analysis  

Statistical analyses were performed using GraphPad Prism (version 8.0.0) or R (version 

3.6.1)/RStudio (version 1.2.5001). Time spent in each vigilance state (sleep/wake data) across 

the 23 h recording were analysed using the lmer function, incorporating the factors of genotype, 

treatment, sex and time (repeated factor). Average bout numbers, bout durations and time spent 

in each vigilance state per phase were analysed by a linear mixed effects model in R, using the 

lm function, incorporating the factors of genotype, treatment and sex. Vigilance state-specific 

normalised EEG power were analysed using the lmer function, incorporating the factors of 

genotype, treatment and frequency (repeated factor). Only frequencies in the 0-20 Hz range 

were included in statistical analyses. Average EEG power per specified frequency range were 

analysed using the lm function, incorporating the factors of genotype, treatment and sex. Nose 

poke distributions during the Barnes maze probe trial were analysed using one-way repeated 

measures ANOVA followed by Fisher’s LSD multiple comparisons test, versus the target hole. 
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Aggregate nose pokes into the target region were analysed by a linear mixed effects model in 

R, using the lm function, incorporating the factors of genotype, treatment and sex. Three mice 

from the rTg4510 MC, five mice from the rTg4510 Suvo, one mouse from the rTg4510 TPGS 

and two mice from the rTg4510 MK-1064 groups were excluded from probe trial analyses due 

to lack of movement. Relative tau levels (western blots) were analysed by two-way ANOVA 

with Tukey’s multiple comparisons test. Correlations between Barnes maze parameters and 

total sleep time were analysed by Pearson’s correlation. Akaike information criterion (AIC) 

was used to determine the model of best fit for all R related analyses. Where sex was a 

significant contributing factor data from both male and female mice are presented separately. 

All R related post hoc analyses were performed using the emmeans function, with Tukey’s 

multiple comparisons test. For all analyses, P < 0.05 was considered to be statistically 

significant.    

 

 

 

4.4 Results  

Experiment 1 

Suvorexant increased REM sleep in both rTg4510 and WT mice when 

administered during the inactive phase 

Sleep/wake architecture of rTg4510 and WT mice were significantly altered by chronic 

suvorexant treatment (Fig. 4.2A-C; Table 4.1), predominantly affecting REM sleep. 

Suvorexant-treated WT and rTg4510 mice spent more time in REM sleep than MC-treated 

mice across each of the subsequent 5 hours of the inactive phase post-drug administration (Fig. 

4.2C), whereas wake and NREM were not influenced by treatment (Fig. 4.2A, B). The average 

time spent in each vigilance state across the 1st inactive period (5 h post-suvorexant), active 

phase, 2nd inactive period and the entire recording were assessed (Fig. 4.2D-O; Table 4.2). 

Suvorexant similarly increased REM sleep in both WT and rTg4510 mice during the 1st 

inactive period (5 h post-suvorexant; Fig. 4.2L), compared with MC-treated mice. Less 

pronounced decreases in wake (Fig. 4.2D) and increases in NREM sleep (Fig. 4.2H) were also 

observed in suvorexant-treated mice during this period. During the active phase, main effects 

of genotype and sex were observed; rTg4510 mice spent more time awake (Fig. 4.2E) and 

subsequently less time in NREM (Fig. 4.2I) and REM (Fig. 4.2M) sleep, which was 

exacerbated in female rTg4510 mice, consistent with the hyperarousal phenotype previously 

reported in these mice (Chapter 3). No effects of genotype, treatment or sex were observed 
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during the 2nd inactive period, with all groups spending the same amount of time in each 

vigilance state (Fig. 4.2F, J, N).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Promotion of REM sleep following suvorexant treatment in rTg4510 mice. 

A-C, Minutes spent in wake (A), NREM (B) and REM (C) vigilance states per hour across a 23 h recording in 

rTg4510 and WT mice administered suvorexant (Suvo) or methylcellulose (MC) vehicle. Dark shade represents 

the active phase. Data are means ± SEM. n = 14-16 per group. Short bar: P < 0.01, tall bar: P < 0.001 vs. MC 

(treatment x time) within circadian time; # denotes main effect of genotype, by repeated measures linear mixed 

effects model with Tukey’s multiple comparisons test. D-O, Minutes spent in each vigilance state per hour averaged 

across (from left to right) the 1st inactive period (5 h post-suvorexant), active phase, 2nd inactive period and entire 

recording, for wake (D-G), NREM (H-K) and REM (L-O). n = 5-9 per group, per sex. #, † and § denote main effects 

of genotype, treatment and sex, respectively. ##P < 0.01, ###P < 0.001 vs. WT; †P < 0.05, †††P < 0.001 vs. MC; §P 

< 0.05, §§P < 0.01, §§§P < 0.001 vs. Female, by linear mixed effects model with Tukey’s multiple comparisons test. 

For D-O, only main effects are graphically presented, refer to Table 4.1 and 4.2 for further details.       
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Table 4.1. Experiment 1 (suvorexant) EEG recordings statistical analyses summary. 

Time spent in each vigilance state across the 23 h recording were analysed by a repeated measures linear mixed 

effects model in R, using the lmer function, incorporating the factors of Genotype, Treatment, Sex and Time 

(repeated factor). Indented Pr(>|t|) values indicate statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2. Experiment 1 (suvorexant) phase specific EEG recordings statistical analyses summary.  

Average time spent in each vigilance state per phase were analysed by a linear mixed effects model in R, using 

the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

Vigilance state time

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype -6.581 3.257 1387.0 -2.021 < 0.05 5.470 2.822 1387.0 1.947 > 0.05 1.083 0.519 1387.0 2.085 < 0.05

Treatment -4.057 3.257 1387.0 -1.246 > 0.05 2.580 2.822 1387.0 0.914 > 0.05 1.477 0.519 1387.0 2.845 < 0.01

Sex -3.886 3.854 1387.0 -1.008 > 0.05 3.594 3.340 1387.0 1.076 > 0.05 0.291 0.614 1387.0 0.474 > 0.05

Time -0.437 0.168 1387.0 -2.602 < 0.01 0.374 0.146 1387.0 2.567 < 0.01 0.063 0.027 1387.0 2.361 < 0.05

Genotype:Treatment 0.755 4.606 1387.0 0.164 > 0.05 -0.779 3.992 1387.0 -0.195 > 0.05 0.025 0.734 1387.0 0.034 > 0.05

Genotype:Sex 1.782 5.194 1387.0 0.343 > 0.05 -1.410 4.501 1387.0 -0.313 > 0.05 -0.369 0.828 1387.0 -0.446 > 0.05

Treatment:Sex 4.920 5.302 1387.0 0.928 > 0.05 -3.758 4.595 1387.0 -0.818 > 0.05 -1.161 0.845 1387.0 -1.374 > 0.05

Genotype:Time -0.026 0.238 1387.0 -0.109 > 0.05 0.018 0.206 1387.0 0.085 > 0.05 0.009 0.038 1387.0 0.227 > 0.05

Treatment:Time 0.248 0.238 1387.0 1.046 > 0.05 -0.145 0.206 1387.0 -0.702 > 0.05 -0.104 0.038 1387.0 -2.742 < 0.05

Sex:Time -0.067 0.281 1387.0 -0.237 > 0.05 0.070 0.244 1387.0 0.288 > 0.05 -0.003 0.045 1387.0 -0.072 > 0.05

Genotype:Treatment:Sex -4.529 7.236 1387.0 -0.626 > 0.05 4.478 6.270 1387.0 0.714 > 0.05 0.051 1.153 1387.0 0.044 > 0.05

Genotype:Treatment:Time -0.062 0.336 1387.0 -0.185 > 0.05 0.064 0.291 1387.0 0.221 > 0.05 -0.002 0.054 1387.0 -0.039 > 0.05

Genotype:Sex:Time -0.001 0.379 1387.0 -0.003 > 0.05 -0.010 0.328 1387.0 -0.032 > 0.05 0.011 0.060 1387.0 0.184 > 0.05

Treatment:Sex:Time -0.225 0.387 1387.0 -0.583 > 0.05 0.131 0.335 1387.0 0.392 > 0.05 0.094 0.062 1387.0 1.526 > 0.05

Genotype:Treatment:Sex:Time 0.175 0.528 1387.0 0.331 > 0.05 -0.127 0.457 1387.0 -0.277 > 0.05 -0.048 0.084 1387.0 -0.571 > 0.05

Wake NREM REM

Vigilance state time

Vigilance state Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Wake Genotype 4.699 1.395 3.369 < 0.01 -15.695 1.899 -8.266 < 0.001 1.052 1.823 0.577 > 0.05 -6.893 1.211 -5.691 < 0.001

Treatment -5.058 1.395 -3.626 < 0.001 0.175 1.899 0.092 > 0.05 -0.263 1.823 -0.144 > 0.05 -1.077 1.211 -0.889 > 0.05

Sex 1.288 1.651 0.780 > 0.05 -8.384 2.247 -3.732 < 0.001 -2.274 2.157 -1.054 > 0.05 -4.687 1.433 -3.271 < 0.01

Genotype:Treatment 0.920 1.973 0.466 > 0.05 -1.052 2.685 -0.392 > 0.05 1.368 2.578 0.531 > 0.05 0.008 1.712 0.005 > 0.05

Genotype:Sex -3.071 2.225 -1.380 > 0.05 4.445 3.028 1.468 > 0.05 0.453 2.907 0.156 > 0.05 1.770 1.931 0.916 > 0.05

Treatment:Sex 2.647 2.271 1.166 > 0.05 2.412 3.091 0.780 > 0.05 1.462 2.968 0.493 > 0.05 2.215 1.972 1.124 > 0.05

Genotype:Treatment:Sex -2.119 3.099 -0.684 > 0.05 -1.448 4.218 -0.343 > 0.05 -4.656 4.050 -1.149 > 0.05 -2.431 2.691 -0.903 > 0.05

NREM Genotype -4.843 1.288 -3.761 < 0.001 13.686 1.728 7.920 < 0.001 -1.462 1.571 -0.930 > 0.05 5.707 1.155 4.942 < 0.001

Treatment 3.227 1.288 2.506 < 0.05 -0.042 1.728 -0.024 > 0.05 0.637 1.571 0.406 > 0.05 0.846 1.155 0.732 > 0.05

Sex -1.044 1.524 -0.685 > 0.05 7.663 2.045 3.748 < 0.001 2.546 1.859 1.369 > 0.05 4.435 1.366 3.246 < 0.01

Genotype:Treatment -0.995 1.821 -0.546 > 0.05 0.985 2.444 0.403 > 0.05 -1.170 2.222 -0.527 > 0.05 -0.008 1.633 -0.005 > 0.05

Genotype:Sex 2.864 2.054 1.394 > 0.05 -3.806 2.755 -1.381 > 0.05 -0.656 2.506 -0.262 > 0.05 -1.535 1.841 -0.833 > 0.05

Treatment:Sex -1.953 2.096 -0.931 > 0.05 -2.197 2.813 -0.781 > 0.05 -2.348 2.558 -0.918 > 0.05 -2.183 1.880 -1.162 > 0.05

Genotype:Treatment:Sex 2.619 2.861 0.916 > 0.05 1.817 3.839 0.473 > 0.05 5.518 3.491 1.580 > 0.05 2.957 2.565 1.153 > 0.05

REM Genotype 0.143 0.394 0.363 > 0.05 2.007 0.236 8.506 < 0.001 0.411 0.425 0.969 > 0.05 1.186 0.190 6.253 < 0.001

Treatment 1.831 0.394 4.636 < 0.001 -0.133 0.236 -0.564 > 0.05 -0.373 0.425 -0.879 > 0.05 0.231 0.190 1.220 > 0.05

Sex -0.244 0.467 -0.522 > 0.05 0.720 0.279 2.580 < 0.05 -0.270 0.502 -0.538 > 0.05 0.252 0.224 1.124 > 0.05

Genotype:Treatment 0.075 0.558 0.134 > 0.05 0.067 0.334 0.202 > 0.05 -0.199 0.600 -0.331 > 0.05 0.000 0.268 -0.002 > 0.05

Genotype:Sex 0.207 0.630 0.328 > 0.05 -0.638 0.376 -1.696 > 0.05 0.200 0.677 0.295 > 0.05 -0.236 0.302 -0.780 > 0.05

Treatment:Sex -0.694 0.643 -1.080 > 0.05 -0.215 0.384 -0.561 > 0.05 0.886 0.691 1.281 > 0.05 -0.032 0.309 -0.104 > 0.05

Genotype:Treatment:Sex -0.500 0.877 -0.570 > 0.05 -0.369 0.524 -0.704 > 0.05 -0.860 0.943 -0.912 > 0.05 -0.526 0.421 -1.248 > 0.05

2nd inactive period1st inactive period (5 h post-suvorexant) Active phase Entire recording
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Suvorexant promoted REM sleep by increasing bout numbers without affecting 

bout duration 

Vigilance state bout numbers and bout durations were significantly altered by chronic 

suvorexant treatment (Fig. 4.3, 4.4; Table 4.3, 4.4). Wake (Fig. 4.3A) and NREM (Fig. 4.3E) 

bout numbers were unaffected by suvorexant treatment during the 1st inactive period. During 

the active phase, wake and NREM bout numbers were generally decreased in female mice, 

especially female rTg4510 mice, but with no effect of suvorexant treatment (Fig. 4.3B, F). 

Wake and NREM bout numbers appeared to somewhat normalise during the 2nd inactive period 

(Fig. 4.3C, G). Suvorexant increased REM bout numbers in both WT and rTg4510 mice during 

the 1st inactive period (Fig. 4.3I). REM bout numbers were reduced thereafter during the active 

phase (Fig. 4.3J) and 2nd inactive period (Fig. 4.3K) in rTg4510 mice, compared with WT, but 

with no effect of suvorexant.  

Wake bout durations were attenuated by suvorexant treatment in the 1st inactive period 

(Fig. 4.4A). Thereafter, wake durations tended to be longer in rTg4510 mice, consistent with 

previous findings and the hyperarousal phenotype of these mice (Chapter 3; Fig. 4.4B-D). 

NREM bout durations were also increased in rTg4510 mice throughout the 1st and 2nd inactive 

period (Fig. 4.4E, G), but were reduced during the active phase (Fig. 4.4F), compared with WT 

mice. During the 1st inactive period, REM bout durations were increased in rTg4510 mice, 

compared with WT mice, however, with no influence of suvorexant treatment (Fig. 4.4I). REM 

bout durations were thereafter decreased during the active phase (Fig. 4.4J) but increased again 

during the 2nd inactive period (Fig. 4.4K) in rTg4510 mice, consistent with previous findings 

(Chapter 3).  
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Figure 4.3. Increased REM bouts following suvorexant treatment in rTg4510 mice.  

A-L, Total number of wake (A-D), NREM (E-H) and REM (I-L) bouts averaged across (from left to right) the 1st 

inactive period (5 h post-suvorexant), active phase, 2nd inactive period and entire recording in rTg4510 and WT 

mice administered suvorexant (Suvo) or methylcellulose (MC) vehicle. Data are means ± SEM. n = 5-9 per group, 

per sex. #, † and § denote main effects of genotype, treatment and sex, respectively. ##P < 0.01, ###P < 0.001 vs. 

WT; †P < 0.05 vs. MC; §P < 0.05, vs. Female; *P < 0.05 **P < 0.01, ***P < 0.001, by linear mixed effects model with 

Tukey’s multiple comparisons test. Refer to Table 4.3 for further details.  

 

Table 4.3. Experiment 1 (suvorexant) vigilance state bout numbers statistical analyses summary. 

Average bout numbers of each vigilance state per phase were analysed by a linear mixed effects model in R, using 

the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance. 

 

 

 

 

 

 

 

Vigilance state bout numbers

Vigilance state Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Wake Genotype 11.667 9.950 1.173 > 0.05 54.333 26.450 2.054 <  0.05 16.333 9.191 1.777 > 0.05 82.330 36.330 2.266 < 0.05

Treatment 14.222 9.950 1.429 > 0.05 1.667 26.450 0.063 > 0.05 -1.000 9.191 -0.109 > 0.05 14.890 36.330 0.410 > 0.05

Sex 17.333 11.773 1.472 > 0.05 73.422 31.297 2.346 < 0.05 0.667 10.875 0.061 > 0.05 91.420 42.980 2.127 < 0.05

Genotype:Treatment 9.667 14.071 0.687 > 0.05 17.000 37.406 0.454 > 0.05 3.222 12.998 0.248 > 0.05 29.890 51.380 0.582 > 0.05

Genotype:Sex 15.333 15.866 0.966 > 0.05 95.181 42.179 2.257 < 0.05 18.524 14.656 1.264 > 0.05 129.040 57.930 2.227 < 0.05

Treatment:Sex -9.556 16.197 -0.590 > 0.05 49.633 43.058 1.153 > 0.05 13.167 14.962 0.880 > 0.05 53.240 59.140 0.900 > 0.05

Genotype:Treatment:Sex -24.333 22.105 -1.101 > 0.05 -189.014 58.763 -3.217 < 0.01 -29.675 20.419 -1.453 > 0.05 -243.020 80.710 -3.011 < 0.01

NREM Genotype 11.111 10.111 1.099 > 0.05 63.000 26.585 2.370 < 0.05 18.000 9.243 1.947 > 0.05 92.110 36.630 2.514 < 0.05

Treatment 14.111 10.111 1.396 > 0.05 1.444 26.585 0.054 > 0.05 -1.000 9.243 -0.108 > 0.05 14.560 36.630 0.397 > 0.05

Sex 16.600 11.964 1.388 > 0.05 77.978 31.456 2.479 < 0.05 1.911 10.937 0.175 > 0.05 96.490 43.340 2.226 < 0.05

Genotype:Treatment 8.778 14.299 0.614 > 0.05 14.667 37.597 0.390 > 0.05 1.889 13.072 0.145 > 0.05 25.330 51.810 0.489 > 0.05

Genotype:Sex 16.575 16.124 1.028 > 0.05 87.800 42.394 2.071 < 0.05 16.771 14.739 1.138 > 0.05 121.150 58.410 2.074 < 0.05

Treatment:Sex -9.378 16.460 -0.570 > 0.05 46.689 43.278 1.079 > 0.05 12.700 15.047 0.844 > 0.05 50.010 59.630 0.839 > 0.05

Genotype:Treatment:Sex -24.511 22.463 -1.091 > 0.05 -179.371 59.063 -3.037 < 0.01 -27.732 20.535 -1.350 > 0.05 -231.610 81.380 -2.846 < 0.01

REM Genotype 3.222 2.435 1.324 > 0.05 19.556 3.269 5.983 < 0.001 7.778 2.875 2.705 < 0.01 30.556 5.741 5.323 < 0.001

Treatment 5.889 2.435 2.419 < 0.05 -0.778 3.269 -0.238 > 0.05 0.667 2.875 0.232 > 0.05 5.778 5.741 1.006 > 0.05

Sex -1.000 2.881 -0.347 > 0.05 10.222 3.868 2.643 < 0.05 -0.356 3.402 -0.105 > 0.05 8.867 6.792 1.305 > 0.05

Genotype:Treatment 4.778 3.443 1.388 > 0.05 1.333 4.623 0.288 > 0.05 -2.444 4.066 -0.601 > 0.05 3.667 8.118 0.452 > 0.05

Genotype:Sex 5.064 3.882 1.304 > 0.05 -2.413 5.213 -0.463 > 0.05 0.308 4.585 0.067 > 0.05 2.959 9.154 0.323 > 0.05

Treatment:Sex 0.444 3.963 0.112 > 0.05 -5.556 5.321 -1.044 > 0.05 0.133 4.681 0.028 > 0.05 -4.978 9.345 -0.533 > 0.05

Genotype:Treatment:Sex -8.111 5.409 -1.500 > 0.05 -4.714 7.262 -0.649 > 0.05 -0.927 6.388 -0.145 > 0.05 -13.752 12.754 -1.078 > 0.05

2nd inactive period1st inactive period (5 h post suvorexant) Active phase Entire recording
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Figure 4.4. Unchanged REM bout duration following suvorexant treatment in rTg4510 mice.  

A-L, Mean wake (A-D), NREM (E-H) and REM (I-L) bout durations averaged across (from left to right) the 1st 

inactive period (5 h post-suvorexant), active phase, 2nd inactive period and entire recording in rTg4510 and WT 

mice administered suvorexant (Suvo) or methylcellulose (MC) vehicle. Data are means ± SEM. n = 5-9 per group, 

per sex. #, † and § denote main effects of genotype, treatment and sex, respectively. #P < 0.05, ##P < 0.01, ###P < 

0.001 vs. WT; †††P < 0.001 vs. MC; §P < 0.05, vs. Female, by linear mixed effects model with Tukey’s multiple 

comparisons test. Refer to Table 4.4 for further details.  

 

Table 4.4. Experiment 1 (suvorexant) vigilance state bout duration statistical analyses summary.  

Average bout duration of each vigilance state per phase were analysed by a linear mixed effects model in R, using 

the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance.   

 

 

 

 

 

 

 

 

Vigilance state bout durations

Vigilance state Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Wake Genotype -10.168 12.805 -0.794 > 0.05 -463.180 244.440 -1.895 > 0.05 30.280 71.940 0.421 > 0.05 -235.970 136.750 -1.725 > 0.05

Treatment -60.267 12.805 -4.706 < 0.001 213.540 244.440 0.874 > 0.05 67.590 71.940 0.940 > 0.05 115.940 136.750 0.848 > 0.05

Sex -28.673 15.151 -1.892 > 0.05 -271.510 289.230 -0.939 > 0.05 46.740 85.130 0.549 > 0.05 -135.700 161.810 -0.839 > 0.05

Genotype:Treatment 14.790 18.109 0.817 > 0.05 -414.670 345.690 -1.200 > 0.05 -68.220 101.750 -0.671 > 0.05 -230.930 193.400 -1.194 > 0.05

Genotype:Sex -13.288 20.420 -0.651 > 0.05 -92.910 389.790 -0.238 > 0.05 -114.560 114.730 -0.999 > 0.05 -81.250 218.070 -0.373 > 0.05

Treatment:Sex 37.660 20.845 1.807 > 0.05 -681.740 397.920 -1.713 > 0.05 -161.810 117.120 -1.382 > 0.05 -389.710 222.620 -1.751 > 0.05

Genotype:Treatment:Sex 2.507 28.449 0.088 > 0.05 965.570 543.060 1.778 > 0.05 168.560 159.840 1.055 > 0.05 548.290 303.820 1.805 > 0.05

NREM Genotype -54.058 15.639 -3.456 < 0.01 33.029 13.192 2.504 < 0.05 -61.978 23.325 -2.657 < 0.05 -10.688 13.106 -0.815 > 0.05

Treatment -19.617 15.639 -1.254 > 0.05 -9.732 13.192 -0.738 > 0.05 0.917 23.325 0.039 > 0.05 -9.103 13.106 -0.695 > 0.05

Sex -44.733 18.505 -2.417 < 0.05 -4.357 15.609 -0.279 > 0.05 3.511 27.599 0.127 > 0.05 -11.082 15.508 -0.715 > 0.05

Genotype:Treatment 2.533 22.118 0.115 > 0.05 1.984 18.656 0.106 > 0.05 -9.783 32.987 -0.297 > 0.05 -0.967 18.535 -0.052 > 0.05

Genotype:Sex 19.148 24.939 0.768 > 0.05 -30.768 21.036 -1.463 > 0.05 -22.054 37.195 -0.593 > 0.05 -17.644 20.900 -0.844 > 0.05

Treatment:Sex 18.609 25.459 0.731 > 0.05 -11.446 21.475 -0.533 > 0.05 -43.163 37.971 -1.137 > 0.05 -13.186 21.336 -0.618 > 0.05

Genotype:Treatment:Sex 14.909 34.745 0.429 > 0.05 47.811 29.308 1.631 > 0.05 96.135 51.820 1.855 > 0.05 53.264 29.118 1.829 > 0.05

REM Genotype -12.883 5.112 -2.520 < 0.05 28.344 5.700 4.972 < 0.001 -21.774 5.861 -3.715 < 0.001 6.307 3.580 1.762 > 0.05 

Treatment 3.198 5.112 0.626 > 0.05 -7.166 5.700 -1.257 > 0.05 -6.201 5.861 -1.058 > 0.05 -4.661 3.580 -1.302 > 0.05 

Sex -3.059 6.048 -0.506 > 0.05 7.414 6.745 1.099 > 0.05 -10.442 6.935 -1.506 > 0.05 0.479 4.236 0.113 > 0.05 

Genotype:Treatment -4.918 7.229 -0.680 > 0.05 4.769 8.062 0.592 > 0.05 7.693 8.289 0.928 > 0.05 3.426 5.063 0.677 > 0.05 

Genotype:Sex -4.921 8.151 -0.604 > 0.05 -14.230 9.090 -1.565 > 0.05 14.008 9.347 1.499 > 0.05 -4.840 5.709 -0.848 > 0.05 

Treatment:Sex -8.192 8.321 -0.985 > 0.05 4.667 9.280 0.503 > 0.05 17.590 9.541 1.843 > 0.05 5.242 5.828 0.900 > 0.05 

Genotype:Treatment:Sex 10.406 11.356 0.916 > 0.05 -1.932 12.664 -0.153 > 0.05 -20.073 13.022 -1.541 > 0.05 -3.982 7.954 -0.501 > 0.05

1st inactive period (5 h post suvorexant) Active phase 2nd inactive period Entire recording
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Suvorexant attenuated theta power deficits during REM sleep in male but not 

female rTg4510 mice 

To assess the effects of suvorexant on EEG power during sleep, vigilance state-specific power 

spectral analyses over the 1st inactive period immediately after dosing were performed (Fig. 

4.5; Table 4.5, 4.6). Consistent with previous findings, rTg4510 mice exhibited deficits in delta 

(1-4 Hz) power during NREM sleep (Fig 4.5A, C). Suvorexant appeared to modulate delta 

power in male, but not female, rTg4510 mice, although this did not reach statistical significance 

(Fig. 4.5C; Table 4.6). rTg4510 mice also exhibited substantial deficits in theta (5-9 Hz) power 

during REM sleep (Fig. 4.5B), which was slightly attenuated by suvorexant treatment, but only 

in male rTg4510 mice (Fig. 4.5D). Theta power in WT mice was not affected (Fig. 4.5D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Altered EEG power following suvorexant treatment in rTg4510 mice.  

A-B, Vigilance state-specific normalised EEG power during NREM (A) and REM (B) sleep in rTg4510 and WT 

mice administered suvorexant (Suvo) or methylcellulose (MC) vehicle. Data are means ± SEM. n = 14-16 per 

group. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. WT (genotype x frequency); †††P < 0.001 vs. MC (treatment x 

frequency) within frequency band, by repeated measures linear mixed effects model with Tukey’s multiple 

comparisons test. C, Average NREM power over the delta (1-4 Hz) frequencies. D, Average REM power over the 

theta (5-9 Hz) frequencies. n = 5-9 per group, per sex. C-D, # denotes main effect of genotype. ###P < 0.001 vs. 

WT; *P < 0.05 **P < 0.01, by linear mixed effects model with Tukey’s multiple comparisons test. Signals from EEG1 

and EEG2 electrodes were combined. All transition epochs were excluded from power analysis. For clarity, not all 

statistically significant differences are graphically presented. Refer to Table 4.5 and 4.6 for further details.  
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Table 4.5. Experiment 1 (suvorexant) EEG power statistical analyses summary. 

Vigilance state-specific normalised EEG power during the 1st inactive period were analysed by a repeated 

measures linear mixed effects model in R, using the lmer function, incorporating the factors of Genotype, Treatment 

and Frequency (repeated factor). Indented Pr(>|t|) values indicate statistical significance.   

 

 

 

 

 

 

 

 

Table 4.6. Experiment 1 (suvorexant) NREM delta and REM theta statistical analyses summary. 

Summed NREM delta and REM theta normalised EEG power during the 1st inactive period were analysed by a 

linear mixed effects model in R, using the lm function, incorporating the factors of Genotype, Treatment and Sex. 

Indented Pr(>|t|) values indicate statistical significance.  

 

 

 

 

 

 

 

 

 

 

Suvorexant did not rescue hippocampal-dependent spatial recall deficits 

Spatial recall was well-preserved in WT MC mice, investigating the target hole significantly 

more than all others (except those immediately adjacent) on the maze (F(5.377, 80.66) = 6.071, P < 

0.0001, Fig. 4.6A), as too did WT suvorexant-treated mice (F(6.665, 93.31) = 5.242, P < 0.0001, 

Fig. 4.6B). rTg4510 MC mice exhibited no preference for the target hole (F(4.919, 44.27) = 1.004, 

P = 0.4258, Fig. 4.6C), with no prevention of this phenotype in rTg4510 mice following 

suvorexant treatment (F(5.623, 44.99) = 1.498, P = 0.2039, Fig. 4.6D).   

 

 

 

Vigilance state-specific EEG power

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype 0.001053 0.000138 363.9 7.638 < 0.001 0.000738 0.000130 180.9 5.672 < 0.001

Treatment 0.000526 0.000140 363.9 3.754 < 0.001 0.000254 0.000132 180.9 1.926 > 0.05

Frequency (Hz) -0.000281 0.000008 6218.0 -35.576 < 0.001 -0.000127 0.000006 6218.0 -20.007 < 0.001

Genotype:Treatment -0.000067 0.000193 363.9 -0.344 > 0.05 -0.000118 0.000182 180.9 -0.649 > 0.05

Genotype:Frequency -0.000086 0.000011 6218.0 -7.964 < 0.001 -0.000054 0.000009 6218.0 -6.179 < 0.001

Treatment:Frequency -0.000044 0.000011 6218.0 -4.021 < 0.001 -0.000016 0.000009 6218.0 -1.855 > 0.05

Genotype:Treatment:Frequency 0.000014 0.000015 6218.0 0.903 > 0.05 0.000009 0.000012 621.8 0.720 > 0.05

NREM REM

Vigilance state-specific EEG power

Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Genotype 0.001753 0.000423 4.414 < 0.001 0.000666 0.000351 1.900 > 0.05

Treatment 0.000536 0.000423 1.266 > 0.05 -0.000071 0.000351 -0.201 > 0.05

Sex 0.000300 0.000501 0.599 > 0.05 0.000205 0.000415 0.493 > 0.05

Genotype:Treatment 0.000159 0.000599 0.266 > 0.05 0.000252 0.000496 0.508 > 0.05

Genotype:Sex 0.000587 0.000675 0.870 > 0.05 0.000709 0.000559 1.268 > 0.05

Treatment:Sex 0.000547 0.000689 0.794 > 0.05 0.001041 0.000571 1.823 > 0.05

Genotype:Treatment:Sex -0.000890 0.000940 -0.947 > 0.05 -0.001676 0.000779 -2.150 < 0.05

NREM (delta 1-4 Hz) REM (theta 5-9 Hz)
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Figure 4.6. Spatial recall in the probe trial of the Barnes maze following suvorexant treatment.  

A-D, Number of nose pokes into each of the 36 holes on the Barnes maze during the final probe trial, deviating 

from the target hole (denoted 0) by rTg4510 and WT mice administered suvorexant (Suvo) or methylcellulose (MC) 

vehicle. Data are means ± SEM. n = 9-16 per group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. target hole, by one-way 

repeated measures ANOVA with Fisher’s LSD multiple comparisons test.  

 

Suvorexant did not alter tau or phosphorylated tau levels in the hippocampus 

or cortex 

Tau expression in the hippocampus and cortex was assessed by western blot (Fig. 4.7A). P-tau 

S404 levels were 12.75-fold higher in the hippocampus and 7.80-fold higher in the cortex of 

rTg4510 MC mice compared with WT MC mice (Fig. 4.7B, D). Suvorexant treatment did not 

affect p-tau S404 levels in rTg4510 or WT mice in the hippocampus (Genotype: F(1, 42) = 405.1, 

P < 0.0001; treatment: F(1, 42) = 0.7588, P = 0.3887; interaction: F(1, 42) = 1.153, P = 0.2891, Fig. 

4.7B) or cortex (Genotype: F(1, 42) = 580.8, P < 0.0001; treatment: F(1, 42) = 0.7735, P = 0.3841; 

interaction: F(1, 42) = 2.138, P = 0.1511, Fig. 4.7D). Total tau levels were 2.43-fold higher in the 

hippocampus and 3.51-fold higher in the cortex of rTg4510 MC mice compared with WT MC 

mice (Fig. 4.7C, E). Suvorexant treatment did not affect total tau levels in rTg4510 or WT mice 

in the hippocampus (Genotype: F(1, 42) = 240.5, P < 0.0001; treatment: F(1, 42) = 1.118, P = 

0.2963; interaction: F(1, 42) = 0.1318, P = 0.7184, Fig. 4.7C) or cortex (Genotype: F(1, 42) = 77.25, 
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P < 0.0001; treatment: F(1, 42) = 0.05176, P = 0.8211; interaction: F(1, 42) = 0.03514, P = 0.8522, 

Fig. 4.7E).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Tau and phosphorylated tau levels in rTg4510 mice following suvorexant treatment.  

A, Representative western blots from the hippocampus (left) and cortex (right) probed with p-tau S404 or total tau 

antibodies. β-actin was used as a housekeeping protein. B, D, Relative p-tau S404 levels in the hippocampus (B) 

and cortex (D). C, E, Relative total tau levels in the hippocampus (C) and cortex (E). Densitometry signals were 

normalised to β-actin and then to the reference samples (WT Ref; rTg4510 Ref) which were loaded across every 

gel. Lysate from a tau knockout (Tau-/-) mouse was used as a negative control. Data are means ± SEM and 

expressed as a percentage of the WT MC group. n = 11-12 per group. # denotes main effect of genotype. ###P < 

0.001 vs. WT; *P < 0.05, **P < 0.01, ***P < 0.001, by two-way ANOVA with Tukey’s multiple comparisons test.     

 

 

Experiment 2 

MK-1064 increased NREM/REM sleep and attenuated hyperarousal in male but 

not female rTg4510 mice when administered during the active phase 

Sleep/wake architecture of rTg4510 and WT mice were significantly altered by chronic MK-

1064 treatment (Fig. 4.8A-C; Table 4.7), influencing all three vigilance states. Genotype, 

treatment, sex and circadian time had a profound effect on the amount of time spent in each 

vigilance state (Fig. 4.8A-C; Table 4.7). Due to the particularly striking sex difference in 

response to MK-1064 treatment in rTg4510 mice, data from both male and female mice are 

presented separately over the 23 h recording (Fig. 4.8A-C). Male rTg4510 mice responded 
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robustly to MK-1064 treatment, with consistent reductions in wake time and increases in 

NREM and REM sleep time for several hours post administration (Fig. 4.8A-C). Female MK-

1064-treated rTg4510 mice, however, displayed a similar sleep/wake profile to that of their 

female TPGS-treated controls, indicating an ineffectiveness of MK-1064 at promoting sleep in 

female rTg4510 mice (Fig. 4.8A-C).  

The average time spent in each vigilance state across the first half of the active phase 

(6 h), complete active phase (12 h), inactive phase and the entire recording were assessed (Fig. 

4.8D-O; Table 4.8). Summated data indicated that wake, NREM and REM sleep time were all 

influenced by genotype, treatment and sex during the first 6 and 12 h of the active phase (Fig. 

4.8D, E, H, I, L, M; Table 4.8). During the active phase (6 h), wake time was reduced to WT 

levels in male rTg4510 mice. MK-1064 treatment also decreased wake time in female WT mice 

(Fig. 4.8D). However, female rTg4510 mice exhibited no decrease in wake time following 

MK-1064 treatment (Fig. 4.8D). The data indicated the lack of response to MK-1064 was sex- 

and genotype-dependent, and not just specific to female mice in general (Fig. 4.8D, E). As seen 

in previous studies (Chapter 3), there was no effect of genotype and therefore nor of treatment 

in the inactive phase (Fig. 4.8F), although genotype and sex effects were present over the entire 

23 h summated recording (Fig. 4.8G; Table 4.8).    

 In male rTg4510 mice, MK-1064 increased both NREM and REM sleep to WT levels 

and was efficacious in WT females but again, no effect was observed in female rTg4510 mice 

(Fig. 4.8H, L). Some sex differences were also observed in male and female WT mice in that 

female WT mice spent more time in wake and less time in NREM sleep than WT males 

following TPGS treatment, and therefore exhibited a correspondingly larger response to MK-

1064 than males. The responses of these mice to MK-1064 treatment may thus point to 

potential ceiling/floor effects in the background mouse strain (FBV/N x 129SVeV; Fig. 4.8D, 

H, L). Similar effects were observed, as discussed above, when analysing the complete active 

phase (12 h), although less pronounced, presumably as the drug cleared from the brain and 

circulation (Fig. 4.8E, I, M). During the inactive phase, no significant differences were 

observed across all vigilance states, consistent with previous findings (Chapter 3; Fig. 4.8F, J, 

N).  
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Figure 4.8. Promotion of NREM/REM sleep following MK-1064 treatment in rTg4510 mice. 

A-C, Minutes spent in wake (A), NREM (B) and REM (C) vigilance states per hour across a 23 h recording in rTg4510 and WT mice administered MK-1064 or TPGS vehicle. 

Dark shade represents the active phase. Data are means ± SEM. n = 7-10 per group, per sex. *P < 0.05, **P < 0.01, ***P < 0.001 vs. rTg4510 TPGS, by repeated measures linear 

mixed effects model with Tukey’s multiple comparisons test. For clarity, not all statistically significant differences are graphically presented. Continued over page… 
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…continued from previous: D-O, Minutes spent in each vigilance state per hour averaged across (from left to right) 

the active phase (6 h post-MK-1064), complete active phase (12 h), inactive phase and entire recording, for wake 

(D-G), NREM (H-K) and REM (L-O). n = 7-10 per group, per sex. # and § denote main effects of genotype and 

sex, respectively. ###P < 0.001 vs. WT; §P < 0.05 vs. Female; *P < 0.05, **P < 0.01, ***P < 0.001, by linear mixed 

effects model with Tukey’s multiple comparisons test. Refer to Table 4.7 and 4.8 for further details.   

 

 

 

Table 4.7. Experiment 2 (MK-1064) EEG recordings statistical analyses summary. 

Time spent in each vigilance state across the 23 h recording were analysed by a repeated measures linear mixed 

effects model in R, using the lmer function, incorporating the factors of Genotype, Treatment, Sex and Time 

(repeated factor). Indented Pr(>|t|) values indicate statistical significance. 

 

 

 

 

 

  

 

 

 

 

 

 

Table 4.8. Experiment 2 (MK-1064) phase specific EEG recordings statistical analyses summary.  

Average time spent in each vigilance state per phase were analysed by a linear mixed effects model in R, using 

the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance. 

 

 

 

 

 

 

   

     

 

 

 

 

Vigilance state time

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype -22.298 2.782 407.328 -8.014 < 0.001 19.779 2.480 387.590 7.976 < 0.001 2.516 0.426 461.328 5.912 < 0.001

Treatment 1.117 2.880 407.328 0.388 > 0.05 -0.869 2.567 387.590 -0.339 > 0.05 -0.249 0.441 461.328 -0.564 > 0.05

Sex -15.825 2.704 407.328 -5.852 < 0.001 14.844 2.410 387.590 6.159 < 0.001 0.979 0.414 461.328 2.368 < 0.05

Time -1.998 0.132 1422.000 -15.127 < 0.001 1.709 0.117 1422.000 14.636 < 0.001 0.289 0.021 1421.999 14.038 < 0.001

Genotype:Treatment 8.141 4.005 407.328 2.033 < 0.05 -7.186 3.569 387.590 -2.013 < 0.05 -0.954 0.613 461.328 -1.557 > 0.05

Genotype:Sex 16.196 3.950 407.328 4.100 < 0.001 -14.576 3.521 387.590 -4.140 < 0.001 -1.619 0.604 461.328 -2.679 < 0.01

Treatment:Sex 16.153 3.950 407.328 4.089 < 0.001 -14.767 3.521 387.590 -4.194 < 0.001 -1.383 0.604 461.328 -2.288 < 0.05

Genotype:Time 1.302 0.187 1422.000 6.969 < 0.001 -1.195 0.165 1422.000 -7.235 < 0.001 -0.107 0.029 1421.999 -3.677 < 0.001

Treatment:Time -0.162 0.193 1422.000 -0.838 > 0.05 0.131 0.171 1422.000 0.765 > 0.05 0.031 0.030 1421.999 1.035 > 0.05

Sex:Time 1.004 0.182 1422.000 5.527 < 0.001 -0.930 0.161 1422.000 -5.795 < 0.001 -0.074 0.028 1421.999 -2.597 < 0.01

Genotype:Treatment:Sex -22.818 5.556 407.328 -4.107 < 0.001 20.606 4.952 387.590 4.161 < 0.001 2.209 0.850 461.328 2.599 < 0.01

Genotype:Treatment:Time -0.497 0.269 1422.000 -1.847 > 0.05 0.451 0.238 1422.000 1.896 > 0.05 0.046 0.042 1421.999 1.092 > 0.05

Genotype:Sex:Time -1.154 0.265 1422.000 -4.351 < 0.001 1.049 0.234 1422.000 4.475 < 0.001 0.105 0.041 1421.999 2.532 < 0.05

Treatment:Sex:Time -1.065 0.265 1422.000 -4.014 < 0.001 0.962 0.234 1422.000 4.104 < 0.001 0.102 0.041 1421.999 2.476 < 0.05

Genotype:Treatment:Sex:Time 1.513 0.373 1422.000 4.056 < 0.001 -1.371 0.330 1422.000 -4.159 < 0.001 -0.142 0.058 1421.999 -2.438 < 0.05

Wake NREM REM

Vigilance state time

Vigilance state Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Wake Genotype -17.897 2.606 -6.867 < 0.001 -15.236 2.405 -6.335 < 0.001 2.665 2.155 1.237 > 0.05 -6.675 1.648 -4.051 < 0.001

Treatment 3.444 2.698 1.277 > 0.05 -0.829 2.490 -0.333 > 0.05 -0.824 2.231 -0.370 > 0.05 -0.827 1.706 -0.485 > 0.05

Sex -13.444 2.533 -5.257 < 0.001 -10.647 2.337 -4.555 < 0.001 3.706 2.094 1.770 > 0.05 -3.782 1.601 -2.362 < 0.05

Genotype:Treatment 10.088 3.751 2.689 < 0.01 5.071 3.462 1.465 > 0.05 -0.968 3.101 -0.312 > 0.05 2.183 2.372 0.920 > 0.05

Genotype:Sex 14.628 3.700 3.953 < 0.001 9.949 3.415 2.913 < 0.01 -5.947 3.060 -1.944 > 0.05 2.346 2.340 1.003 > 0.05

Treatment:Sex 11.189 3.700 3.024 < 0.01 11.008 3.415 3.224 < 0.01 -4.952 3.060 -1.619 > 0.05 3.375 2.340 1.443 > 0.05

Genotype:Treatment:Sex -21.018 5.204 -4.039 < 0.001 -14.399 4.803 -2.998 < 0.01 5.966 4.303 1.386 > 0.05 -4.660 3.291 -1.416 > 0.05

NREM Genotype 15.479 2.425 6.383 < 0.001 13.220 2.194 6.025 < 0.001 -3.039 1.859 -1.635 > 0.05 5.444 1.491 3.651 < 0.001

Treatment -3.078 2.510 -1.226 > 0.05 0.787 2.271 0.346 > 0.05 0.606 1.924 0.315 > 0.05 0.700 1.544 0.454 > 0.05

Sex 12.570 2.357 5.334 < 0.001 9.876 2.132 4.631 < 0.001 -3.067 1.806 -1.698 > 0.05 3.686 1.449 2.543 < 0.05

Genotype:Treatment -8.642 3.490 -2.476 < 0.05 -4.336 3.158 -1.373 > 0.05 1.014 2.675 0.379 > 0.05 -1.777 2.146 -0.828 > 0.05

Genotype:Sex -12.977 3.443 -3.769 < 0.001 -8.887 3.115 -2.853 < 0.01 5.543 2.639 2.100 < 0.05 -1.986 2.117 -0.938 > 0.05

Treatment:Sex -10.364 3.443 -3.010 < 0.01 -10.004 3.115 -3.211 < 0.01 4.180 2.639 1.584 > 0.05 -3.220 2.117 -1.521 > 0.05

Genotype:Treatment:Sex 18.931 4.843 3.909 < 0.001 12.952 4.381 2.956 < 0.01 -5.448 3.712 -1.468 > 0.05 4.152 2.978 1.395 > 0.05

REM Genotype 2.417 0.270 8.937 < 0.001 2.015 0.278 7.234 < 0.001 0.374 0.392 0.956 > 0.05 1.230 0.242 5.074 < 0.001

Treatment -0.366 0.280 -1.308 > 0.05 0.042 0.288 0.145 > 0.05 0.218 0.405 0.537 > 0.05 0.126 0.251 0.502 > 0.05

Sex 0.744 0.263 2.832 < 0.01 0.770 0.271 2.844 < 0.01 -0.638 0.381 -1.678 > 0.05 0.096 0.236 0.408 > 0.05

Genotype:Treatment -1.444 0.389 -3.710 < 0.001 -0.733 0.401 -1.829 > 0.05 -0.045 0.564 -0.080 > 0.05 -0.404 0.349 -1.158 > 0.05

Genotype:Sex -1.649 0.384 -4.296 < 0.001 -1.061 0.395 -2.683 < 0.01 0.403 0.556 0.725 > 0.05 -0.361 0.344 -1.048 > 0.05

Treatment:Sex -0.822 0.384 -2.140 < 0.05 -1.001 0.395 -2.532 < 0.05 0.772 0.556 1.388 > 0.05 -0.153 0.344 -0.445 > 0.05

Genotype:Treatment:Sex 2.082 0.540 3.856 < 0.001 1.444 0.556 2.597 < 0.05 -0.518 0.782 -0.662 > 0.05 0.506 0.484 1.045 > 0.05

Inactive phaseActive phase (6 h post MK-1064) Active phase Entire recording
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MK-1064 promoted NREM/REM sleep in male rTg4510 mice by increasing both 

bout numbers and bout durations 

Vigilance state bout numbers and bout durations were significantly altered by chronic MK-

1064 treatment (Fig. 4.9, 4.10; Table 4.9, 4.10). During the active phase (6 h), wake, NREM 

and REM bout numbers were influenced by genotype, treatment and sex (Fig. 4.9; Table 4.9). 

Male TPGS-treated WT mice exhibited a significantly higher number of wake and NREM 

bouts compared with their female WT equivalents (Fig. 4.9A, E), consistent with the sex 

differences observed in WT mice here (Fig. 4.8D, H). MK-1064 normalised these bout numbers 

across the WT sexes by decreasing them in male mice and increasing them in female mice (Fig. 

4.9A, E). Male rTg4510 mice exhibited a striking reduction in the number of wake and NREM 

bouts relative to WT males (Fig. 4.9A, E). MK-1064 treatment increased wake and NREM 

bout numbers in male rTg4510 mice but had no effect on bout numbers in female rTg4510 

mice (Fig. 4.9A, E).  

REM bout numbers were increased in all groups following MK-1064 treatment except 

for female rTg4510 mice, with male rTg4510 bout numbers restored to WT levels (Fig. 4.9I). 

Similar, although less pronounced effects, were observed when analysing the complete active 

phase (12 h; Fig. 4.9B, F, J). During the inactive phase a main effect of genotype only was 

observed, whereby rTg4510 mice exhibited less bout numbers across all three vigilance states 

(Fig. 4.9C, G, K).  

Bout duration during the active phase was significantly affected by genotype, treatment 

and sex (Fig. 4.10; Table 4.10). Female TPGS-treated WT mice exhibited particularly long 

wake bout durations (Fig. 4.10A, B). MK-1064 decreased wake bout duration in female WT 

mice, but not in female rTg4510 mice (Fig. 4.10A, B). NREM (Fig. 4.10E, F) and REM (Fig. 

4.10I, J) bout durations were increased to WT levels in male rTg4510 mice following MK-

1064 treatment across the active phase but were unaffected in female rTg4510 mice. During 

the inactive phase, NREM (Fig. 4.10G) and REM (Fig. 4.10K) bout durations were increased 

in rTg4510 mice, but with no effect of treatment or sex, consistent with previous findings 

(Chapter 3).    
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Figure 4.9. Increased NREM/REM bout numbers following MK-1064 treatment in rTg4510 mice.  

A-L, Total number of wake (A-D), NREM (E-H) and REM (I-L) bouts averaged across (from left to right) the active 

phase (6 h post-MK-1064), complete active phase (12 h), inactive phase and entire recording in rTg4510 and WT 

administered MK-1064 or TPGS vehicle. Data are means ± SEM. n = 7-10 per group, per sex. # and § denote main 

effects of genotype and sex, respectively. ##P < 0.01, ###P < 0.001 vs. WT; §P < 0.05 vs. Female; *P < 0.05 **P < 

0.01, ***P < 0.001, by linear mixed effects model with Tukey’s multiple comparisons test. Refer to Table 4.9 for 

further details.  

 

Table 4.9. Experiment 2 (MK-1064) vigilance state bout numbers statistical analyses summary. 

Average bout numbers of each vigilance state per phase were analysed by a linear mixed effects model in R, using 

the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

Vigilance state bout numbers

Vigilance state Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Wake Genotype 51.625 16.941 3.047 < 0.01 72.870 28.760 2.534 < 0.05 53.750 18.146 2.962 < 0.01 126.620 41.180 3.075 < 0.01

Treatment 8.268 17.535 0.471 > 0.05 33.000 29.770 1.109 > 0.05 15.518 18.783 0.826 > 0.05 48.520 42.630 1.138 > 0.05

Sex 54.569 16.463 3.315 < 0.01 83.220 27.950 2.978 < 0.01 11.264 17.635 0.639 > 0.05 94.490 40.020 2.361 < 0.05

Genotype:Treatment -53.518 24.382 -2.195 < 0.05 -82.250 41.390 -1.987 > 0.05 28.482 26.117 1.091 > 0.05 -53.770 59.270 -0.907 > 0.05

Genotype:Sex -36.212 24.053 -1.506 > 0.05 -37.100 40.830 -0.909 > 0.05 -7.353 25.764 -0.285 > 0.05 -44.450 58.470 -0.760 > 0.05

Treatment:Sex -41.462 24.053 -1.724 > 0.05 -60.970 40.830 -1.493 > 0.05 3.468 25.764 0.135 > 0.05 -57.500 58.470 -0.983 > 0.05

Genotype:Treatment:Sex 133.955 33.827 3.960 < 0.001 182.320 57.420 3.175 < 0.01 -23.954 36.235 -0.661 > 0.05 158.370 82.230 1.926 > 0.05

NREM Genotype 55.250 16.941 3.261 < 0.01 79.000 29.050 2.719 < 0.01 53.375 18.408 2.900 < 0.01 132.370 41.820 3.165 < 0.01

Treatment 7.982 17.535 0.455 > 0.05 33.250 30.070 1.106 > 0.05 16.786 19.054 0.881 > 0.05 50.040 43.290 1.156 > 0.05

Sex 57.125 16.463 3.470 < 0.001 87.810 28.230 3.110 < 0.01 10.833 17.889 0.606 > 0.05 98.640 40.640 2.427 < 0.05

Genotype:Treatment -56.482 24.382 -2.317 < 0.05 -85.370 41.810 -2.042 < 0.05 26.214 26.493 0.989 > 0.05 -59.160 60.190 -0.983 > 0.05

Genotype:Sex -40.107 24.052 -1.667 > 0.05 -43.560 41.250 -1.056 > 0.05 -6.137 26.135 -0.235 > 0.05 -49.690 59.380 -0.837 > 0.05

Treatment:Sex -40.107 24.052 -1.792 > 0.05 -65.310 41.250 -1.583 > 0.05 4.006 26.135 0.153 > 0.05 -61.300 59.380 -1.032 > 0.05

Genotype:Treatment:Sex 138.264 33.827 4.087 < 0.001 190.630 58.010 3.286 < 0.01 -23.777 36.757 -0.647 > 0.05 166.850 83.510 1.998 > 0.05

REM Genotype 11.250 2.044 5.504 < 0.001 18.250 3.698 4.935 < 0.001 15.625 4.230 3.694 < 0.001 33.875 6.222 5.445 < 0.001

Treatment -3.143 2.116 -1.486 > 0.05 -2.214 3.828 -0.578 > 0.05 3.054 4.378 0.697 > 0.05 0.839 6.440 0.130 > 0.05

Sex 4.889 1.986 2.461 < 0.05 8.500 3.594 2.365 < 0.05 -6.375 4.111 -1.551 > 0.05 2.125 6.046 0.351 > 0.05

Genotype:Treatment -6.732 2.942 -2.289 < 0.05 -6.661 5.323 -1.251 > 0.05 -4.804 6.088 -0.789 > 0.05 -11.464 8.955 -1.280 > 0.05

Genotype:Sex -5.425 2.902 -1.869 > 0.05 -2.679 5.251 -0.510 > 0.05 4.946 6.005 0.824 > 0.05 2.268 8.834 0.257 > 0.05

Treatment:Sex -6.121 2.902 -2.109 < 0.05 -12.161 5.251 -2.316 < 0.05 3.946 6.005 0.657 > 0.05 -8.214 8.834 -0.930 > 0.05

Genotype:Treatment:Sex 11.282 4.081 2.764 < 0.01 12.564 7.385 1.701 > 0.05 0.532 8.446 0.063 > 0.05 13.096 12.424 1.054 > 0.05

Inactive phaseActive phase (6 h post MK-1064) Active phase Entire recording

*

**

0

50

100

150

200

250
W

a
k

e
 b

o
u

ts

0

100

200

300

400

500

0

100

200

300

400

0

100

200

300

400

500

600

700

0

50

100

150

200

250

N
R

E
M

 b
o

u
ts

0

100

200

300

400

500

0

100

200

300

400

0

100

200

300

400

500

600

700

0

10

20

30

R
E

M
 b

o
u

ts

0

20

40

60

0

20

40

60

80

0

30

60

90

120

A B C D

E F G H

I J K L

Active phase

(6 h post MK-1064) Active phase Inactive phase Entire recording

W T rTg4510 W T rTg4510 W T rTg4510 W T rTg4510 W T rTg4510 W T rTg4510 W T rTg4510 W T rTg4510

# # #
§

# #

# #

# # #

# #
§

# #
§

# # #

*

**

*****

*

***

*

****** **

***** ***

*

****** **

**

*****

*

***

**

****** **

* **

***** ***

*

****** **

***

*************

**

***

***

**

***

***

***

WT TPGS

WT MK-1064

rTg4510 TPGS

rTg4510 MK-1064

Male

Female♀

♂

♀♂

♀♂

♀♂ ♀♂ ♀♂

♀♂ ♀♂ ♀♂

♀♂ ♀♂ ♀♂ ♀♂



Chapter 4  110 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Increased NREM/REM bout durations following MK-1064 treatment in rTg4510 mice.  

A-L, Mean wake (A-D), NREM (E-H) and REM (I-L) bout durations averaged across (from left to right) the active 

phase (6 h post-MK-1064), complete active phase (12 h), inactive phase and entire recording in rTg4510 and WT 

administered MK-1064 or TPGS vehicle. Data are means ± SEM. n = 7-10 per group, per sex. # and § denote main 

effects of genotype and sex, respectively. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. WT; §P < 0.05, §§P < 0.01 vs. 

Female; *P < 0.05 **P < 0.01, ***P < 0.001, by linear mixed effects model with Tukey’s multiple comparisons test. 

Refer to Table 4.10 for further details.  

 

Table 4.10. Experiment 2 (MK-1064) vigilance state bout duration statistical analyses summary.  

Average bout duration of each vigilance state per phase were analysed by a linear mixed effects model in R, using 

the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance.   

 

 

 

 

 

 

 

 

 

 

 

 

Vigilance state bout durations

Vigilance state Fixed effect Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|) Estimate Std. error t-value Pr(>|t|)

Wake Genotype -678.000 227.300 -2.982 < 0.01 -659.400 244.600 -2.695 < 0.01 -7.601 154.784 -0.049 > 0.05 -347.657 173.882 -1.999 > 0.05

Treatment -393.400 235.300 -1.672 > 0.05 -505.500 253.200 -1.996 > 0.05 -50.206 160.216 -0.313 > 0.05 -287.764 179.985 -1.599 > 0.05

Sex -587.900 220.900 -2.661 < 0.05 -411.900 237.700 -1.732 > 0.05 306.592 150.423 2.038 < 0.05 -68.267 168.983 -0.404 > 0.05

Genotype:Treatment 1180.200 327.200 3.607 < 0.001 905.300 352.100 2.571 < 0.05 -33.995 222.772 -0.153 > 0.05 456.068 250.259 1.822 > 0.05

Genotype:Sex 569.400 322.800 1.764 > 0.05 320.400 347.300 0.922 > 0.05 -356.284 219.764 -1.621 > 0.05 -3.239 246.881 -0.013 > 0.05

Treatment:Sex 737.200 322.800 2.284 < 0.05 617.800 347.300 1.779 > 0.05 -287.836 219.764 -1.310 > 0.05 184.669 246.881 0.748 > 0.05

Genotype:Treatment:Sex -1543.900 454.000 -3.401 < 0.01 -1029.600 488.500 -2.108 < 0.05 343.382 309.075 1.111 > 0.05 -372.973 347.212 -1.074 > 0.05

NREM Genotype 34.900 15.800 2.209 < 0.05 39.003 14.310 2.726 < 0.01 -87.226 18.529 -4.707 < 0.001 -21.368 12.520 -1.707 > 0.05

Treatment -18.860 16.350 -1.153 > 0.05 4.046 14.813 0.273 > 0.05 -31.659 19.180 -1.651 > 0.05 -13.030 12.960 -1.005 > 0.05

Sex 26.500 15.350 1.726 > 0.05 21.847 13.907 1.571 > 0.05 -51.549 18.007 -2.863 < 0.01 -13.256 12.168 -1.089 > 0.05

Genotype:Treatment -10.160 22.730 -0.447 > 0.05 -2.326 20.596 -0.113 > 0.05 2.978 26.668 0.112 > 0.05 0.211 18.020 0.012 > 0.05

Genotype:Sex -49.220 22.430 -2.194 < 0.05 -47.279 20.318 -2.327 < 0.05 60.104 26.308 2.285 < 0.05 4.078 17.777 0.229 > 0.05

Treatment:Sex -24.790 22.430 -1.105 > 0.05 -43.814 20.318 -2.156 < 0.05 41.185 26.308 1.565 > 0.05 -3.162 17.777 -0.178 > 0.05

Genotype:Treatment:Sex 31.240 31.540 0.990 > 0.05 28.328 28.575 0.991 > 0.05 -34.887 37.000 -0.943 > 0.05 -1.906 25.001 -0.076 > 0.05

REM Genotype 47.156 5.069 9.303 < 0.001 38.036 5.214 7.295 < 0.001 -16.175 5.617 -2.880 < 0.01 12.109 3.914 3.094 < 0.01

Treatment -8.410 5.247 -1.603 > 0.05 3.192 5.397 0.591 > 0.05 -4.358 5.814 -0.750 > 0.05 -0.419 4.051 -0.104 > 0.05

Sex 22.992 4.926 4.667 < 0.001 16.015 5.067 3.161 < 0.01 -4.456 5.459 -0.816 > 0.05 6.224 3.803 1.637 > 0.05

Genotype:Treatment -20.992 7.295 -2.871 < 0.01 -17.594 7.504 -2.345 < 0.05 6.667 8.084 0.825 > 0.05 -5.991 5.633 -1.064 > 0.05

Genotype:Sex -42.669 7.197 -5.929 < 0.001 -33.522 7.403 -4.528 < 0.001 1.703 7.975 0.214 > 0.05 -16.675 5.557 -3.001 < 0.01

Treatment:Sex -30.096 7.197 -4.182 < 0.001 -24.961 7.403 -3.372 < 0.01 11.836 7.975 1.484 > 0.05 -7.363 5.557 -1.325 > 0.05

Genotype:Treatment:Sex 57.972 10.121 5.728 < 0.001 46.916 10.411 4.506 < 0.001 -13.509 11.216 -1.204 > 0.05 18.017 7.815 2.306 < 0.05

Active phase (6 h post MK-1064) Active phase Inactive phase Entire recording

***

0

30

60

90
***

***

*

***

**

**

***

**

**

J
* ***

*** ***

0

400

800

1200

1600
2300

2600
W

a
k

e
 b

o
u

t 
d

u
ra

ti
o

n
 (

s
)

0

400

800

1200
1600

2700

0

50

100

150
200

250

N
R

E
M

 b
o

u
t 

d
u

ra
ti

o
n

 (
s

)

0

40

80

120

160

0

20

40

60

80

R
E

M
 b

o
u

t 
d

u
ra

ti
o

n
 (

s
)

0

200

400

600

800
1000

2500

0

300

600

900
1100

2100

0

100

200

300

400

0

50

100

150

200

250

0

30

60

90

120

0

30

60

90

A B C D

E F G H

I K L

Active phase

(6 h post MK-1064) Active phase Inactive phase Entire recording

W T rTg4510 W T rTg4510 W T rTg4510 W T rTg4510 W T rTg4510 W T rTg4510 W T rTg4510 W T rTg4510

# ##

§

# # #
§ §

# #

*

*****

*

*** **********

***

******** *****

************

*** *** *** ***

***

*

♀♂

♀♂ ♀♂ ♀♂ ♀♂

♀♂ ♀♂ ♀♂ ♀♂

♀♂ ♀♂ ♀♂

WT TPGS

WT MK-1064

rTg4510 TPGS

rTg4510 MK-1064

Male

Female♀

♂



Chapter 4  111 

 
 

MK-1064 attenuated EEG power deficits in the slow delta and theta frequencies 

during NREM and REM sleep in male but not female rTg4510 mice 

To assess the effects of MK-1064 on EEG power during sleep, vigilance state-specific power 

spectral analysis over the first 6 (NREM) or 12 h (REM) post-administration were performed 

(Fig. 4.11; Table 4.11, 4.12). As in Experiment 1, rTg4510 mice exhibited deficits in delta 

power during NREM sleep (Fig. 4.11A, C) and theta power during REM sleep (Fig. 4.11B, D). 

MK-1064 treatment increased delta power during NREM sleep in the slow (1-2.5 Hz; Fig. 

4.11E), but not fast (2.5-4 Hz; Fig. 4.11F) delta frequency band in male, but not female rTg4510 

mice, with a significant treatment x sex interaction observed for slow delta waves (Fig. 4.11E; 

Table 4.12). Theta power during REM sleep was similarly reduced in rTg4510 versus WT mice 

particularly in the fast theta band (Fig. 4.11B; Table 4.12). Sex differences were also evident 

with increased slow (5-7.5 Hz; Fig. 4.11G), but not fast (7.5-9 Hz; Fig. 4.11H), REM sleep 

theta in male, but not female rTg4510 mice. There was no effect of MK-1064 in WT mice of 

either sex (Fig. 4.11).   
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Figure 4.11. Altered EEG power following MK-1064 treatment in rTg4510 mice.   

A-B, Vigilance state-specific normalised EEG power during NREM (A) and REM (B) sleep in rTg4510 and WT 

mice administered MK-1064 or TPGS vehicle. Data are means ± SEM. n = 15-18 per group. ##P < 0.01, ###P < 

0.001 vs. WT (genotype x frequency) within frequency band, by repeated measures linear mixed effects model with 

Tukey’s multiple comparisons test. C, Average NREM power over the delta (1-4 Hz) frequencies. D, Average REM 

power over the theta (5-9 Hz) frequencies. E-F, Average NREM power over the slow (1-2.5 Hz) (E) and fast (2.5-

4 Hz) (F) delta frequencies. G-H, Average REM power over the slow (5-7.5 Hz) (G) and fast (7.5-9 Hz) (H) theta 

frequencies. n = 7-10 per group, per sex. # and § denote main effect of genotype and sex, respectively. #P < 0.05, 

##P < 0.01, ###P < 0.001 vs. WT; §P < 0.05, §§P < 0.01 vs. Female; *P < 0.05 **P < 0.01, by linear mixed effects 

model with Tukey’s multiple comparisons test. Signals from EEG1 and EEG2 electrodes were combined. All 

transition epochs were excluded from power analysis. For clarity, not all statistically significant differences are 

graphically presented. Refer to Table 4.11 and 4.12 for further details.   
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Table 4.11. Experiment 2 (MK-1064) EEG power statistical analyses summary. 

Vigilance state-specific normalised EEG power across the first 6 (NREM) or 12 h (REM) of the recording were 

analysed by a repeated measures linear mixed effects model in R, using the lmer function, incorporating the factors 

of Genotype, Treatment and Frequency (repeated factor). Indented Pr(>|t|) values indicate statistical significance.   

  

 

 

 

 

 

 

 

 

Table 4.12. Experiment 2 (MK-1064) NREM delta and REM theta statistical analyses summary. 

Summed NREM delta and REM theta normalised EEG power were analysed by a linear mixed effects model in R, 

using the lm function, incorporating the factors of Genotype, Treatment and Sex. Indented Pr(>|t|) values indicate 

statistical significance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MK-1064 improved hippocampal-dependent spatial recall deficits in the Barnes 

maze in male but not female rTg4510 mice 

Paralleling the striking sex differences in the sleep/wake response to MK-1064, sex differences 

in cognitive performance following MK-1064 treatment in rTg4510 mice were similarly 

observed. Hence data from both male and female mice are presented in separate graphs (Fig. 

4.12A-H). WT TPGS-treated mice exhibited a significant preference for the target region 

(target ± 1) in both male (F(4.508, 40.57) = 5.949, P = 0.0005, Fig. 4.12A) and female mice (F(4.494, 

31.46) = 3.413, P = 0.0167, Fig. 4.12B). WT MK-1064 mice also showed preference for the target 

region however, the ANOVA did not quite reach significance in either male (F(4.717, 37.74) = 

Vigilance state-specific EEG power

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype 0.000908 0.000142 248.1 6.413 < 0.001 0.000397 0.000131 207.8 3.028 < 0.01

Treatment -0.000203 0.000142 248.1 -1.434 > 0.05 0.000081 0.000131 207.8 0.615 > 0.05

Frequency (Hz) -0.000251 0.000007 6626.0 -36.271 < 0.001 -0.000128 0.000006 6626.0 -20.970 < 0.001

Genotype:Treatment 0.000163 0.000199 248.1 0.818 > 0.05 0.000217 0.000184 207.8 1.177 > 0.05

Genotype:Frequency -0.000081 0.000010 6626.0 -7.979 < 0.001 -0.000045 0.000009 6626.0 -5.005 < 0.001

Treatment:Frequency 0.000014 0.000010 6626.0 1.362 > 0.05 -0.000013 0.000009 6626.0 -1.502 > 0.05

Genotype:Treatment:Frequency -0.000008 0.000014 6626.0 -0.538 > 0.05 -0.000002 0.000013 6626.0 -0.124 > 0.05

NREM REM

Frequency Fixed effect Estimate Std. error t-value Pr(>|t|) Frequency Estimate Std. error t-value Pr(>|t|)

Delta (1-4 Hz) Genotype 0.002432 0.000416 5.844 < 0.001 Theta (5-9 Hz) Genotype 0.000931 0.000410 2.272 < 0.05

Treatment 0.000441 0.000431 1.023 > 0.05 Treatment 0.000460 0.000424 1.085 > 0.05

Sex 0.001289 0.000404 3.187 < 0.01 Sex 0.001002 0.000398 2.516 < 0.05

Genotype:Treatment 0.000046 0.000599 0.077 > 0.05 Genotype:Treatment -0.000550 0.000590 -0.933 > 0.05

Genotype:Sex -0.001188 0.000591 -2.011 < 0.05 Genotype:Sex -0.001088 0.000582 -1.871 > 0.05

Treatment:Sex -0.000829 0.000591 -1.403 > 0.05 Treatment:Sex -0.000757 0.000582 -1.302 > 0.05

Genotype:Treatment:Sex -0.000251 0.000831 -0.302 > 0.05 Genotype:Treatment:Sex 0.001562 0.000818 1.909 > 0.05

Slow delta (1-2.5 Hz) Genotype 0.003135 0.000431 7.278 < 0.001 Slow theta (5-7.5 Hz) Genotype 0.001226 0.000346 3.542 < 0.001

Treatment 0.000135 0.000446 0.302 > 0.05 Treatment 0.000111 0.000358 0.310 > 0.05

Sex 0.001243 0.000419 2.969 < 0.01 Sex 0.000679 0.000337 2.017 < 0.05

Genotype:Treatment 0.000157 0.000620 0.253 > 0.05 Genotype:Treatment -0.000272 0.000498 -0.547 > 0.05

Genotype:Sex -0.001509 0.000612 -2.468 < 0.05 Genotype:Sex -0.001055 0.000492 -2.146 < 0.05

Treatment:Sex -0.001340 0.000612 -2.192 < 0.05 Treatment:Sex -0.000668 0.000492 -1.358 > 0.05

Genotype:Treatment:Sex 0.000293 0.000860 0.340 > 0.05 Genotype:Treatment:Sex 0.001385 0.000691 2.003 < 0.05

Fast delta (2.5-4 Hz) Genotype 0.001628 0.000504 3.233 < 0.01 Fast theta (7.5-9 Hz) Genotype 0.000451 0.000622 0.725 > 0.05

Treatment 0.000817 0.000521 1.568 > 0.05 Treatment 0.001027 0.000644 1.595 > 0.05

Sex 0.001299 0.000489 2.654 < 0.05 Sex 0.001527 0.000605 2.525 < 0.05

Genotype:Treatment -0.000082 0.000725 -0.122 > 0.05 Genotype:Treatment -0.001001 0.000895 -1.118 > 0.05

Genotype:Sex -0.000826 0.000715 -1.115 > 0.05 Genotype:Sex -0.001142 0.000883 -1.293 > 0.05

Treatment:Sex -0.000322 0.000715 -0.450 > 0.05 Treatment:Sex -0.000903 0.000883 -1.023 > 0.05

Genotype:Treatment:Sex -0.000710 0.001006 -0.706 > 0.05 Genotype:Treatment:Sex 0.001849 0.001242 1.488 > 0.05

NREM REM

Vigilance state-specific EEG power
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1.758, P = 0.1485, Fig. 4.12C) or female mice (F(3.137, 21.96) = 2.207, P = 0.1137, Fig. 4.12D). 

rTg4510 TPGS mice exhibited no preference for the target region in either male (F(3.746, 26.22) = 

1.307, P = 0.2934, Fig. 4.12E) or female mice (F(4.672, 28.03) = 0.9971, P = 0.4339, Fig. 4.12F). 

Male rTg4510 MK-1064-treated mice showed evidence of a partial rescue of spatial recall 

although the ANOVA was not significant (F(3.320, 19.92) = 2.821, P = 0.0607, Fig. 4.12G). 

However, female rTg4510 mice showed complete failure to respond to MK-1064 in the probe 

trial (F(3.898, 31.18) = 0.9652, P = 0.4387, Fig. 4.12H), which was not unexpected given the lack 

of response to MK-1064 in female rTg4510 mice in sleep/wake parameters (Fig. 4.8). The lack 

of ANOVA significance in male rTg4510 mice may be attributed to the spread of nose poke 

distribution over the entire target region, rather than the target hole specifically. Aggregate 

nose pokes across the target region were also assessed, which was restored to WT levels in 

male MK-1064-treated rTg4510 mice, albeit not significantly, likely due to behavioural 

variation in the data (Fig. 4.12I).      

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Improved spatial recall in the final probe trial of the Barnes maze following MK-1064 treatment.  

A-H, Number of nose pokes into each of the 36 holes on the Barnes maze during the final probe trial, deviating 

from the target hole (denoted 0) by rTg4510 and WT mice administered MK-1064 or TPGS vehicle. Data are means 

± SEM. n = 7-10 per group, per sex. *P < 0.05, **P < 0.01, ***P < 0.001 vs. target hole, by one-way repeated 

measures ANOVA with Fisher’s LSD multiple comparisons test. I, Total number of nose pokes into the target region 

(target hole ± 1).  
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Cognitive performance in the Barnes maze correlated with MK-1064 promoted 

sleep 

In order to further evaluate whether the partial rescue of spatial recall was likely due to the 

drug intervention, correlative analyses of key outcome measures from both the acquisition 

phase (average primary latency during the 4th day of acquisition) and the recall/probe phase 

(aggregate target region nose pokes) of the Barnes maze, against summed MK-1064-promoted 

NREM/REM sleep time in the first 6 h post-drug administration were analysed. When 

assessing the experimental cohort as a whole, a negative correlation was observed between 

average primary latency and total sleep time, whereby mice that located the target hole faster 

tended to sleep more during the specified period (R2 = 0.3072, P < 0.0001, Fig. 4.13A). This 

relationship was still evident when assessing all rTg4510 mice (R2 = 0.1931, P = 0.0171, Fig. 

4.13B) and the MK-1064-treated rTg4510 mice alone (R2 = 0.4733, P = 0.0046, Fig. 4.13C). 

Furthermore, a positive correlation between total target region nose pokes and total sleep time 

was detected, whereby mice that poked their nose into the target region more frequently, 

indicative of greater spatial recall, tended to sleep more during the specified period (R2 = 

0.2240, P = 0.0001, Fig. 4.13D). Similarly, as above, these relationships were maintained when 

assessing rTg4510 mice (R2 = 0.2316, P = 0.0082, Fig. 4.13E) and MK-1064-treated rTg4510 

mice alone (R2 = 0.3195, P = 0.0281, Fig. 4.13F).   
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Figure 4.13. Correlation between Barnes maze performance and MK-1064-promoted sleep.  

A-C, Average primary latency during the 4th day of acquisition trials plotted against aggregate MK-1064-promoted 

NREM+REM sleep during the first 6 h post-drug administration, in all experimental mice (A), rTg4510 mice alone 

(B) and MK-1064-treated rTg4510 mice alone (C). D-F, Total target region (target hole ± 1) nose pokes during the 

probe/recall trial plotted against aggregate MK-1064-promoted NREM+REM sleep during the first 6 h post-drug 

administration, in all experimental mice (D), rTg4510 mice alone (E) and MK-1064-treated rTg4510 mice alone (F). 

n = 62 (all mice), 29 (rTg4510 mice) and 15 (MK-1064-treated rTg4510 mice). Solid lines denote the linear 

regression line of best fit, with 95% confidence bands (dotted curves).  

 

MK-1064 reduced phosphorylated tau levels at the serine-404 but not serine-202 

epitope without affecting total tau levels 

Tau expression in the hippocampus and cortex was assessed by western blot (Fig. 4.14A). P-

tau S404 levels were 12.40-fold higher in the hippocampus and 8.02-fold higher in the cortex 

of rTg4510 TPGS mice compared with WT TPGS mice (Fig. 4.14B, E). MK-1064 treatment 

reduced p-tau S404 levels by 10.06% in rTg4510 mice without affecting p-tau S404 levels in 

WT mice, in the hippocampus (Genotype: F(1, 41) = 1185, P < 0.0001; treatment: F(1, 41) =  2.452, 

P = 0.1251; interaction: F(1, 41) = 6.114, P = 0.0176, Fig. 4.14B) and by 8.45% in the cortex 

(Genotype: F(1, 41) = 2121, P < 0.0001; treatment: F(1, 41) =  5.146, P = 0.0286; interaction: F(1, 

41) = 5.819, P = 0.0204, Fig. 4.14E), hence the reduction was relatively consistent across both 

brain regions analysed.  
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A second phosphorylated epitope was probed to determine whether the effects were 

generalised across more than one epitope. P-tau S202 levels were 8.34-fold higher in the 

hippocampus and 5.34-fold higher in the cortex of rTg4510 TPGS mice compared with WT 

TPGS mice (Fig. 4.14C, F). MK-1064 treatment did not affect p-tau S202 levels in rTg4510 or 

WT mice in the hippocampus (Genotype: F(1, 41) = 2411, P < 0.0001; treatment: F(1, 41) =  0.8004, 

P = 0.3762; interaction: F(1, 41) = 2.222, P = 0.1437, Fig. 4.14C) or cortex (Genotype: F(1, 41) = 

646.4, P < 0.0001; treatment: F(1, 41) =  2.055, P = 0.1593; interaction: F(1, 41) = 2.332, P = 

0.1344, Fig. 4.14F). Total levels were 2.37-fold higher in the hippocampus and 2.51-fold higher 

in the cortex of rTg4510 TPGS mice compared with WT TPGS mice (Fig. 4.14D, G). MK-

1064 treatment did not affect total tau levels in rTg4510 or WT mice in the hippocampus 

(Genotype: F(1, 41) = 478.5, P < 0.0001; treatment: F(1, 41) =  0.03302, P = 0.8567; interaction: 

F(1, 41) = 3.348, P = 0.0746, Fig. 4.14D) or cortex (Genotype: F(1, 41) = 293.4, P < 0.0001; 

treatment: F(1, 41) =  0.5030, P = 0.4822; interaction: F(1, 41) = 0.3279, P = 0.5700, Fig. 4.14G).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Tau and phosphorylated tau levels in rTg4510 mice following suvorexant treatment.  

A, Representative western blots from the hippocampus (left) and cortex (right) probed with p-tau S404, p-tau S202 

or total tau antibodies. β-actin was used as a housekeeping protein. B, E, Relative p-tau S404 levels in the 

hippocampus (B) and cortex (E). C, F, Relative p-tau S202 levels in the hippocampus (C) and cortex (F). D, G, 

Relative total tau levels in the hippocampus (D) and cortex (G). Densitometry signals were normalised to β-actin 

and then to the reference samples (WT Ref; rTg4510 Ref) which were loaded across every gel. Lysate from a tau 

knockout (Tau-/-) mouse was used as a negative control. Data are means ± SEM and expressed as a percentage 

of the WT TPGS group. n = 11-12 per group. # denotes main effect of genotype. ###P < 0.001 vs. WT; *P < 0.05, 

**P < 0.01, ***P < 0.001, by two-way ANOVA with Tukey’s multiple comparisons test.     
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4.5 Discussion 

The present study examined the effects of promoting sleep, through chronic treatment with 

orexin receptor antagonists, in the rTg4510 mouse which overexpresses human mutant tau 

(Ramsden et al., 2005; Santacruz et al., 2005). The DORA suvorexant was used as it selectively 

increases REM sleep (Hoyer et al., 2013; Hoyer and Jacobson, 2013), in contrast to the 2-

SORA MK-1064, which increases both NREM and REM sleep in a proportional manner 

(Roecker et al., 2014a; Gotter et al., 2016; Jacobson et al., 2017). Specific and marked 

sleep/wake deficits in rTg4510 mice previously reported (Chapter 3), which are characterised 

by a massive increase in time spent awake and decrease in NREM and REM sleep during the 

active phase, were replicated in the present study, testimony to the robustness of this phenotype. 

The present data show that suvorexant dosed during the late inactive phase increased REM 

sleep in rTg4510 mice but did not restore cognitive ability or alter tau/p-tau levels in the brain. 

By contrast, MK-1064 dosed in the early dark phase, markedly increased both NREM and 

REM sleep and attenuated wake time in male rTg4510 mice. Male rTg4510 mice also exhibited 

a partial improvement in hippocampal-dependent spatial recall which importantly, correlated 

with the amount of MK-1064-promoted sleep. Surprisingly, MK-1064 was largely devoid of 

effects on sleep/wake states in female rTg4510 mice, despite producing robust effects in female 

WT mice, nor did it correct cognitive deficits in female rTg4510 mice.   

In Experiment 1, the aim was to target the phenotypic REM sleep deficits previously 

observed during the inactive phase in rTg4510 mice (Chapter 3). Suvorexant predominantly 

promoted REM sleep in both WT and rTg4510 mice, by increasing REM bout numbers without 

affecting average bout duration. Subtle increases in delta power during NREM sleep and theta 

power during REM sleep were also observed, predominantly in male rTg4510 mice. However, 

increased REM sleep following suvorexant treatment did not translate to improved cognitive 

ability, as suvorexant-treated rTg4510 mice exhibited similarly impaired hippocampal-

dependent spatial recall compared with their MC-treated controls. It is important to note that 

spatial recall was unaffected in suvorexant-treated WT mice, further supporting the concept 

that orexin receptor antagonists promote sleep without impairing normal functioning and/or 

memory consolidation (Dietrich and Jenck, 2010; Morairty et al., 2014; Tannenbaum et al., 

2016).  

Suvorexant treatment did not alter tau or p-tau levels in the brains of rTg4510 mice, 

which was perhaps not surprising given the lack of effect on Barnes maze cognitive 

performance. It has previously been demonstrated that an approximate 50% reduction in tau 

levels following Dox treatment in rTg4510 mice was associated with complete rescue of 
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cognitive deficits and a restoration of REM sleep in the late inactive phase (Chapter 3). Data 

from Experiment 1 thus indicated that REM sleep was not associated with either spatial recall 

or tau levels. The release and clearance of Aβ and/or tau is proposed to be regulated by 

sleep/wakefulness (Kang et al., 2009; Roh et al., 2012; Holth et al., 2019) and therefore the 

amount or type of sleep promoted in the present study by suvorexant was probably insufficient 

to aid in the clearance of any considerable amount of tau. With regard to amount, REM sleep 

represents a minor proportion of overall sleep/wake states and during the inactive phase the 

range of response available may have been insufficient in mice that were already sleeping. 

With regard to the type of sleep, Xie et al. (2013) proposed that sleep, whether natural or 

pharmacologically enhanced with anaesthetics (which typically abolish REM sleep in rodents 

(Pal et al., 2011; Pick et al., 2011; Scharf and Kelz, 2013)) was important for glymphatic 

clearance. The present data may therefore support the premise that NREM sleep is more 

important for the clearance of p-tau than REM, given the lack of effect of enhancing REM 

sleep on tau levels following chronic suvorexant treatment. Any improvement in REM sleep-

enhanced consolidation of spatial memory (Boyce et al., 2016) that suvorexant may have 

afforded was evidently insufficient to overcome the substantial tau-mediated cognitive burden 

in rTg4510 mice.  

In Experiment 1, during the active phase, a prominent hyperarousal phenotype which 

was particularly exacerbated in female rTg4510 mice was observed. Therefore, Experiment 2 

directly targeted this phenotype using MK-1064 to replace the excessive wakefulness with a 

proportional increase of both NREM and REM sleep, a feature accessible with OX2R 

antagonists but not DORAs (Dugovic et al., 2009; Dugovic et al., 2014; Gotter et al., 2016; 

Jacobson et al., 2017). Accordingly, MK-1064 promoted both NREM and REM sleep and 

decreased wake time during the active phase, particularly during the first 6 hours post-

administration, but only in male and not female rTg4510 mice. In male rTg4510 mice, MK-

1064 restored time spent in all three vigilance states to WT levels, whereas in female rTg4510 

mice no changes were observed. MK-1064 promoted sleep in male rTg4510 mice by increasing 

both NREM/REM bout numbers and average bout durations. Neither bout numbers nor bout 

durations were influenced by MK-1064 in female rTg4510 mice. Female WT mice responded 

robustly to MK-1064 treatment, indicating the ineffectiveness in rTg4510 mice is likely tau 

mediated/dependent. Nevertheless, the exact mechanisms behind these striking sex differences 

in response to MK-1064 are currently unknown. Much of the preclinical literature with orexin 

receptor antagonists have used only male rodents (Brisbare-Roch et al., 2007; Mang et al., 

2012; Betschart et al., 2013; Hoyer et al., 2013; Dugovic et al., 2014; Roecker et al., 2014a; 
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Gotter et al., 2016) and sex differences in clinical settings have not been reported thus far, 

further supporting the concept that overexpression of mutant tau is contributing to this lack of 

response.        

Sex differences in the hyperarousal phenotype of rTg4510 mice have been observed, 

which may be attributable to the sex differences in pathology onset previously reported, which 

occurs earlier in female than male rTg4510 mice (Yue et al., 2011). This may provide a possible 

explanation for the lack of response to MK-1064 in female rTg4510 mice. This may not be the 

case in male rTg4510 mice, given their comparatively lower hyperarousal impulse. However, 

female rTg4510 mice did respond very acutely to MK-1064 indicating their orexin system 

functioning is somewhat intact, however, after 1-2 hours the hyperarousal drive appears to have 

overridden any sleep pressure imposed by the drug. The observation that female rTg4510 mice 

responded equally as well as male rTg4510 mice to suvorexant suggests that timing of dosing 

may also be an important factor in the lack of response to MK-1064. Given the hyperarousal 

phenotype of rTg4510 mice is only present during the active phase there would be no 

hyperarousal drive to counter the effects of suvorexant when administered during the late 

inactive phase.  

Another contributing factor to the differential responses of male and female rTg4510 

mice to MK-1064 could be related to potential differences in orexin system function between 

male and female rTg4510 mice, for example, at the orexin peptide or receptor expression level. 

Suvorexant is a DORA which antagonises both OX1R and OX2R and evidence suggests that 

the enhanced promotion of REM sleep over NREM sleep by DORAs is predominantly driven 

by the blockade of OX1R in the presence of OX2R antagonism (Smith et al., 2003; Mieda et 

al., 2011; Morairty et al., 2012; Dugovic et al., 2014; Schwartz et al., 2016), especially given 

the almost exclusive expression of OX1R in the REM-suppressing locus coeruleus (LC). MK-

1064 however, is an OX2R selective SORA. The lack of effect of MK-1064, but not suvorexant, 

suggests a potential enhanced dysregulation in OX2R but not OX1R function in female 

compared with male rTg4510 mice. Further work is required to determine the exact 

mechanisms involved.      

Male, in contrast to female rTg4510 mice, exhibited improved cognitive performance 

in the Barnes maze following MK-1064 treatment, which correlated with the amount of MK-

1064-promoted sleep. This is the first study to demonstrate attenuated cognitive impairment in 

a tauopathy mouse model, using sleep as a therapeutic approach. Orexin receptor antagonists 

were used to promote sleep with specific types of sleep architecture to investigate this premise. 

However, it is not clear whether effects observed were due to orexin receptor antagonists 
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themselves or effects on sleep, per se. It would therefore be of interest to test other hypnotic 

principles to examine this. However, the adverse effects on memory of several non-orexin 

receptor antagonist hypnotics suggests that the pharmacological modality used to enhance sleep 

is important. Zolpidem, for example, promotes substantial increases in NREM sleep but also 

causes memory impairments (Mattila et al., 1998; Mintzer and Griffiths, 1999; Verster et al., 

2002; Otmani et al., 2008; Hall-Porter et al., 2014), confounding any potential sleep-induced 

cognitive benefit. This feature of non-benzodiazepine GABAA receptor modulators makes 

them inappropriate therapeutic candidates in neurodegenerative disorders where cognitive 

deficits are prevalent. In preclinical work, Morairty et al. (2014) demonstrated that zolpidem 

promoted NREM sleep to a greater extent than the DORA almorexant in rats. Cognitive 

performance in the Morris water maze was impaired by zolpidem, but not by almorexant 

(Morairty et al., 2014). A decline in Barnes maze performance was not observed in MK-1064-

treated WT mice in the present study, which further supports the concept that orexin receptor 

antagonists promote sleep without negatively affecting memory. The lack of improvement in 

WT mice following MK-1064 may reflect ceiling effects, whereby WT mice of this 

background strain are already performing at their maximum cognitive faculty.       

Given that the aim of the Barnes maze is for the mouse to locate the target hole in order 

to escape the aversive, brightly lit, windy open platform the relationship between cognitive 

behaviour, motivation to complete the task, and/or anxiety/fear should be considered. Across 

experiments in Chapter 3 and 4, it was observed that some rTg4510 mice failed to engage in 

the Barnes maze acquisition or probe trials and thus remained in the centre of the maze for the 

duration of the trial time limit. This behaviour may be attributable to a lack of motivation to 

complete the task, or alternatively, to an anxiety-like response to the Barnes maze environment. 

Anxiety and fear-like responses have previously been examined in a battery of behavioural 

tests in the rTg4510 mouse (Cook et al., 2014). Interestingly, by 6 months of age, 

approximately the same age as that investigated in the present research, rTg4510 mice 

displayed a hyper-exploratory phenotype, with greater distance travelled in the open field, more 

time spent in the open arms (and higher ratio of open arm exploration time/duration) in the 

elevated plus maze and more time spent in the light chamber in the light/dark exploration task 

(Cook et al., 2014). These data suggest an anxiolytic phenotype of rTg4510 mice. However, it 

was also noted that rTg4510 mice had an increased tendency to freeze once out in the open 

arms or light compartment (Cook et al., 2014), which aligns with the apparent freezing or lack 

of engagement behaviour observed in the present experiments. These data could suggest that 
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the lack of engagement in the Barnes maze task may be mediated by innate anxiety/fear, 

although the potential role of decreased motivation cannot be ruled out either.  

The orexin system has also been implicated in anxiety and panic behaviour, with a 

proposed involvement of OX1R (Gotter et al., 2012; Li et al., 2014; Chen et al., 2015). This is 

currently being evaluated in clinical studies with the OX1R antagonist JNJ-61393215 

(Salvadore et al., 2020). Johnson et al. (2015) assessed CO2-induced anxiety-like behaviours 

in rats and observed that a DORA or 1-SORA, but not a 2-SORA, attenuated anxiety-like 

behaviour. Additionally, administration of a 1-SORA prevented nicotine-induced anxiogenic-

like effects in C57BL/6 mice (Plaza-Zabala et al., 2010). It would be of interest to ascertain 

whether the reduced expression of OX1R in the LC determined in Chapter 2 of this thesis aligns 

with the 1-SORA anxiolytic effects in these studies and the aforementioned interpretation of 

anxiolysis as a cause of hyper-exploratory activity in rTg4510 mice. Nevertheless, results may 

suggest that the OX2R selective MK-1064 would likely not play a role in modulating any 

potential innate anxiety of the rTg4510 mouse in the present experiments (even the DORA 

suvorexant did not affect freezing or lack of engagement behaviour), and support the claim that 

improved performance in the final probe trial was indeed driven by enhanced cognition, rather 

than an alleviation of anxiety. Future work assessing rTg4510 behaviour in tasks assessing 

innate anxiety (see Jacobson et al., 2007), contextually conditioned fear and cognitive tasks (in 

addition to the Barnes maze), following dosing of various orexin receptor antagonists would 

be warranted to further assess anxiety versus cognitive behaviour in these mice, and the 

potential effects of orexin receptor antagonism.  

Tau pathology was largely unaffected in rTg4510 mice following MK-1064 treatment, 

except for a subtle reduction in p-tau S404 levels in the hippocampus and cortex. rTg4510 mice 

express high levels of p-tau (Ramsden et al., 2005; Santacruz et al., 2005; Song et al., 2015) 

and thus it is possible that any clearance of tau afforded by the improved sleep may not have 

been detected by western blot for the soluble tau species measured here. Kang et al. (2009) 

showed that chronic treatment with the DORA almorexant for eight weeks attenuated Aβ 

burden in the brains of APP/PS1 mice. It was subsequently confirmed that the effects orexin 

receptor antagonism has on sleep, rather than orexin signalling itself, influenced the plaque 

load of Aβ (Roh et al., 2012; Roh et al., 2014). The decrease in wake time observed in Kang et 

al. (2009) following almorexant treatment was comparable to the decrease in wake time 

observed following MK-1064 treatment in the present study. Nevertheless, the different strains 

(APP/PS1 vs. rTg4510), proteins investigated (Aβ vs. tau) and methods used 

(immunohistochemistry (IHC) vs. western blot) make direct comparisons about the influence 
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of sleep on pathology challenging. IHC studies for tau in rTg4510 mice following sleep 

restoration are an important next step to further examine the effects of sleep on tau pathology. 

In addition, cognitive performance was also not assessed by Kang and colleagues (Kang et al., 

2009), so whether reduced Aβ burden translated to a cognitive benefit is unknown, although, 

Aβ burden and cognitive decline in AD patients are not well correlated (Nelson et al., 2012).  

Interestingly, treatment with the antiepileptic drug levetiracetam in an AD mouse model 

expressing human APP (hAPPJ20) was able to reduce abnormal spike activity, reverse 

behavioural abnormalities, improve memory/learning and reverse synaptic deficits in the 

hippocampus, however, it had no effect on the levels of hAPP, Aβ or Aβ deposition (Sanchez 

et al., 2012). Reducing hyperactivity with levetiracetam in humans with amnestic mild 

cognitive impairment (aMCI) also improved cognition (Bakker et al., 2012). These studies 

suggest that levetiracetam’s influence on network activity restores normal hippocampal 

functioning leading to a recovery of cognitive functions, irrespective of its effects on protein 

pathology (Sanchez et al., 2012). In the current study, MK-1064 was effective at reducing 

wakefulness and increasing sleep. It remains possible that attenuating hyperarousal may be 

having a similarly positive influence on hippocampal/cognitive function, and irrespective of 

tau pathology. In addition, MK-1064 treatment increased slow delta (1-2.5 Hz) power during 

NREM sleep in male, but not female rTg4510 mice. In humans, lower frequency slow waves 

have been associated with increased memory consolidation (Marshall et al., 2006; Diekelmann 

and Born, 2010; Chauvette et al., 2012). Furthermore, it was demonstrated that transcranial 

stimulation of slow oscillations (1.33-1.5 Hz) enhanced memory consolidation in rats (Binder 

et al., 2014). Therefore, heightened NREM slow waves promoted by MK-1064 may be 

contributing to improved cognitive performance in the current study, irrespective of the effects 

on tau pathology. Nevertheless, it is also plausible that increased sleep and attenuated 

hyperarousal may have had effects on other tau species not investigated here.  

Overall, however, the fact that MK-1064 was able to improve cognitive ability in a 

model of tauopathy as aggressive as the rTg4510 mouse is promising. Though, the recently 

discovered genetic limitations of the rTg4510 mouse model (Gamache et al., 2019) must also 

be taken into consideration here. As highlighted, potential therapies could improve tauopathy-

like phenotypes (e.g. hyperarousal and cognitive deficits) by incidentally correcting effects 

resulting from non-targeted gene KO, without modifying the intended target (Gamache et al., 

2019). Studies using sleep as a therapeutic approach in the similar PS19 mouse, which does 

not exhibit non-targeted gene KO (Goodwin et al., 2019), are warranted. These data, however, 
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provide an encouraging proof of principle for the therapeutic benefit of sleep, which will 

hopefully be taken forward into more advanced preclinical studies.   

The aim of the current study was to use orexin receptor antagonists to correct 

sleep/wake deficits in the rTg4510 mouse, and to assess their downstream effects on cognition 

and tau pathology. The DORA suvorexant promoted REM sleep in both WT and rTg4510 mice 

when administered during the inactive phase, but did not correct their hyperarousal phenotype, 

nor did it translate into improved cognition or reduced tau/p-tau levels. By contrast, the 2-

SORA MK-1064 increased both NREM and REM sleep and attenuated the hyperarousal 

phenotype of male, but not female rTg4510 mice. These divergent responses may be 

attributable to sex differences in the hyperarousal drive of rTg4510 mice and/or potential 

alterations in their orexin system function. Male rTg4510 mice exhibited a partial restoration 

of hippocampal-dependent spatial recall which importantly, correlated with the amount of MK-

1064-promoted sleep. In conclusion, these findings highlight the therapeutic potential of sleep 

at restoring cognitive deficits in tauopathy models and further emphasises the emerging 

bidirectional relationship between sleep and neurodegenerative disease.           
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Chapter 5  
 
 
 
Differential Sleep/wake Response and Sex Effects Following Acute 

Suvorexant, MK-1064 and Zolpidem Administration in the rTg4510 

Mouse Model of Tauopathy 

 

 

 

 

5.1 Abstract 

Tau transgenic mouse models of tauopathy display prominent sleep/wake disturbances which 

manifest primarily as a hyperarousal phenotype during the active phase. These findings support 

the concept that tau pathology contributes to sleep/wake changes, however, no study has yet 

investigated the responses of tauopathy mouse models to sleep-promoting compounds. Such 

information has implications for the use of hypnotics as potential therapeutic tools in 

tauopathy-related disorders. The present study examined polysomnographic recordings in 6-

6.5-month-old male and female rTg4510 mice following acute administration of either 50 

mg/kg suvorexant, 30 mg/kg MK-1064 or 10 mg/kg zolpidem, administered at the 

commencement of the active phase. Suvorexant, a dual orexin receptor antagonist, similarly 

and exclusively promoted REM sleep in male and female rTg4510 mice, without affecting 

wake or NREM sleep. On the other hand, MK-1064, a selective orexin receptor 2 antagonist, 

effectively attenuated the hyperarousal phenotype of male rTg4510 mice by decreasing wake 

and increasing NREM sleep, whereas female rTg4510 mice exhibited a blunted response to 

MK-1064 compared with male rTg4510 mice. Zolpidem, a GABAA receptor positive allosteric 

modulator, decreased wake and increased NREM sleep equally in both male and female 

rTg4510 mice. Of the three compounds, MK-1064 appeared to promote the most 

physiologically normal sleep with regard to NREM and REM sleep architecture. Collectively, 

these findings indicate that hyperphosphorylated tau accumulation does not significantly alter 

the ability of the rTg4510 mouse model of tauopathy to respond to sleep-promoting 

compounds. However, the noted sex differences observed in the sleep/wake response of 

rTg4510 mice to MK-1064, but not suvorexant or zolpidem, raises questions about therapeutic 

implications for the use of OX2R selective antagonists in human neurodegenerative disorders.   
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5.2 Introduction 

The bidirectional relationship between sleep and neurological disease pathology (Ju et al., 

2014; Lim et al., 2014; Wang and Holtzman, 2020) is being recognised, particularly for 

neurodegenerative disorders such as Alzheimer’s disease (AD) and tau-variant frontotemporal 

dementia (FTD-tau), driven by amyloid-β (Aβ) and/or tau pathologies. Much of the preclinical 

research conducted thus far has focused on the effects of Aβ on sleep/wakefulness (Cirrito et 

al., 2005; Kang et al., 2009; Bero et al., 2011; Roh et al., 2012), although recently, attention 

has also turned to the involvement of tau (Chapter 3 and 4; Koss et al., 2016; Holth et al., 

2017b; Zhu et al., 2018). Periods of extended wakefulness, or sleep deprivation, regulate the 

extracellular release of both Aβ (Cirrito et al., 2005; Cirrito et al., 2008; Bero et al., 2011; 

Tabuchi et al., 2015) and tau (Pooler et al., 2013; Yamada et al., 2014; Wu et al., 2016; Wang 

et al., 2017a). Conversely, it has been demonstrated in rodent models that the clearance of toxic 

metabolites such as Aβ and/or tau is enhanced during sleep (Xie et al., 2013). Combined with 

the proposed role that sleep plays in the consolidation of memory and learning (Diekelmann 

and Born, 2010), sleep therefore presents as a potentially viable therapeutic target in 

neurodegenerative models and/or disorders. 

Studies investigating the bidirectional relationship between tauopathy mouse models 

and sleep are currently limited. The sleep/wake phenotype of the rTg4510 transgenic mouse 

model of tauopathy, which overexpresses human tau containing the P301L MAPT mutation 

(associated with FTD-tau in humans), was recently characterised (Chapter 3). rTg4510 mice 

exhibit a disrupted sleep/wake profile which manifests primarily as a hyperarousal phenotype 

particularly prominent during the active phase (Chapter 3). The sleep/wake phenotype of 

rTg4510 mice phenocopies that of the tau transgenic PS19 mouse, which harbors the similar 

P301S MAPT mutation (Holth et al., 2017b), albeit controlled by different promotors and with 

different transgene insertion points (Yoshiyama et al., 2007; Goodwin et al., 2019). Together, 

these studies indicate that tau pathology alone is sufficient to drive sleep/wake changes and 

that these changes manifest themselves in a similar way across tauopathy models (Chapter 3; 

Holth et al., 2017b). Despite this, no study has yet investigated whether mutant tau expression 

also influences the ability of these mice to respond to hypnotic agents, including more recent 

treatment modalities, such as orexin receptor antagonists. Such information may warrant 

further investigations into the use of sleep-promoting hypnotics as potential therapeutic tools 

in tauopathy-related disorders.     

The aim of the current study was therefore to assess the sleep/wake response of rTg4510 

mice following acute administration of three different sleep-promoting compounds: the dual 
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orexin receptor antagonist (DORA) suvorexant (Cox et al., 2010), the selective orexin receptor 

2 (OX2R) antagonist (2-SORA) MK-1064 (Roecker et al., 2014a) and the GABAA receptor 

positive allosteric modulator zolpidem (Arbilla et al., 1985). Two of these compounds 

(suvorexant and zolpidem) are marketed for the treatment of insomnia, whereas various 2-

SORAs are in late stage clinical development (Hoyer et al., 2019). Zolpidem was selected as a 

standard and well-established hypnotic and a member of the “Z-drugs” family of compounds. 

These compounds increase total sleep time primarily by promoting NREM sleep, but suppress 

REM sleep in rodents (Hoyer et al., 2019). Orexin receptor antagonists are a relatively new 

addition to the hypnotic field. DORAs such as suvorexant and almorexant robustly induce sleep 

in rodents (Mang et al., 2012; Betschart et al., 2013; Hoyer and Jacobson, 2013) and patients 

(reviewed in Jacobson et al., 2014), primarily by increasing REM sleep without affecting 

NREM sleep to any great extent. Conversely, 2-SORAs increase sleep by modulating both 

NREM and REM sleep in a proportional, physiological-like manner (Betschart et al., 2013; 

Hoyer and Jacobson, 2013; Jacobson et al., 2017). A single dose of suvorexant, MK-1064 or 

zolpidem was given to rTg4510 mice and wildtype (WT) littermates at the commencement of 

the active phase, when the rTg4510 hyperarousal phenotype is prominent, and the subsequent 

sleep/wake profile relative to within-subject vehicle-treated controls was assessed.   

 

 

 

5.3 Materials and methods 

Animals 

Male and female rTg4510 transgenic mice and WT littermate controls were used (Ramsden et 

al., 2005; Santacruz et al., 2005). rTg4510 mice were bred in house, as previously described 

(Ramsden et al., 2005; Santacruz et al., 2005). In brief, FBV/N background mice expressing 

human tau containing the P301L MAPT mutation (associated with FTD-tau in humans) 

downstream of a tetracycline operon-responsive element (TRE), were crossed with 129SVeV 

mice expressing a tetracycline-controlled transactivator (tTA) under control of the Ca2+-

calmodulin-dependent protein kinase II (CaMKII) promotor. In this mouse, constitutive 

expression of the tau transgene is specifically restricted to forebrain structures due to the 

CaMKII promotor. All mice were genotyped using a standardised tail DNA polymerase chain 

reaction (PCR) assay (Transnetyx Inc., Cordova, TN, USA). Mice used in this study were 

between 6-6.5 months of age during experimental sleep recordings. This age was selected to 

align with the age of rTg4510 mice during sleep recordings from previous reports (Chapter 3 
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and 4). All mice were single- or group-housed in standard, transparent open-top cages (29.5 x 

16 x 13 cm) with sawdust and tissue paper nesting material. Standard rodent food and water 

were available ad libitum. All experimentation was performed in accordance with the 

Prevention of Cruelty to Animals Act (2004), under the guidelines of the National Health and 

Medical Research Council Code of Practice for the Care and Use of Animals for Experimental 

Purposes in Australia (2013) and approved by The Florey Animal Ethics Committee (AEC 

number: 16-022). All efforts were made to minimise animal suffering.  

 

Compounds and drug preparation 

The DORA suvorexant (Suvo; AdooQ Bioscience), 2-SORA MK-1064 (Merck and Co., Inc) 

or the GABAA positive allosteric modulator zolpidem (Zolp; Sapphire Bioscience) were used. 

Drugs were prepared fresh as suspensions on the day of administration. The vehicle for 

suvorexant and zolpidem was 0.5% methylcellulose (MC; Sigma-Aldrich) in water. The 

vehicle for MK-1064 was 20% D-α-tocopherol polyethylene glycol 1000 succinate (TPGS; 

Sigma-Aldrich) in water. All drugs were administered by oral gavage in a volume of 10 ml/kg. 

 

Experimental study design 

All mice were initially housed on a 12 h light/dark cycle (lights on at 0700h) before being 

moved into a new housing area with their respective experimental light cycle (lights on at 

0300h), ten days before EEG/EMG surgery. The experimental protocol involved three 

consecutive 23 h polysomnographic recordings commencing at the start of the active phase 

(Circadian time (CT)12). On Day 1, mice were administered water (10 ml/kg, per os) to 

habituate to oral gavage. On Day 2, they received vehicle (MC or TPGS, 10 ml/kg, per os). On 

Day 3, 50 mg/kg suvorexant, 30 mg/kg MK-1064 or 10 mg/kg zolpidem were administered per 

os. Administration of compounds was performed within a time window of 5-15 min before the 

start of the recordings. Some mice received two or all three active compounds, with their own 

respective water and vehicle recordings, and a minimum one-week wash-out period between 

experiments.      
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Polysomnographic recordings and analysis 

Surgery: Mice were anaesthetised with isoflurane in air (5% for induction, 2-3% for 

maintenance) and placed in a stereotaxic frame. Meloxicam (1-3 mg/kg, Ilium) and 500 µL of 

warm saline were administered subcutaneously. 50 µL of 1% lignocaine HCl (Pfizer) was 

administered near the incision site, then the skull was exposed and EEG/EMG preformed head 

mounts (Catalogue number: #8201-SS, Pinnacle Technology Inc.) were surgically implanted. 

EEG1 and EEG2 electrodes (screws inserted into the head mount) were positioned over the 

parietal and frontal lobe, respectively. Reference and ground electrodes were positioned at 

equivalent regions, with reference embedded in the parietal region and ground in the frontal, 

in addition to a non-penetrating anchor screw embedded into the skull over the motor cortex. 

Two EMG wires attached to the head mount were inserted into the neck musculature and 

sutured (7-0 Prolene, Ethicon) into place. Sutures were used to close the scalp around the head 

mount. Dental cement was positioned under and around the head mount using an 18G drawing-

up needle and allowed to set. The mouse was removed from the stereotaxic frame and placed 

into a warm recovery box (30°C) until it was moving freely, then returned to its original cage.  

Recordings: Mice were individually housed in transparent, cylindrical sleep recording 

chambers (29 cm diameter x 30 cm height) for a further week of recovery and acclimatisation. 

Head mounts were plugged into the pre-amplifier 24 h before recordings began. Sirenia 

Acquisition version 1.8.0 software (Pinnacle Technology Inc.) was used for EEG/EMG 

acquisition. Three channels were recorded: EEG1, EEG2 and EMG. The sampling rate was 

200 Hz. 100 Hz EEG and EMG filters were applied. Recordings began at 1500h (CT12) and 

finished at 1400h (CT11). Following EEG/EMG recordings all mice were returned to their 

original cages.   

Analysis: Sirenia recording files (.pvfs) were exported as European Data Format (.edf) and 

imported into the program Somnivore™ (Allocca et al., 2019) in 4 s epochs. Each recording 

was scored by first training the Somnivore machine learning algorithm with 101 epochs of 

wake, NREM and REM. The entire hypnogram was then populated using Somnivore’s auto-

score function. Contextual scoring rules included a minimum bout length setting of 8 s (two 

contiguous epochs) for both wake and NREM and 12 s (three contiguous epochs) for REM. A 

further 50 epochs of each state were then trained, and the auto-score function was run again. 

The entire recording was then manually checked and corrected. All sleep scoring was 

performed blinded to genotype and treatment. 
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Statistical analysis  

Statistical analyses were performed using GraphPad Prism (version 8.0.0) or R (version 

3.6.1)/RStudio (version 1.2.5001). Time spent in each vigilance state across the 23 h recording 

was analysed by a repeated measures linear mixed effects model in R, using the lmer function. 

Data for each compound were analysed within genotype and sex, versus the respective vehicle. 

Post hoc analyses were performed using the emmeans function, with Tukey’s multiple 

comparisons test. REM as a percentage of total sleep, average bout numbers, bout durations 

and time spent in each vigilance state per phase were analysed by Student’s paired t-test 

between compound and respective vehicle. For all analyses, P < 0.05 was considered to be 

statistically significant.    

 

 

 

5.4 Results 

Suvorexant similarly increased REM sleep in male and female WT and rTg4510 

mice without affecting wake or NREM sleep 

Sleep/wake architecture of rTg4510 and WT mice were significantly altered by suvorexant 

(Fig. 5.1A-C; Table 5.1), whereby REM sleep was enhanced in the absence of effects on either 

wake or NREM. No effect of suvorexant treatment was observed in either rTg4510 or WT mice 

for wake (Fig. 5.1A) or NREM (Fig. 5.1B) vigilance states. Male and female WT mice spent 

significantly more time in REM sleep following suvorexant administration for each of the first 

two and four hours, respectively, compared with the corresponding vehicle treatment (Fig. 

5.1C). Similar effects were observed with male rTg4510 mice, which spent significantly more 

time in REM sleep for each of the first two hours post suvorexant administration. Suvorexant-

treated female rTg4510 mice, however, exhibited a substantial increase in REM sleep during 

the first hour of treatment, compared with their respective vehicle (Fig. 5.1C).  

The average time spent in each vigilance state across the first half of the active phase 

(6 h post-suvorexant), full active phase, inactive phase and the entire recording were assessed. 

When administered at the beginning of the active phase, suvorexant did not significantly alter 

average time spent in the wake or NREM states in male or female WT or rTg4510 mice, across 

any of the periods analysed (Fig. 5.1D-K). During the first 6 hours following suvorexant 

administration, however, average REM time was significantly increased in WT (Male: t(6) = 

6.077, P = 0.0009; female: t(10) = 6.709, P < 0.0001) and rTg4510 mice (Male: t(6) = 3.735, P = 

0.0097; female: t(5) = 3.249, P = 0.0227) of either sex, compared with their respective vehicle 
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treatment (Fig. 5.1L). Across the entire active phase, REM sleep was increased in both male 

(t(6) = 2.595, P = 0.041) and female rTg4510 mice (t(5) = 3.547, P = 0.0164), but only in female 

WT mice (t(10) = 2.557, P = 0.0285; Fig. 5.1M). During the inactive phase, male WT mice 

exhibited a slight rebound effect, whereby REM sleep was decreased compared with vehicle 

(t(6) = 3.718, P = 0.0099; Fig. 5.1N). When assessing the entire 23 h recording, only female WT 

mice exhibited an overall increase in REM sleep (t(10) = 2.294, P = 0.0447; Fig. 5.1O).     
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Figure 5.1. Promotion of REM sleep following acute suvorexant administration in rTg4510 mice. 

A-C, Minutes spent in wake (A), NREM (B) and REM (C) vigilance states per hour across a 23 h recording in rTg4510 and WT mice administered 50 mg/kg suvorexant (Suvo) 

or methylcellulose (MC) vehicle. Dark shade represents the active phase. Data are means ± SEM. n = 6-11 per group, per sex. *P < 0.05, **P < 0.01, ***P < 0.001 vs. respective 

vehicle, by repeated measures linear mixed effects model with Tukey’s multiple comparisons test. D-O, Minutes spent in each vigilance state per hour averaged across (from left 

to right) the active phase (6 h post-suvorexant), full active phase (12 h), inactive phase and entire recording, for wake (D-G), NREM (H-K) and REM (L-O). n = 6-11 per group, 

per sex. *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle, by Student’s paired t-test. 
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Table 5.1. EEG recordings statistical analyses summary (suvorexant). 

Time spent in each vigilance state across the 23 h recording were analysed by a repeated measures linear mixed 

effects model in R, using the lmer function, incorporating the factors of Treatment and Time (repeated factor). 

Indented Pr(>|t|) values indicate statistical significance. 

 

 

 

 

 

 

 

 

Suvorexant promoted REM sleep predominantly by increasing bout numbers in 

WT mice and bout duration in rTg4510 mice  

Suvorexant administration increased wake bouts in female, but not male mice, compared with 

the respective vehicle treatment across both the first half (WT: t(10) = 4.684, P = 0.0009; 

rTg4510: t(5) = 3.319, P = 0.021; Fig. 5.2A) and full active phase (WT: t(10) = 2.982, P = 0.0138; 

rTg4510: t(5) = 2.682, P = 0.0437; Fig. 5.2B). Suvorexant similarly increased NREM bouts in 

female, but not male mice, compared with their respective vehicle treatment across the first 

half (WT: t(10) = 4.700, P = 0.0008; rTg4510: t(5) = 3.354, P = 0.0202; Fig. 5.2E) and entire 

active phase (WT: t(10) = 2.922, P = 0.0153; rTg4510: t(5) = 2.730, P = 0.0413; Fig. 5.2F). 

During the first 6 hours following suvorexant administration, REM bouts were significantly 

increased in WT mice (Male: t(6) = 3.526, P = 0.0124; female: t(10) = 6.938, P < 0.0001; Fig. 

5.2I). The majority of male and female rTg4510 mice also exhibited an increase in REM bouts 

following suvorexant administration compared with vehicle during this period, however, this 

did not reach overall statistical significance (Fig. 5.2I). Similar to both wake and NREM bouts, 

only female mice exhibited increased REM bouts across the entire active phase (WT: t(10) = 

3.696, P = 0.0041; rTg4510: t(5) = 3.058, P = 0.0282; Fig. 5.2J). During the inactive phase, 

male WT mice exhibited decreased REM bouts compared with vehicle (t(6) = 4.355, P = 0.0048; 

Fig. 5.2K), aligning with the REM rebound observed (Fig. 5.1N). When assessing the 23 h 

recording as a whole, only female WT mice exhibited an overall increase in REM bouts (t(10) 

= 3.469, P = 0.006; Fig. 5.2L).  

Wake bout duration was largely unaffected by suvorexant treatment (Fig. 5.3A-D) 

except for a decreased duration in female WT mice across the active phase (t(10) = 2.591, P = 

Vigilance state time

Group Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

WT Male Treatment -1.4666 2.3537 312.000 -0.623 > 0.05 -0.2666 2.0548 312.000 -0.129 > 0.05 1.7317 0.4463 312.000 3.880 < 0.001

Time -1.0179 0.1214 312.000 -8.386 < 0.001 0.7756 0.1060 312.000 7.319 < 0.001 0.2423 0.0230 312.000 10.525 < 0.001

Treatment: Time 0.1492 0.1717 312.000 0.869 > 0.05 0.0056 0.1499 312.000 0.037 > 0.05 -0.1547 0.0326 312.000 -4.752 < 0.001

WT Female Treatment -1.8361 2.0387 492.000 -0.901 > 0.05 0.3317 1.7927 492.000 0.185 > 0.05 1.5045 0.3658 492.000 4.113 < 0.001

Time -1.0700 0.1051 492.000 -10.178 < 0.001 0.8415 0.0925 492.000 9.101 < 0.001 0.2286 0.0189 492.000 12.115 < 0.001

Treatment: Time 0.2001 0.1487 492.000 1.346 > 0.05 -0.1010 0.1308 492.000 -0.772 > 0.05 -0.0991 0.0267 492.000 -3.714 < 0.001

rTg4510 Male Treatment 0.2343 2.9499 312.000 0.079 > 0.05 -1.4599 2.6107 312.000 -0.559 > 0.05 1.2250 0.4710 312.000 2.601 < 0.01

Time -1.8720 0.1521 312.000 -12.305 < 0.001 1.5635 0.1346 312.000 11.613 < 0.001 0.3084 0.0243 312.000 12.697 < 0.001

Treatment: Time 0.0144 0.2151 312.000 0.067 > 0.05 0.0571 0.1904 312.000 0.300 > 0.05 -0.0715 0.0344 312.000 -2.082 < 0.05

rTg4510 Female Treatment 0.9795 2.7956 267.000 0.350 > 0.05 -2.1596 2.4439 267.000 -0.884 > 0.05 1.1802 0.4993 267.000 2.364 < 0.05

Time -1.5165 0.1442 267.000 -10.518 < 0.001 1.2119 0.1260 267.000 9.616 < 0.001 0.3045 0.0258 267.000 11.825 < 0.001

Treatment: Time 0.0192 0.2039 267.000 0.094 > 0.05 0.0832 0.1782 267.000 0.467 > 0.05 -0.1024 0.0364 267.000 -2.811 < 0.01

REMWake NREM
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0.0269; Fig. 5.3B) and entire recording (t(10) = 2.347, P = 0.0409; Fig. 5.3D). During the first 

half of the active phase, suvorexant decreased NREM bout duration in male (t(6) = 4.376, P = 

0.047) and female rTg4510 mice (t(5) = 3.941, P = 0.0109), but only in female WT mice (t(10) = 

2.792, P = 0.019; Fig. 5.3E). Interestingly, this effect persisted across the full active phase in 

only male rTg4510 mice (t(6) = 2.778, P = 0.0321; Fig. 5.3F). During the first 6 hours following 

suvorexant administration, REM bout duration was significantly increased in male (t(6) = 3.209, 

P = 0.0184) and female rTg4510 mice (t(5) = 3.850, P = 0.012; Fig. 5.3I). The majority of male 

and female WT mice also exhibited an increase in REM bout duration following suvorexant 

administration compared with vehicle during this period, however, this did not reach overall 

statistical significance (Fig. 5.3I). When assessing the 23 h recording as a whole, only female 

rTg4510 mice exhibited an overall increase in REM bout duration (t(5) = 3.032, P = 0.029; Fig. 

5.3L).     

               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Effects of acute suvorexant administration on bout numbers in rTg4510 mice.  

A-L, Total number of wake (A-D), NREM (E-H) and REM (I-L) bouts averaged across (from left to right) the active 

phase (6 h post-suvorexant), full active phase (12 h), inactive phase and entire recording in rTg4510 and WT mice 

administered 50 mg/kg suvorexant (Suvo) or methylcellulose (MC) vehicle. Data are means ± SEM. n = 6-11 per 

group, per sex. *P < 0.05 **P < 0.01, ***P < 0.001 vs. vehicle, by Student’s paired t-test.  
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Figure 5.3. Effects of acute suvorexant administration on bout duration in rTg4510 mice.  

A-L, Mean wake (A-D), NREM (E-H) and REM (I-L) bout durations averaged across (from left to right) the active 

phase (6 h post-suvorexant), full active phase (12 h), inactive phase and entire recording in rTg4510 and WT mice 

administered 50 mg/kg suvorexant (Suvo) or methylcellulose (MC) vehicle. Data are means ± SEM. n = 6-11 per 

group, per sex. *P < 0.05 **P < 0.01 vs. vehicle, by Student’s paired t-test.  

 

 

Female rTg4510 mice exhibited a blunted sleep/wake response to MK-1064 

compared with male rTg4510 mice 

Sleep/wake architecture of rTg4510 and WT mice were significantly altered by MK-1064 (Fig. 

5.4A-C; Table 5.2), predominantly influencing both wake and NREM vigilance states. Male 

rTg4510 and WT mice spent significantly less time in the wake state following MK-1064 

administration, across each of the first four and five hours, respectively, compared with their 

corresponding vehicle treatment (Fig. 5.4A). Female rTg4510 and WT mice, however, 

exhibited a decrease in wake time during only the first hour post MK-1064 administration, 

compared with the respective vehicle treatment (Fig. 5.4A). Male rTg4510 and WT mice 

correspondingly also spent significantly more time in NREM sleep following MK-1064 

administration, across each of the first four and five hours, respectively, compared with their 
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corresponding vehicle (Fig. 5.4B). Female rTg4510 mice exhibited an increase in NREM sleep 

during the first hour post MK-1064 administration, with female WT mice exhibiting increased 

NREM sleep for each of the first two hours, compared with their respective vehicle (Fig. 5.4B). 

No significant changes in REM sleep were observed at any individual time point, compared 

with vehicle (Fig. 5.4C).  

Examining the first 6 hours following MK-1064 administration, it was apparent that 

average wake time was significantly decreased in WT (Male: t(7) = 15.32, P < 0.0001; female: 

t(6) = 4.140, P = 0.0061) and rTg4510 mice (Male: t(7) = 7.560, P = 0.0001; female: t(6) = 2.716, 

P = 0.0348) of either sex, compared with their respective vehicle, with a larger effect size in 

male mice (Fig. 5.4D). This effect persisted across the full active phase in male mice of either 

genotype (WT: t(7) = 3.571, P = 0.0091; rTg4510: t(7) = 3.389, P = 0.0116), but not in female 

mice of either genotype (Fig. 5.4E). During the first 6 hours following MK-1064 

administration, average NREM sleep time was significantly increased in WT mice (Male: t(7) 

= 12.54, P < 0.0001; female: t(6) = 4.950, P = 0.0026) and rTg4510 mice (Male: t(7) = 8.043, P 

< 0.0001; Female: t(6) = 2.535, P = 0.0444) of either sex, compared with their respective vehicle, 

again with a stronger effect in male mice (Fig. 5.4H). The increase in NREM sleep persisted 

across the full active phase in WT mice of either sex (Male: t(7) = 4.014, P = 0.0051; Female: 

t(6) = 2.636, P = 0.0388) and in male rTg4510 mice (t(7) = 3.518, P = 0.0097) , but not in female 

rTg4510 mice (Fig. 5.4I). Female rTg4510 mice also displayed a rebound of NREM sleep 

during the inactive phase, exhibiting a decrease compared with vehicle (t(6) = 3.004, P = 0.0239; 

Fig. 5.4J). During the first 6 hours following MK-1064 administration, average REM sleep was 

significantly increased in only male WT mice (t(7) = 9.399, P < 0.0001; Fig. 5.4L).   
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Figure 5.4. Blunted sleep/wake response following acute MK-1064 administration in female rTg4510 mice.  

A-C, Minutes spent in wake (A), NREM (B) and REM (C) vigilance states per hour across a 23 h recording in rTg4510 and WT mice administered 40 mg/kg MK-1064 or TPGS 

vehicle. Dark shade represents the active phase. Data are means ± SEM. n = 7-8 per group, per sex. *P < 0.05, **P < 0.01, ***P < 0.001 vs. respective vehicle, by repeated 

measures linear mixed effects model with Tukey’s multiple comparisons test. D-O, Minutes spent in each vigilance state per hour averaged across (from left to right) the active 

phase (6 h post-MK-1064), full active phase (12 h), inactive phase and entire recording, for wake (D-G), NREM (H-K) and REM (L-O). n = 7-8 per group, per sex. *P < 0.05, **P 

< 0.01, ***P < 0.001 vs. vehicle, by Student’s paired t-test. 
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Table 5.2. EEG recordings statistical analyses summary (MK-1064). 

Time spent in each vigilance state across the 23 h recording were analysed by a repeated measures linear mixed 

effects model in R, using the lmer function, incorporating the factors of Treatment and Time (repeated factor). 

Indented Pr(>|t|) values indicate statistical significance. 

 

 

 

 

 

 

 

 

 

MK-1064 increased NREM bout numbers and bout durations in male but not 

female rTg4510 mice 

Analysis of summed data during the first 6 hours of the active phase revealed that MK-1064 

administration significantly increased both wake (t(7) = 2.416, P = 0.0463; Fig. 5.5A) and 

NREM (t(7) = 2.522, P = 0.0397; Fig. 5.5E) bouts compared with vehicle, in male rTg4510 

mice, but not in female rTg4510 mice. During the inactive phase, wake (t(6) = 2.949, P = 0.0256; 

Fig. 5.5C) and NREM (t(6) = 3.125, P = 0.0204; Fig. 5.5G) bouts were decreased in only female 

WT mice, compared with vehicle. REM bouts were significantly increased in only male WT 

mice, compared with vehicle, across the first half of the active phase (t(7) = 13.34, P < 0.0001; 

Fig. 5.5I), full active phase (t(7) = 2.511, P = 0.0403; Fig. 5.5J) and the entire recording (t(7) = 

2.639, P = 0.0335; Fig. 5.5L).  

 Wake bout duration was not significantly affected by MK-1064 administration (Fig. 

6A-D), in part due to larger variation in this parameter. Across the first 6 hours following MK-

1064 administration, NREM bout duration was significantly increased, compared with vehicle, 

in male mice of either genotype (WT: t(7) = 2.745, P  = 0.0287; rTg4510: t(7) = 3.306, P = 0.013), 

but not in female mice of either genotype (Fig. 5.6E). When assessing the entire 23 h recording, 

female rTg4510 mice exhibited a decrease in NREM bout duration following MK-1064 

administration (t(6) = 2.568, P = 0.0425; Fig. 5.6H), probably in part due to rebound reduction 

in NREM sleep during the inactive phase in these mice (Fig. 5.4J). Male rTg4510 mice also 

exhibited an increase in REM bout duration across the first half of the active phase (t(7) = 2.395, 

P = 0.0478; Fig. 5.6I) and the entire recording (t(7) = 2.800, P = 0.0265; Fig. 5.6L), compared 

with vehicle. This effect was absent in female rTg4510 mice (Fig. 5.6I, L).    

Vigilance state time

Group Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

WT Male Treatment 6.8341 2.3905 357.000 2.859 < 0.01 -6.0213 2.0694 357.000 -2.910 < 0.01 -0.8118 0.4234 364.000 -1.917 > 0.05

Time -0.6674 0.1233 357.000 -5.413 < 0.001 0.4553 0.1067 357.000 4.266 < 0.001 0.2121 0.0218 364.000 9.712 < 0.001

Treatment: Time -0.5172 0.1743 357.000 -2.966 < 0.01 0.4590 0.1509 357.000 3.041 < 0.01 0.0581 0.0309 364.000 1.882 > 0.05

WT Female Treatment 4.3219 2.4989 312.000 1.729 > 0.05 -4.3442 2.1838 312.000 -1.989 < 0.05 2.1470 0.4485 312.000 0.048 > 0.05

Time -0.8065 0.1289 312.000 -6.258 < 0.001 0.5818 0.1126 312.000 5.166 < 0.001 2.2460 0.0231 312.000 9.711 < 0.001

Treatment: Time -0.2982 0.1823 312.000 -1.636 > 0.05 0.2904 0.1593 312.000 1.823 > 0.05 7.7897 0.0327 312.000 0.241 > 0.05

rTg4510 Male Treatment 8.3701 2.5396 357.000 3.296 < 0.01 -7.9411 2.2489 357.000 -3.531 < 0.001 -0.4289 0.4072 357.000 -1.053 > 0.05

Time -0.9512 0.1310 357.000 -7.262 < 0.001 0.7336 0.1160 357.000 6.325 < 0.001 0.2176 0.0210 357.000 10.360 < 0.001

Treatment: Time -0.6248 0.1852 357.000 -3.374 < 0.001 0.5745 0.1640 357.000 3.503 < 0.001 0.0503 0.0297 357.000 1.694 > 0.05

rTg4510 Female Treatment 1.0646 2.6201 312.000 0.406 > 0.05 -1.5170 2.3097 312.000 -0.657 > 0.05 0.4526 0.4155 318.000 1.089 > 0.05

Time -1.5802 0.1351 312.000 -11.695 < 0.001 1.2826 0.1191 312.000 10.768 < 0.001 0.2975 0.0214 318.000 13.883 < 0.001

Treatment: Time -0.2460 0.1911 312.000 -1.287 > 0.05 0.2885 0.1685 312.000 1.712 > 0.05 -0.0426 0.0303 318.000 -1.404 > 0.05

REMWake NREM
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Figure 5.5. Effects of acute MK-1064 administration on bout numbers in rTg4510 mice. 

A-L, Total number of wake (A-D), NREM (E-H) and REM (I-L) bouts averaged across (from left to right) the active 

phase (6 h post-MK-1064), full active phase (12 h), inactive phase and entire recording in rTg4510 and WT mice 

administered 40 mg/kg MK-1064 or TPGS vehicle. Data are means ± SEM. n = 7-8 per group, per sex. *P < 0.05, 

***P < 0.001 vs. vehicle, by Student’s paired t-test.  
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Figure 5.6. Effects of acute MK-1064 administration on bout duration in rTg4510 mice. 

A-L, Mean wake (A-D), NREM (E-H) and REM (I-L) bout durations averaged across (from left to right) the active 

phase (6 h post-MK-1064), full active phase (12 h), inactive phase and entire recording in rTg4510 and WT mice 

administered 40 mg/kg MK-1064 or TPGS vehicle. Data are means ± SEM. n = 7-8 per group, per sex. *P < 0.05 

vs. vehicle, by Student’s paired t-test.  

 

Zolpidem similarly increased NREM sleep and decreased wake in male and 

female WT and rTg4510 mice  

Sleep/wake architecture of rTg4510 and WT were significantly altered by zolpidem (Fig. 5.7A-

C; Table 5.3), predominantly influencing both wake and NREM vigilance states. Male and 

female WT mice spent significantly less time in the wake state for each of the first two hours 

following zolpidem administration, compared with the corresponding vehicle treatment (Fig. 

5.7A). Male rTg4510 mice exhibited a decrease in wake time during only the first hour, with 

female mice exhibiting a decrease for hours one, two and four, following zolpidem 

administration, compared with their respective vehicle (Fig. 5.7A). Male and female WT mice 

spent significantly more time in NREM sleep for each of the first two hours following zolpidem 

administration, compared with their respective vehicle (Fig. 5.7B). Male rTg4510 mice 

exhibited an increase in NREM sleep during only the first hour, with female mice exhibiting 

an increase for hours one, two and four, following zolpidem administration, compared with 
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their respective vehicle (Fig. 5.7B). No significant changes in REM sleep were observed at any 

individual time point, compared with vehicle (Fig. 5.7C), although the level of REM sleep at 

this CT time is typically very low.  

Analysis of summed data during the first 6 hours following zolpidem administration 

revealed that average wake time was significantly decreased in WT (Male: t(6) = 13.27, P < 

0.0001; Female: t(8) = 2.802, P = 0.0231) and rTg4510 mice (Male: t(6) = 13.64, P < 0.0001; 

Female: t(5) = 3.110, P = 0.0266; Fig. 5.7D) of either sex. This effect persisted across the full 

active phase in male mice of either genotype (WT: t(6) = 3.576, P = 0.0117;  rTg4510: t(6) = 

4.514, P = 0.004), but not in female mice of either genotype (Fig. 5.7E). No statistical 

differences were observed during the inactive phase (Fig. 5.7F), however, when assessing the 

23 h recording as a whole, all four groups of mice exhibited decreases in average wake time, 

compared with their respective vehicle (Male WT: t(6) = 2.829, P = 0.03; male rTg4510: t(6) = 

2.858, P = 0.0289; female WT: t(8) = 3.001, P = 0.0171; female rTg4510: t(5) = 2.645, P = 

0.0457; Fig. 5.7G). During the first 6 hours following zolpidem administration, average NREM 

sleep time was significantly increased in WT (Male: t(6) = 12.52, P < 0.0001; female: t(8) = 

3.298, P = 0.0109) and rTg4510 mice (Male: t(6) = 13.89, P < 0.0001; female: t(5) = 3.050, P = 

0.0284) of either sex, compared with their respective vehicle (Fig. 5.7H). The increase in 

NREM sleep persisted across the full active phase in male mice of either genotype (WT: t(6) = 

3.700, P = 0.0101;  rTg4510: t(6) = 4.850, P = 0.0029) and female WT mice (t(8) = 2.598, P = 

0.0317), but not female rTg4510 mice (Fig. 5.7I). No statistical differences were observed 

during the inactive phase (Fig. 5.7J), however, when assessing the 23 h recording as a whole, 

WT mice of either sex (Male: t(6) = 3.146, P = 0.0199; female: t(8) = 3.169, P = 0.0132) and 

male (t(6) = 3.200, P = 0.0186), but not female rTg4510 mice exhibited increased NREM sleep, 

compared with their respective vehicle (Fig. 5.7K). Average REM time was not significantly 

affected by zolpidem across the first 6 hours (Fig. 5.7L), however, female WT mice exhibited 

a significant decrease across the full active phase (t(8) = 4.375, P = 0.0024; Fig. 5.7M) and the 

entire recording (t(8) = 2.655, P = 0.029; Fig. 5.7O), compared with their respective vehicle, 

while male WT mice exhibited decreased REM sleep during the inactive phase (t(6) = 3.095, P 

= 0.0213; Fig. 5.7N).   
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Figure 5.7. Promotion of NREM sleep and attenuation of wakefulness following acute zolpidem administration in rTg4510 mice.  

A-C, Minutes spent in wake (A), NREM (B) and REM (C) vigilance states per hour across a 23 h recording in rTg4510 and WT mice administered 10 mg/kg zolpidem or 

methylcellulose (MC) vehicle. Dark shade represents the active phase. Data are means ± SEM. n = 6-9 per group, per sex. *P < 0.05, **P < 0.01, ***P < 0.001 vs. respective 

vehicle, by repeated measures linear mixed effects model with Tukey’s multiple comparisons test. D-O, Minutes spent in each vigilance state per hour averaged across (from left 

to right) the active phase (6 h post-zolpidem), full active phase (12 h), inactive phase and entire recording, for wake (D-G), NREM (H-K) and REM (L-O). n = 6-9 per group, per 

sex. *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle, by Student’s paired t-test.  
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Table 5.3. EEG recordings statistical analyses summary (zolpidem). 

Time spent in each vigilance state across the 23 h recording were analysed by a repeated measures linear mixed 

effects model in R, using the lmer function, incorporating the factors Treatment and Time (repeated factor). 

Indented Pr(>|t|) values indicate statistical significance. 

 

 

 

 

 

 

 

 

 

Zolpidem decreased REM bout duration predominantly in female WT mice  

Wake bout numbers were largely unaffected by zolpidem administration (Fig. 5.8A-D), except 

for a small decrease in total wake bouts across the entire 23 h recording in male WT mice, 

compared with vehicle (t(6) = 2.518, P = 0.0454; Fig. 5.8D). NREM bouts were similarly 

unaffected (Fig. 5.8E-H), except for a significant decrease in male WT mice across the inactive 

phase (t(6) = 2.596, P = 0.0409; Fig. 5.8G) and entire recording (t(6) = 2.495, P = 0.0469; Fig. 

5.8H), compared with vehicle. REM bouts were also not significantly altered (Fig. 5.8I-L), 

except for an increase in REM bouts in female WT mice during the inactive phase (t(8) = 2.718; 

P = 0.0263; Fig. 5.8K). 

Wake bout duration was not significantly affected by zolpidem administration across 

any of the periods analysed (Fig. 5.9A-D). Across the first 6 hours post zolpidem 

administration, NREM bout duration was significantly increased in male mice of either 

genotype (Male: t(6) = 4.307, P = 0.0051; rTg4510: t(6) = 3.623, P = 0.0111), but not in female 

mice of either genotype, compared with their respective vehicle (Fig. 5.9E). Male WT mice 

exhibited an overall increase in NREM bout duration across the 23 h recording (t(6) = 2.710, P 

= 0.0351; Fig. 5.9H). REM bout duration was significantly decreased in only female WT mice 

across the first half of the active phase (t(8) = 3.866, P = 0.0048; Fig. 5.9I), full active phase (t(8) 

= 3.126, P = 0.0141; Fig. 5.9J) and the entire recording (t(8) = 4.831, P = 0.0013; Fig. 5.9L), 

compared with vehicle.       

 

 

Vigilance state time

Group Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

WT Male Treatment -5.9249 2.4926 312.000 -2.377 < 0.05 6.1126 2.1951 312.000 2.785 < 0.01 -0.1895 0.4330 312.000 -0.438 > 0.05

Time -1.0950 0.1285 312.000 -8.518 < 0.001 0.8467 0.1132 312.000 7.480 < 0.001 0.2482 0.0223 312.000 11.114 < 0.001

Treatment: Time 0.2973 0.1818 312.000 1.636 > 0.05 -0.2962 0.1601 312.000 -1.850 > 0.05 -0.0010 0.0316 312.000 -0.031 > 0.05

WT Female Treatment -4.5513 2.3432 402.000 -1.942 > 0.05 5.1911 2.0677 402.000 2.511 < 0.05 -0.6396 0.3985 402.000 -1.605 > 0.05

Time -1.0720 0.1208 402.000 -8.872 < 0.001 0.8650 0.1066 402.000 8.112 < 0.001 0.2070 0.0206 402.000 10.072 < 0.001

Treatment: Time 0.2301 0.1709 402.000 1.347 > 0.05 -0.2650 0.1508 402.000 -1.757 > 0.05 0.0348 0.0291 402.000 1.198 > 0.05

rTg4510 Male Treatment -6.6405 2.6785 312.000 -2.479 < 0.05 6.6295 2.3664 312.000 2.802 < 0.01 0.0114 0.4418 312.000 0.026 > 0.05

Time -2.1283 0.1381 312.000 -15.407 < 0.001 1.7990 0.1220 312.000 14.741 < 0.001 0.3293 0.0228 312.000 14.452 < 0.001

Treatment: Time 0.3997 0.1953 312.000 2.046 < 0.05 -0.3960 0.1726 312.000 -2.295 < 0.05 -0.0037 0.0322 312.000 -0.114 > 0.05

rTg4510 Female Treatment -5.4443 2.7873 267.000 -1.953 > 0.05 5.3080 2.5156 267.000 2.110 < 0.05 0.1369 0.4196 267.000 0.326 > 0.05

Time -1.7460 0.1437 267.000 -12.147 < 0.001 1.4448 0.1297 267.000 11.137 < 0.001 0.3011 0.0216 267.000 13.913 < 0.001

Treatment: Time 0.3284 0.2033 267.000 1.615 > 0.05 -0.3234 0.1835 267.000 -1.763 > 0.05 -0.0051 0.0306 267.000 -0.167 > 0.05

REMWake NREM
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Figure 5.8. Effects of acute zolpidem administration on bout numbers in rTg4510 mice. 

A-L, Total number of wake (A-D), NREM (E-H) and REM (I-L) bouts averaged across (from left to right) the active 

phase (6 h post-zolpidem), full active phase (12 h), inactive phase and entire recording in rTg4510 and WT mice 

administered 10 mg/kg zolpidem or methylcellulose (MC) vehicle. Data are means ± SEM. n = 6-9 per group, per 

sex. *P < 0.05 vs. vehicle, by Student’s paired t-test.  
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Figure 5.9. Effects of acute zolpidem administration on bout duration in rTg4510 mice. 

A-L, Mean wake (A-D), NREM (E-H) and REM (I-L) bout durations averaged across (from left to right) the active 

phase (6 h post-zolpidem), full active phase (12 h), inactive phase and entire recording in rTg4510 and WT mice 

administered 10 mg/kg zolpidem or methylcellulose (MC) vehicle. Data are means ± SEM. n = 6-9 per group, per 

sex. *P < 0.05, **P < 0.01 vs. vehicle, by Student’s paired t-test.  

 

 

 

Differential effects of suvorexant, MK-1064 and zolpidem on REM as a 

proportion of total sleep   

Given the previously reported differences of DORAs, 2-SORAs and Z-drugs such as zolpidem 

on the relative proportions of REM sleep, REM as a proportion of total sleep across the active 

phase was assessed (Fig. 5.10). Suvorexant significantly increased REM as a proportion of 

total sleep in WT (t(17) = 5.061, P < 0.0001) and rTg4510 mice (t(12) = 3.770, P = 0.0027), 

compared with vehicle (Fig. 5.10A). MK-1064 did not affect this parameter in either WT or 

rTg4510 mice (Fig. 5.10B). Zolpidem significantly decreased REM as a proportion of total 

sleep in WT (t(15) = 3.285, P = 0.005), but not rTg4510 mice (Fig. 5.10C).       

 

 

WT
0

25

50

75

100

WT
0

50

100

150

200

250

WT
0

100

200

300

400

WT
0

50

100

150

200

WT
0

50

100

150

200

N
R

E
M

 b
o

u
t 

d
u

ra
ti

o
n

 (
s

)

WT
0

150

300

450

600

750

900

W
a

k
e

 b
o

u
t 

d
u

ra
ti

o
n

 (
s

)

WT
0

30

60

90

120

WT
0

25

50

75

100

WT
0

20

40

60

80

R
E

M
 b

o
u

t 
d

u
ra

ti
o

n
 (

s
)

WT
0

150

300

450

600

WT
0

30

60

90

120

150

180

WT
0

300

600

900

1200
A B C D

E F G H

I J K L

Active phase

(6 h post-zolpidem) Active phase Inactive phase Entire recording

WT rTg4510rTg4510 rTg4510 WT rTg4510 rTg4510 WT rTg4510 rTg4510 WT rTg4510

rTg4510 WT rTg4510 rTg4510 WT rTg4510 rTg4510 WT rTg4510 rTg4510 WT rTg4510

rTg4510 WT rTg4510 rTg4510 WT rTg4510 rTg4510 WT rTg4510 rTg4510 WT rTg4510

**

*

*

**
*

**

♀♂ ♀♂ ♀♂ ♀♂

♀♂ ♀♂ ♀♂ ♀♂

♀♂ ♀♂ ♀♂ ♀♂

WT MC

WT Zolp

rTg4510 MC

rTg4510 Zolp

Male

Female♀

♂



Chapter 5  146 

 
 

 

 

 

 

 

 

 

Figure 5.10. Effects of acute suvorexant, MK-1064 or zolpidem administration on REM as a proportion of 

total sleep.  

A-C, REM as a percentage of total sleep during the active phase following acute suvorexant (A), MK-1064 (B) or 

zolpidem (C) administration in rTg4510 and WT mice. Data are means ± SEM. n = 13-18 per genotype. **P < 0.01, 

***P < 0.001 vs. vehicle, by Student’s paired t-test. 

 

 

 

5.5 Discussion 

Recent evidence has demonstrated that mutant tau overexpression contributes to sleep/wake 

disruptions in the form of hyperarousal in tauopathy mouse models (Chapter 3 and 4; Koss et 

al., 2016; Holth et al., 2017b; Zhu et al., 2018). Whether this phenotype influences sleep/wake 

responses to sleep hypnotics has not been previously investigated. The present study therefore 

examined the sleep/wake response of rTg4510 versus WT mice following acute administration 

of suvorexant, MK-1064 or zolpidem at the commencement of the active phase, when a 

prominent hyperarousal phenotype is evident in rTg4510 mice (Chapter 3 and 4). Suvorexant 

promoted REM sleep in both male and female rTg4510 mice, without overly affecting wake or 

NREM sleep, as previously reported in non-transgenic mice (Betschart et al., 2013; Hoyer et 

al., 2013). On the other hand, MK-1064 effectively attenuated the hyperarousal phenotype of 

male rTg4510 mice by decreasing wake and increasing NREM sleep, in alignment with 

previous preclinical studies using 2-SORAs (Roecker et al., 2014a; Gotter et al., 2016). Female 

rTg4510 mice, however, exhibited a blunted response to MK-1064 administration, compared 

with male rTg4510 mice, an effect that has not been reported previously in non-transgenic 

mice. Zolpidem, on the other hand, decreased wake and increased NREM sleep equally in both 

male and female rTg4510 mice.  

Suvorexant similarly increased REM sleep for several hours post-dose in male and 

female WT and rTg4510 mice, without significantly affecting wake or NREM sleep. As a 
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consequence, suvorexant did not attenuate the hyperarousal phenotype of rTg4510 mice. The 

promotion of REM sleep in the present study parallels that observed by Betschart et al. (2013), 

in which 50 mg/kg suvorexant administration at the beginning of the active phase significantly 

increased REM sleep for up to five hours post-dose, compared with vehicle, in C57BL/6 mice, 

with minimal effects on NREM sleep. These data indicate that the selective promotion of REM 

sleep by DORAs such as suvorexant is not diminished in the rTg4510 tauopathy mouse model, 

regardless of sex. In terms of REM sleep architecture, REM bout number and duration were 

typically higher in all mice following suvorexant treatment compared with vehicle, however, 

suvorexant increased REM sleep in WT mice predominantly by increasing REM bouts, without 

significantly altering REM bout duration. Conversely, the promotion of REM sleep in rTg4510 

mice was driven primarily by an increase in REM bout duration, but not total REM bouts. 

These data suggest that hyperphosphorylated tau accumulation and the sleep/wake phenotype 

of rTg4510 mice somewhat influences the response to suvorexant, but only to a limited extent.  

MK-1064 effectively decreased wake time and increased NREM sleep time, compared 

with vehicle, for several hours post-dose in WT mice and male rTg4510 mice, consistent with 

previous observations in C57BL/6 mice (Roecker et al., 2014a; Gotter et al., 2016). Female 

rTg4510 mice, however, exhibited a more transient and blunted response to MK-1064 

administration. Unlike suvorexant, which antagonises both orexin receptor 1 (OX1R) and 

OX2R, MK-1064 is OX2R selective and the presence of OX2R is necessary for the sleep 

promoting effects of MK-1064 (Gotter et al., 2016), and orexin receptor antagonists in general 

(Mang et al., 2012). The diminished response following MK-1064, but not suvorexant, 

administration in female rTg4510 mice suggests potential differences in OX2R function and/or 

expression. In Chapter 2 it was demonstrated that male rTg4510 mice exhibited altered OX1R 

mRNA expression in the locus coeruleus (LC) but no changes in OX2R expression, which 

aligns with the robust response to the OX2R selective antagonist MK-1064 in male rTg4510 

mice. Female rTg4510 mice, however, were not examined in Chapter 2. Investigations into 

OX2R function and/or expression in female rTg4510 mice are warranted. Nevertheless, the 

initial prominent, although transient, response in female rTg4510 mice suggests that OX2R 

function is still at least partially intact. An exacerbated hyperarousal phenotype has been 

identified in female rTg4510 mice compared with males (Chapter 3 and 4), and hence the 

blunted response may be attributable to an inability to overcome this heightened hyperarousal 

drive. To further investigate this concept, the sleep/wake response of rTg4510 mice following 

acute zolpidem administration was also assessed, which promotes sleep via GABAA receptor 

positive allosteric modulation and not orexin receptors. 
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Male and female WT and rTg4510 mice exhibited a proportionally similar decrease in 

wake and increase in NREM sleep following zolpidem administration. Zolpidem promotes 

sleep via a global suppression of CNS activity, through modulation of GABAA receptors, 

without affecting orexin receptors. Ablation of dense orexin receptor expressing LC or 

tuberomammillary nucleus (TMN) neurons in rats attenuated almorexant-mediated promotion 

of REM sleep, but had no influence on the efficacy of zolpidem in promoting sleep (Schwartz 

et al., 2016), indicating zolpidem does not act via orexin receptors. This suggests that the 

contribution of the heightened hyperarousal drive of female rTg4510 mice to the blunted effect 

of MK-1064 is likely negligible, at least with respect to the GABAergic system, and again, 

points to sex-dependent differences in OX2R function in rTg4510 mice. Conversely, the 

transient response of MK-1064 may indicate differences in the pharmacokinetics and/or 

metabolism of MK-1064, but not suvorexant or zolpidem, in female rTg4510 mice, compared 

with males. Currently, such differences have not been reported in rodents or humans 

administered MK-1064, although pharmacokinetic differences have been reported for 

suvorexant in obese women (reviewed in Jacobson et al., 2014). Hence, there is clearly inherent 

differences in female rTg4510 mice that contributes to the diminished response to MK-1064. 

The exact mechanisms involved remain to be elucidated but may relate to previously reported 

sex differences in rTg4510 mice, in which female mice have more advanced tau pathology than 

males, by the same age (Yue et al., 2011). Overall, such differences reinforce the importance 

of investigating both sexes in rodent preclinical studies, as previously recommended (Docherty 

et al., 2019).     

REM as a proportion of total sleep during the active phase was assessed following acute 

suvorexant, MK-1064 or zolpidem administration. The DORA suvorexant increased sleep 

predominantly by disproportionately promoting REM sleep, as previously reported (Betschart 

et al., 2013; Hoyer et al., 2013), whilst the 2-SORA MK-1064 produced a balanced increase of 

both NREM and REM sleep in WT and rTg4510 mice. Zolpidem, however, preferentially 

promoted NREM sleep and suppressed REM sleep albeit only in WT mice. REM as proportion 

of total sleep remained quite stable in rTg4510 mice following zolpidem administration, which 

is most probably due to the limited time that rTg4510 mice spend in REM sleep during the 

active phase, as a result of their hyperarousal phenotype. These data further reinforce the 

concept that OX2R selective antagonists promote a more physiological type of sleep (Betschart 

et al., 2013; Hoyer and Jacobson, 2013; Jacobson et al., 2017; Hoyer et al., 2019), even in a 

mouse model of neurodegenerative tauopathy. Furthermore, although zolpidem increased 

NREM sleep in both male and female rTg4510 mice without overtly suppressing REM sleep, 
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it is not an ideal candidate for neurodegenerative tauopathy-related disorders. Prominent 

disadvantages of benzodiazepines or Z-drugs such as zolpidem include adverse drug-drug 

interactions, negative effects on cognition and balance leading to falls and overall general 

inhibition of brain function (Winrow and Renger, 2014; Kales et al., 2015); hence 

contraindicating them for promoting sleep in neurodegenerative disorders. A 2-SORA 

therefore appears to be the most suitable compound as a potential therapeutic targeting sleep 

in neurodegenerative disorders (Hoyer et al., 2019), although based on the present data, 

investigations into potential sex effects on the response to MK-1064 in tauopathy-related 

disorders in a clinical setting are warranted.  

In summary, the aim of the current study was to assess the sleep/wake response of 

rTg4510 mice following acute administration of sleep-promoting compounds during the active 

phase, when a hyperarousal phenotype is evident. The DORA suvorexant similarly promoted 

REM sleep in rTg4510 mice, without attenuating hyperarousal. The OX2R selective antagonist 

MK-1064 effectively attenuated the hyperarousal phenotype by decreasing wake time and 

increasing NREM sleep particularly in male, but with blunted efficacy in female rTg4510 mice, 

whereas zolpidem effectively promoted NREM sleep and decreased wake equivalently in both 

male and female rTg4510 mice. These data reveal sex differences in the response of rTg4510 

mice to MK-1064, highlighting potential alterations in OX2R function and/or expression in 

females in response to tau overexpression. The proportionally similar increase in NREM and 

REM sleep following MK-1064, but not suvorexant or zolpidem, reinforces the notion that 

OX2R selective antagonists promote a more ideal sleep architecture in both WT mice and a tau 

transgenic model of neurodegenerative tauopathy. In conclusion, these data indicate that 

rTg4510 mice respond to sleep-promoting therapeutics despite a noted hyperarousal phenotype 

and dysregulation of REM sleep balance. Noted sex differences suggest further investigations 

into sex-specific effects of hyperphosphorylated tau on OX2R pharmacology are warranted.   
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Chapter 6 
 
 
 
General Discussion 
 
 
 
 

The experiments described in this thesis demonstrate a key role for hyperphosphorylated tau in 

mediating sleep/wake and cognitive disruptions in the rTg4510 transgenic mouse model of 

tauopathy, and further support the conclusion that a bidirectional relationship between sleep 

and tauopathy exists, in the context of Alzheimer’s disease (AD) and frontotemporal dementia 

(FTD).  

Initial work revealed similar phenotypes at a molecular level regarding orexin receptor 

1 (OX1R) expression in the sleep/wake-regulating locus coeruleus (LC), in both rTg4510 and 

tau knockout (KO) mice. The comparable decrease in OX1R expression in the LC may hence 

contribute to similar functional consequences – hyperarousal and sleep/wake fragmentation – 

and suggests that orexinergic input to the LC is modulated by altered or loss of tau function.  

Subsequent work involved functional and behavioural studies in rTg4510 mice and 

demonstrated that hyperphosphorylated tau accumulation contributes to exacerbated 

neurodegeneration, sleep/wake disruptions, cognitive deficits and behavioural abnormalities. 

With the exception of the sleep/wake phenotype, these phenotypes were slowed or reversed by 

repressing tau transgene expression with doxycycline (Dox), suggesting that tau-mediated 

damage to the sleep/wake regulating circuitry is perhaps more permanent or even irreversible 

compared with other brain circuits.  

Subsequent experiments revealed that rTg4510 mice respond to common hypnotic 

therapeutics and that the promotion of physiological/balanced sleep, using orexin receptor 

antagonists, to replace the hyperarousal observed in these mice resulted in a proportional 

improvement in cognitive function. The partial or complete recovery of cognition using 

independent, different interventions that targeted the reduction of mutant tau or the increase of 

sleep, further reinforces the bidirectional relationship between sleep and neurodegenerative 

disease and enabled the identification of key factors underlying cognitive restoration in 

rTg4510 mice. 

Together, these studies demonstrate that hyperphosphorylated tau contributes to 

sleep/wake and cognitive deficits in neurodegenerative tauopathies and that reducing 
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hyperphosphorylated tau accumulation and/or promoting sleep may be viable and effective 

therapeutic strategies for the treatment of AD and FTD.      

 

6.1 Potential mechanisms driving sleep/wake disruptions in rTg4510 mice    

Prior to the research outlined in this thesis, the sleep/wake phenotype of rTg4510 mice had not 

been previously reported. As discussed in Chapter 3, rTg4510 mice exhibit a disrupted 

sleep/wake phenotype including a prominent hyperarousal phenotype during the active phase, 

altered vigilance state bout numbers and bout durations, and electroencephalography (EEG) 

power spectral deficits during sleep. The following section discusses the potential mechanisms 

which may contribute to these sleep/wake disturbances, based on current knowledge of the 

rTg4510 mouse. Further insights into potential mechanisms highlighted by the data generated 

in this thesis will also be considered.  

 

6.1.1 Current evidence – tau-induced neuronal hyperexcitability   

There is a distinct paucity of research examining the sleep/wake phenotype of pure tauopathy 

mouse models (Koss et al., 2016; Holth et al., 2017b). More extensive electrophysiological 

recordings, however, have been conducted using neurons from rTg4510 mice (Rocher et al., 

2010; Crimins et al., 2011; Crimins et al., 2012; Menkes-Caspi et al., 2015). Hence, influences 

of mutant tau on the activity of the broader neural network contributing to sleep and 

wakefulness, may be inferred to some degree based on the properties of these individual 

neurons.  

Electrophysiological studies using layer 3 frontal cortical pyramidal cells from rTg4510 

mice demonstrated that rTg4510 neurons exhibit a depolarised resting membrane potential, 

compared with wildtype (WT) controls, which lead to hyperexcitability and heightened action 

potential (AP) firing rates (Rocher et al., 2010; Crimins et al., 2012). Rheobase (i.e., the amount 

of current required to elicit an AP) is also significantly reduced in rTg4510 neurons, compared 

with WT controls, in both the early (1-3 months) and advanced (9-13 months) stages of the 

tauopathy mouse model (Crimins et al., 2012). Morphological changes revealed differences 

including truncated apical tufts, diminished dendritic arbours and decreased spine density in 

rTg4510 neurons (Rocher et al., 2010; Crimins et al., 2012), particularly in the advanced stages 

(Crimins et al., 2012). Intriguingly, these changes were observed regardless of the presence of 

mature neurofibrillary tangles (NFTs) in the recorded neurons. Together, these findings suggest 

that non-fibrillar tau species can have detrimental effects on the function of neurons before the 

development of mature NFTs (Rocher et al., 2010; Crimins et al., 2012); hence contributing to 
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functional changes before any advanced aggregated pathology or neurodegeneration occurs. It 

was further demonstrated that compensatory changes due to neuronal/synaptic atrophy may 

result in the increased excitability of surviving neurons, which attempt to maintain normal 

network function (Crimins et al., 2011). Such changes result in increased AP-dependent 

neurotransmitter release from presynaptic terminals (Crimins et al., 2011). Importantly, 

lifelong Dox treatment was able to completely abolish both the structural and functional 

changes in rTg4510 neurons, which become indistinguishable from WT neurons, hence 

emphasising the involvement of tau overexpression in mediating these effects (Crimins et al., 

2012).    

As discussed in Chapter 1, tau pathology appears to initially and selectively develop in 

brain regions comprising the ascending reticular activating system (ARAS; Braak and Braak, 

1991b; Braak and Braak, 1995; Iba et al., 2013; Braak and Del Tredici, 2015; Theofilas et al., 

2015; Stratmann et al., 2016). Tau-induced hyperexcitability of neurons in these regions may 

plausibly lead to the increased release of neurotransmitters (that is, monoamines such as 

noradrenaline, dopamine, histamine and serotonin) and drive elevated wakefulness. In this way, 

increased hyperexcitability of nuclei in the ARAS, which promote wakefulness, may hence 

contribute to the hyperarousal phenotype of rTg4510 mice. Taken together, these 

electrophysiological findings from rTg4510 neurons provide support for a potential mechanism 

by which non-fibrillar tau species may elicit functional neuronal changes and therefore 

sleep/wake disruptions, before any substantial neurodegeneration is observed.  

Although the studies described above may explain how hyperexcitability at the 

neuronal level leads to global network alterations and hyperarousal, they do not necessarily 

explain why the hyperarousal phenotype of rTg4510 mice is restricted only to the active, and 

not the inactive, phase. One of the most interesting findings in the present work is that despite 

the hyperarousal phenotype during the active phase, these mice do not exhibit any rebound 

sleep during the inactive phase, hence they are chronically sleep-deprived compared with WT 

controls. A potential explanation for this observation may involve the orexin system. As 

discussed in Chapter 1, orexin neurons fire actively during wakefulness and become virtually 

silent during sleep (Sakurai, 2007). Monoaminergic nuclei in the ARAS receive dense 

orexinergic input, and the activity of these nuclei is largely dependent on the balance of 

inhibitory signals from sleep promoting regions (e.g. ventrolateral preoptic nucleus (VLPO)) 

and excitatory signals from orexin neurons (Gotter et al., 2012). Electrophysiological studies 

discussed above demonstrated that rTg4510 cortical neurons are hyperexcitable and require 

less input to elicit increased firing rates. Therefore, during the active phase, when orexin levels 
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are at their peak and orexin neurons are actively firing, this input to the ARAS may result in a 

non-proportional heightened output of ARAS activity, due to tau-induced hyperexcitability in 

these nuclei. This elevated ARAS activity would then lead to hyperarousal during the active 

phase. During the inactive phase, however, orexin neurons are firing less or are completely 

silent; hence, there is no orexinergic input to drive the ARAS, thus resulting in a relatively 

normal sleep/wake phenotype during the inactive phase in rTg4510 mice.  

It is interesting to note that the active, but not inactive, phase hyperarousal phenotype 

of rTg4510 mice thus also suggests that the signals that induce the silencing of orexin neurons 

during the sleep-dominant inactive phase appear to be preserved in rTg4510 mice. These would 

include the wake-off and sleep-on neuronal systems (e.g. VLPO) that drive inactivity and 

orexin neuron silencing during the inactive phase, as supported by the observation that the 

circadian rhythm and baseline timing of sleep-on/wake-off systems in rTg4510 mice also 

appeared normal. It is therefore interesting to speculate about the status of sleep homeostasis 

systems in rTg4510 mice, given their lack of sleep rebound from hyperarousal. Investigating 

how tau transgenic mice respond to sleep deprivation in terms of their subsequent sleep/wake 

profile is therefore of interest in future studies. Overall, these observations point to a tau-

dependent dysregulation of the wake-active components of the ARAS, and particularly orexin 

neurons, as the major driver of the active phase hyperarousal in rTg4510 mice.     

 

6.1.2 New insights – tau-mediated changes in the locus coeruleus and the orexin 

system       

Tau-induced hyperexcitability in ARAS nuclei leading to enhanced activity and 

neurotransmitter release is a plausible mechanism for the hyperarousal phenotype in rTg4510 

mice. Data generated in this thesis build on and offer new insights into these mechanisms, in 

particular by highlighting the potential importance of tau-mediated alterations in the LC and 

the orexin system.  

In situ hybridisation (ISH) studies (Chapter 2) revealed decreased OX1R mRNA 

expression in the LC of both rTg4510 and tau KO mice. In rTg4510 mice, the expression of 

the tau transgene is driven by a Ca2+-calmodulin-dependent protein kinase II (CaMKII) 

promotor and hence forebrain specific; therefore, the tau transgene should theoretically spare 

expression in the LC. However, given the selective vulnerability of the LC (Iba et al., 2013), it 

is hypothesised that tau may be invading the LC from transgene overexpression regions and is 

contributing to the decrease in OX1R expression observed. Although near identical results were 

observed in tau KO mice, the same mechanism cannot be proposed at a surface level given the 
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absence of tau. Nevertheless, tau KO mice similarly exhibit a hyperarousal phenotype and 

fragmented sleep/wake transitions (Cantero et al., 2010). Further work is required to elucidate 

the exact mechanisms involved; however, there are proposals that tau hyperphosphorylation 

may act as a loss of tau function, as soluble tau is sequestered into aggregates, although 

evidence for a toxic gain of phosphorylated tau (p-tau) also exists (reviewed in Ittner and Ittner, 

2018). It is of course plausible that loss- or gain-of-function may co-exist in a complex system, 

depending on which function is being evaluated. Certainly, from the present data, it appears 

that altered/lost tau function modulates orexinergic input to the LC, resulting in similar 

molecular (OX1R mRNA expression) and hence, functional (hyperarousal) consequences. 

Why are LC neurons especially vulnerable to developing tau pathology? The selective 

vulnerability of ARAS nuclei, such as the LC, highlights the concept that tau pathology spreads 

through the brain via synaptically and functionally connected regions, rather than by proximity. 

The LC innervates virtually the entire cortex with long and thin axons which are poorly 

myelinated. Such properties leave the LC vulnerable to retrograde propagation of tau and the 

increased risk of developing NFTs (Satoh and Iijima, 2019). LC processes are further highly 

exposed to the blood circulation and cerebrospinal fluid (CSF), thus increasing the risk of 

coming into contact with harmful metabolites and toxins such as tau (Braak and Del Tredici, 

2015; Satoh and Iijima, 2019). LC neurons are also tonically active and have a high 

bioenergetic demand, especially during wakefulness (Satoh and Iijima, 2019). This may further 

put LC neurons at risk and expose them to the activity-dependent release of tau (Pooler et al., 

2013; Yamada et al., 2014; Wu et al., 2016; Wang et al., 2017a) and/or Aβ (Cirrito et al., 2005; 

Cirrito et al., 2008; Bero et al., 2011; Tabuchi et al., 2015).  

The overactivity of LC, as well as orexinergic, neurons during periods of extended 

wakefulness leading to activity-dependent release of tau is potentially problematic in a 

neurodegenerative state. The phosphorylation state of tau is mediated by the activity of various 

kinases including glycogen synthase kinase 3β (GSK-3β; Mandelkow et al., 1992; Hong et al., 

1997) and cyclin-dependent kinase 5 (CDK5; Baumann et al., 1993), and phosphatases such as 

protein phosphatase 2A (PP2A), which accounts for the majority of tau phosphatase activity in 

vivo (Liu et al., 2005; Qian et al., 2010). In AD, the expression of GSK-3β is increased (Leroy 

et al., 2007), whereas PP2A activity and expression is decreased (Gong et al., 1993; 

Vogelsberg-Ragaglia et al., 2001). The activity-dependent release of tau in this environment 

may thus increase the likelihood of tau becoming hyperphosphorylated and developing into 

pathological aggregates. This highlights the need for adequate neuronal ‘down-time’ during 

sleep and the enhanced clearance of metabolites such as tau (and Aβ) during this process (Xie 
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et al., 2013). In the rTg4510 model, levels of the PP2A(A) subunit are decreased, thus likely 

contributing to heightened p-tau levels (McKenzie-Nickson et al., 2018). Exactly how 

sleep/wake regulation affects the activity of tau kinases and phosphatases in humans or rodent 

models, however, is currently unknown. Variations in the phosphorylation state of tau are 

regulated during sleep/wake states, mediated primarily via natural alterations in temperature 

during sleep (Guisle et al., 2019), although the changes in kinase/phosphatase activity across 

sleep/wake states has not been fully elucidated. A better understanding of exactly how 

sleep/wake function regulates tau dynamics is imperative.    

Given that the activation of orexin receptors promotes wakefulness, it appears 

contradictory that a decrease in OX1R expression in the wake-promoting LC would lead to 

hyperarousal. There are several possible explanations for these observations. In humans, CSF 

orexin levels are commonly increased in moderate to severe stages of AD (Dauvilliers et al., 

2014b; Liguori et al., 2014b; Liguori et al., 2016; Gabelle et al., 2017; Heywood et al., 2018) 

and often correlate with tau and p-tau levels (Deuschle et al., 2014; Liguori et al., 2014b; 

Liguori et al., 2016; Osorio et al., 2016). Analyses of orexin levels in CSF taken from rTg4510 

mice is therefore imperative. Given the presence of extensive tau pathology, it is anticipated 

that rTg4510 mice would indeed exhibit elevated CSF orexin levels compared with WT mice. 

Should this be the case, elevated orexin levels could potentially be contributing to the 

hyperarousal phenotypes of both rTg4510 and tau KO mice, while reduced OX1R expression 

in the LC may reflect a compensatory down-regulation of orexin receptor signalling to combat 

rising orexin levels.  

In addition, neurodegenerative disorders have been associated with LC neuronal loss in 

both humans (Bondareff et al., 1982; Bondareff et al., 1987; German et al., 1987; German et 

al., 1992; Manaye et al., 1995) and rodent models (O'Neil et al., 2007; Liu et al., 2008b; Manaye 

et al., 2013). The death of LC neurons may hence result in increased activity of surviving 

neurons, attempting to maintain normal function, as observed in the electrophysiology of 

rTg4510 neurons (Crimins et al., 2011) and discussed above. Furthermore, periods of extended 

wakefulness and sleep deprivation have been demonstrated to cause LC cell loss even in WT 

mice (Zhang et al., 2014; Zhu et al., 2016), hence plausibly explaining LC neuronal death and 

subsequent hyperactivity in tau KO mice; devoid of any tau pathology.    
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6.2 Key factors underlying cognitive restoration in rTg4510 mice 

Based on the findings from the three chronic studies in rTg4510 mice using Dox, suvorexant 

and MK-1064 (Chapter 3 and 4), possible key factors potentially contributing to the recovery 

of cognitive function in rTg4510 mice can be identified.   

First and foremost, perhaps the most obvious factor was a substantial reduction in both 

tau and p-tau levels in the brains of rTg4510 mice following Dox treatment (Chapter 3). Given 

that the neurodegenerative phenotype of rTg4510 mice is driven by the overexpression of 

mutant tau, it is not particularly surprising that a reduction in tau levels would result in positive 

cognitive outcomes, as previously reported (Ramsden et al., 2005; Santacruz et al., 2005; 

Blackmore et al., 2017). Perhaps more pertinent to discuss, is the timing and magnitude of the 

effects observed following Dox treatment (Chapter 3). Dox treatment initiation began at 4.5 

months in rTg4510 mice, an age at which modified variants of tau and tangle-like inclusions 

have already begun to develop, whereas extensive neurodegeneration has yet to occur 

(Ramsden et al., 2005). In terms of subsequent protein levels in the hippocampus and cortex 

nine weeks later, p-tau levels were reduced by approximately 50% compared with rTg4510 

Control mice, yet were still 3-4 times higher than in the WT mice. Given that modified variants 

of tau had been developing for 4.5 months before Dox treatment began, it was not expected 

that tau levels would be entirely reverted to WT levels. Nevertheless, a complete prevention of 

cognitive deficits was observed, despite the relatively high amount of p-tau still present in the 

brains of rTg4510 Dox-treated mice. In agreement with previous findings (Blackmore et al., 

2017), this has clinical implications for tauopathy-related disorders and potential anti-tau 

therapeutics. These data emphasise the concept that the complete removal of all pathological 

tau is not necessary and that partial reductions can still be functionally beneficial (Blackmore 

et al., 2017), provided interventions are commenced early enough, before any substantial 

neuronal and synaptic loss has already occurred. Furthermore, given that the primary effect of 

Dox is to prevent the generation of new tau and p-tau, which by nature is more likely to be 

soluble than older, aggregated p-tau in the brain, it also supports the well-defined notion that 

soluble tau species are inherently more toxic than that which has aggregated (Mirbaha et al., 

2018). 

The second key factor appeared to be the attenuated neurodegeneration of hippocampal 

and cortical neurons, as well as white matter tracts, especially through the corpus callosum. As 

with tau protein, brain volumes of rTg4510 mice treated with Dox were not restored to WT 

levels; however, Dox treatment was evidently initiated early enough to allow sufficient survival 

of neurons/synapses necessary for full recovery of cognitive function. The prevention of 
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cognitive decline, attenuation of neurodegeneration and mitigation of locomotor hyperactivity 

following Dox treatment, but not the abolition of the hyperarousal phenotype, suggests that 

pathological insults to the cortex, hippocampus and corpus callosum are more responsive to 

treatment that the ARAS, at the investigated ages. Tau-driven insult to the ARAS is perhaps 

more permanent and/or irreversible compared with other brain regions, which would align with 

the selective vulnerability of these nuclei to developing tau pathology. Dox treatment may 

therefore need to be initiated much earlier than 4.5 months of age to potentially prevent the 

sleep/wake disturbances present in rTg4510 mice, although some restoration of power 

spectrum and sleep/wake architecture was observed with transgene inactivation (discussed 

below).  

Reductions in tau levels evidently play a key role in mediating cognitive restoration in 

rTg4510 mice. But what about the effects of restoring sleep? Based on the proposed 

bidirectional relationship between sleep and disease pathology, it was expected that promoting 

sleep would enhance cognitive function and memory consolidation and/or aid in the clearance 

of hyperphosphorylated tau species. In Chapter 3, an increase in REM sleep during the inactive 

phase was observed in rTg4510 mice following Dox treatment. This observation led to the 

hypothesis that REM sleep may have played a role in cognitive recall, especially given the 

proposed role that REM sleep plays in the consolidation of spatial memory (Boyce et al., 2016) 

and the defects in REM sleep observed in AD and FTD patients (Prinz et al., 1982; Petit et al., 

2004; Moran et al., 2005). However, selectively promoting REM sleep with the dual orexin 

receptor antagonist (DORA) suvorexant during the inactive phase in rTg4510 mice did not 

improve cognitive function or reduce tau levels (Chapter 4). Dox-induced reduction in tau 

levels by 50% was sufficient to completely restore cognitive function (Chapter 3). Hence, the 

lack of effect of suvorexant on spatial recall suggested tau levels were not modulated either, as 

was the case.  

Since the release and clearance of tau is proposed to be regulated by sleep and 

wakefulness, the amount and type of sleep promoted by suvorexant was likely insufficient to 

aid in the clearance of amounts of tau that are detectable at the resolution of a western blot. 

This may be because REM sleep comprises a minor proportion of overall vigilance states and 

suvorexant was administered during the inactive phase, when rTg4510 mice exhibit most of 

their REM sleep anyway. It may also be because REM sleep may not promote clearance of 

metabolites from the brain in comparison to balanced physiological sleep, which includes 

NREM sleep, via glymphatic pathways (Xie et al., 2013). Acute administration of suvorexant 

during the active phase, however, did not affect wake or NREM sleep to any extent in rTg4510 
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mice (Chapter 5), suggesting the timing of dosing with suvorexant in rTg4510 mice has no 

impact on the promotion of NREM sleep. Either way, any improvement in the consolidation 

of spatial memory that suvorexant may have afforded was evidently insufficient to overcome 

the substantial tau-mediated cognitive burden in rTg4510 mice. Together, these data suggest 

that the previously observed rescue of cognitive ability following Dox treatment (Chapter 3) 

was driven almost exclusively by reductions in tau levels. The prevention of REM deficits was 

likely a downstream effect of attenuated hyperphosphorylated tau, rather than the other way 

around, and indicated that the actual increase in REM sleep time observed likely contributed 

minimally to cognitive improvement. Taken together, these results further reinforce the concept 

that reductions in tau levels are a critical contributing factor underlying cognitive restoration 

in rTg4510 mice. 

The orexin receptor 2 (OX2R) selective orexin receptor antagonist (2-SORA) MK-1064 

effectively promoted NREM and REM sleep and attenuated hyperarousal, albeit in only male 

rTg4510 mice, which resulted in a partial but distinct improvement of spatial recall (Chapter 

4). Tau levels, however, were largely unaffected in both the hippocampus and cortex, except 

for a subtle reduction in p-tau S404 levels. As discussed in Chapter 4, any additional clearance 

of tau afforded by increased sleep, or reduced release afforded by decreased arousal, was likely 

insufficient to overcome the very high levels of tau overexpression. It therefore appears 

plausible that the effects of MK-1064 on sleep and neuronal network function may have 

contributed to improved cognitive faculty perhaps irrespectively of the effects on tau 

pathology. In addition to MK-1064’s general effect on the amount of time spent in wake and 

NREM/REM sleep, it also increased slow delta power in the 1-2.5 Hz frequency range in male, 

but not female, rTg4510 mice. In humans, lower frequency slow waves have been associated 

with increased memory consolidation (Marshall et al., 2006; Diekelmann and Born, 2010; 

Chauvette et al., 2012) and importantly, transcranial stimulation of slow oscillations (1.33-1.5 

Hz), within the same frequency range enriched by MK-1064, enhanced memory consolidation 

in rats (Binder et al., 2014). These data provide a foundation from which to explain the effects 

of MK-1064 on improved spatial recall in male rTg4510 mice, irrespective of its effects on tau 

pathology. To further reinforce this point, rTg4510 mice similarly exhibited an overall increase 

in delta power (1-4 Hz) during NREM sleep following Dox treatment. Intriguingly, when 

assessing only slow delta waves (1-2.5 Hz), associated with memory consolidation, an almost 

indistinguishable result was observed following either Dox or MK-1064 treatment (Chapter 3 

and 4). That nearly identical outcomes following completely independent and differing 

interventions were observed is highly interesting. Further work is required to elucidate the 
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exact mechanisms involved, however, elevated slow delta power during NREM sleep presents 

as a third key factor likely underlying cognitive restoration in rTg4510 mice.  

Furthermore, a recent study by Vasselli et al. (2017) reported that Hcrt (orexin) KO 

mice exhibited specific deficits in delta power, predominantly affecting slow rather than fast 

delta waves. These mice hence exhibit a significantly elevated fast/slow delta wave ratio 

compared with their WT controls (Vassalli and Franken, 2017). The similar deficits in slow 

delta power observed in rTg4510 and orexin KO mice further supports the concept that the 

orexin system is dysregulated in rTg4510 mice. Further work is required to confirm this 

hypothesis.   

Although not directly examined in the present work, the potential impact of the 

relationship between impaired sleep and microglia-mediated neuroinflammation deserves 

consideration (Green et al., 2020). In WT mice, sleep loss has been shown to induce microglial 

activation, predisposing the brain to subsequent damage (Bellesi et al., 2017). Additionally, 

sleep disturbance in mice resulted in hippocampal neuroinflammation, which impaired 

hippocampal-dependent learning and memory (Zhu et al., 2012). Microglia activation has also 

been implicated in tau propagation and subsequent synapse loss and neurodegeneration in 

tauopathies (Asai et al., 2015; Hong et al., 2016; Liddelow et al., 2017; Shi et al., 2017; 

Rajendran and Paolicelli, 2018). Furthermore, Zhu et al. (2018) demonstrated that chronic sleep 

disruption was associated with advanced progression of tauopathy, and importantly, with 

greater microglia activation in the hippocampus of tau transgenic PS19 mice when exposed to 

chronic sleep disruption, compared to rested controls. In the present work, it would be of 

interest to examine whether improved sleep following MK-1064 administration conferred 

protection against microglia-mediated neuroinflammation, resulting in reduced 

neurodegeneration in the hippocampus and hence, improved hippocampus-dependent spatial 

recall. Experiments assessing microglia-specific immunoreactivity in the hippocampus of MK-

1064 treated rTg4510 mice are thus warranted. The role of neuroinflammation may serve as 

another mechanism of injury in tauopathies, potentially exacerbating neurodegeneration and 

cognitive impairments, and further contributing to sleep/wake disruptions.      

In summary, the combination of reduced tau and p-tau levels, attenuated brain atrophy 

including rescued white matter functionality and increased slow delta power during NREM 

sleep are associated with the restoration of cognitive function, especially in male rTg4510 mice, 

which typically exhibit enhanced cognitive performance compared with females. Interestingly, 

female rTg4510 mice did not display the increase in delta power following Dox treatment, 

which may be related to their exacerbated tau pathology and/or hyperarousal drive compared 
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with males, or to sex-specific effects. Nevertheless, in the few female rTg4510 mice in which 

cognitive deficits were prevented by Dox, this was likely driven by reductions in tau levels and 

attenuated neurodegeneration, as discussed above. In contrast, the partial restoration of 

cognitive ability following MK-1064 appears predominantly driven by attenuation of 

hyperarousal and increased slow delta power during NREM sleep, with minimal effects on tau 

levels, hence potentially explaining the discrepancy in the effect size when compared with Dox 

treatment.         

 

6.3 Sex differences in rTg4510 mice 

rTg4510 mice exhibit sex differences in terms of tau pathology and subsequent memory decline 

(Yue et al., 2011). The exacerbated hyperarousal drive of female rTg4510 mice (Chapter 3 and 

4) may in part be attributed to their more advanced pathology of certain tau species compared 

with same-aged males, although no differences in soluble tau levels were observed in the 

present studies. In contrast, stark differences in responses to OX2R antagonists between the 

sexes were observed. The data from Chapter 4 and 5 in this thesis revealed rTg4510 sex 

differences in terms of the sleep/wake response to orexin receptor antagonists. This information 

warrants investigations into the use of orexin receptor antagonists as potential therapeutics in 

tauopathy-related neurodegenerative disorders to determine whether sex-specific effects 

observed here translates to a clinical setting.  

Female rTg4510 mice, but not female WT mice, exhibited a blunted response to both 

chronic (Chapter 4) and acute (Chapter 5) administration of MK-1064, compared with male 

rTg4510 mice. The similarly blunted response following only one dose of MK-1064 indicated 

that the lack of response observed following chronic treatment was not due to tachyphylaxis 

from repeated dosing. These observations imply that there are inherent differences in female 

rTg4510 mice which contribute to this impaired response. Following either acute or chronic 

administration of MK-1064, female rTg4510 mice displayed a quite prominent, although 

transient response, before their sleep/wake profile quickly resembled that of their vehicle-

treated controls. Initially, this led to the hypothesis that the heightened drive to remain awake 

during the active phase is potentially too strong to be alleviated by the urge to sleep induced 

by MK-1064 in female, but not male, rTg4510 mice. However, the similar promotion of NREM 

sleep by zolpidem (Chapter 5) suggest this hypothesis is incorrect and that the contribution of 

the exacerbated hyperarousal phenotype is negligible, at least with respect to the GABAergic 

system.  
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Suvorexant was also equally effective in both male and female rTg4510 mice in 

promoting REM sleep. Given that suvorexant antagonises both OX1R and OX2R, whereas MK-

1064 selectively targets OX2R, this highlights potential differences in OX2R function and/or 

expression in female rTg4510 mice. In Chapter 2, it was demonstrated that the mutant tau 

overexpression of the rTg4510 mouse indeed influenced orexin receptor expression. In that 

experiment, however, only male mice were used, and female mice were not examined. Further 

investigations into potential differences in OX2R expression and/or function in female rTg4510 

mice are thus warranted. It is hypothesised that if female rTg4510 mice indeed exhibit 

alterations in OX2R function, perhaps the basis of sleep/wake sex differences in pharmacology 

may originate in the dense OX2R-expressing tuberomammillary nucleus (TMN), which plays 

a key role in regulating arousal and NREM sleep (Willie et al., 2003; Sakurai, 2007). 

Nevertheless, the initial transient response in female rTg4510 mice suggests that OX2R 

function is still at least partially intact. These data also suggest that potential sex differences in 

the pharmacokinetics and/or metabolism of MK-1064 should be examined, although the 

equipotency of suvorexant and zolpidem in all four groups of mice rule out a generalised 

disruption in metabolism of female rTg4510 mice, per se.  

Although the effectiveness of suvorexant and zolpidem, but not MK-1064, for 

promoting sleep indicates OX2R dysregulation in female rTg4510 mice, it is also necessary to 

consider the potential effects of the interaction between tau pathology and sex/hormonal 

differences in rTg4510 mice. Sex hormones have been proposed to affect sleep-dependent 

memory consolidation (see Baker et al., 2019 for review), however, in Chapter 4, it was 

demonstrated that female WT mice responded robustly to chronic MK-1064 treatment and 

exhibited comparable spatial recall to males in the Barnes maze, suggesting the more 

generalised effects of sex hormone differences on sleep and memory alone (Paul et al., 2006; 

Mong et al., 2011) cannot explain the lack of sleep/wake response or cognitive improvement 

in female rTg4510 mice. Notable sex differences are present in AD and other dementias 

(although little is currently known regarding tau-variant frontotemporal dementia (FTD-tau)) 

in humans (Seshadri et al., 1997; Podcasy and Epperson, 2016; Laws et al., 2018), where 

incidence rates are more prevalent in the female population (Seshadri et al., 1997). These 

findings support that sex and hormonal differences in females may increase the risk of 

developing and/or accelerate neurodegenerative disease pathology (Seshadri et al., 1997).  

In this context, estrogen and progesterone receptors are expressed in sleep/wake 

regulating nuclei such as the LC, dorsal raphe nucleus (DRN) and basal forebrain (Curran-

Rauhut and Petersen, 2002; Baker et al., 2019). As discussed above (section 6.1.1), tau-induced 
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hyperexcitability of these nuclei may underlie the hyperarousal phenotype of rTg4510 mice. In 

female mice at the age investigated, these nuclei will also receive additional input from sex 

hormones that differ from male mice. In female rats, estradiol suppressed the activity of the 

sleep-promoting VLPO (Hadjimarkou et al., 2008). Furthermore, when estrogen and 

progesterone levels were at their peak, NREM and REM sleep were significantly decreased 

and wake time was increased during the active, but not inactive, phase (Hadjimarkou et al., 

2008). It would therefore be of interest to assess estrogen and progesterone levels in female 

rTg4510 versus WT mice, to determine whether this may contribute to the exacerbated 

hyperarousal phenotype during the active phase in female rTg4510 mice and to the blunted 

response to MK-1064.  

Indeed, previous studies have demonstrated that gonadal steroids regulate the 

expression of OX1R and OX2R in various organs (Johren et al., 2003; Silveyra et al., 2007a) 

and CNS tissue, including in the hypothalamus (Silveyra et al., 2007b; Silveyra et al., 2009). 

The expression levels of OX1R and OX2R were highest when sex hormones such as 

progesterone, estradiol, prolactin, luteinising hormone (LH) and follicle stimulating hormone 

(FSH) were at their peak (Silveyra et al., 2007b; Silveyra et al., 2009) and importantly, these 

effects were abolished in ovariectomised female rats, but were restored following estradiol 

administration (Silveyra et al., 2009). Despite the general effects of sex hormones on 

sleep/wake architecture and orexin receptor expression, it is evident from the present studies 

that the lack of response of female rTg4510 mice to MK-1064 is both sex- and tau-dependent.  

It is worth noting, however, since MK-1064 selectively antagonises only orexin 

receptors, it does not have direct impact on estrogen/progesterone receptors. Therefore, in the 

presence of MK-1064, the activation of ARAS nuclei to promote hyperarousal could be 

mediated by sex hormone expression, their receptors, or down-stream signalling pathways of 

steroid receptors and/or OX2R. Robust sleep responses were indeed observed in male mice of 

either genotype and in female WT mice following MK-1064, further implicating the 

dependence on tau for these sex-divergent effects.   

The concept of estrogen/progesterone-mediated activation of the ARAS may align with 

the transient response to MK-1064 in female rTg4510 mice. It is hypothesised that the initial 

brain concentration of MK-1064 was sufficient to outweigh estrogen/progesterone-mediated 

ARAS activity. This activity may have quickly overridden the sleep-promoting effects of MK-

1064 leading to the observed restoration of hyperarousal within 1-2 hours post-administration. 

The influence of female sex hormones and receptors on sleep and wakefulness further aligns 

with the comparable sleep-promoting effects of zolpidem in both male and female rTg4510 
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mice; given that zolpidem promotes sleep via a global suppression of all CNS activity via the 

GABAA receptor. The similar response to suvorexant in both male and female rTg4510 mice 

also aligns with the concept of heightened ARAS drive in female rTg4510 mice, since acute 

suvorexant administration during the active phase did not affect wake or NREM sleep (Chapter 

5). Suvorexant disproportionately promoted REM sleep but did not affect overall sleep time, 

thus the hyperarousal drive of rTg4510 mice of either sex was not affected.   

In summary, previous literature and the data presented within this thesis (Chapter 4 and 

5) demonstrate that the 2-SORA MK-1064 promoted a more physiologically normal sleep in 

terms of NREM and REM sleep architecture, and did not negatively affect memory or global 

function, unlike the noted effects of benzodiazepines or Z-drugs such as zolpidem. Whatever 

the underlying cause of the blunted responses of female rTg4510 mice to MK-1064, it will be 

of interest to determine if these divergent sex effects translate to human tauopathy-related 

disorders. Hence, clinical trials and preclinical research must be performed in both sexes.  

 

6.4 Limitations of the rTg4510 mouse model      

Transgenic mouse models have been immensely valuable for accessibly investigating certain 

aspects of human disease/disorders. These models never fully recapitulate the complexity of 

the human disease but nevertheless play a vital role in advancing the understanding of some of 

the key mechanisms involved. All transgenic mouse models invariably have their own 

drawbacks and limitations, which limit the conclusions that can be drawn from findings. In 

mid-2019, a study (Gamache et al., 2019) identified drawbacks in the genetic construction of 

rTg4510 mice and cast some doubt over the validity of the neurodegenerative phenotype of the 

rTg4510 mouse in particular, and thus subsequent conclusions drawn from the extensive work 

previously carried out using this mouse model. 

The rTg4510 mouse harbours two inserted transgenes: 1) human tau containing the 

P301L MAPT mutation which is downstream of a tetracycline operon-responsive element 

(TRE) and 2) the tetracycline-controlled transactivator (tTA) which is under control of the 

CaMKII promotor. The fact that tTA activity and tau expression are intrinsically linked in this 

mouse model precludes conclusively elucidating the individual impacts of each transgene on 

the phenotype of the rTg4510 mouse (Gamache et al., 2019). Gamache and colleagues report 

that when this mouse model was first generated the insertion of the transgenes 

disrupted/replaced other genes in the genome. The tau transgene insertion resulted in a ~250 

kb pair deletion of the first exons and promotor regions of fibroblast growth factor 14 (Fgf14) 

and the tTA transgene insertion deleted ~500 kb pairs, disrupting another five genes (Gamache 
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et al., 2019). The authors conclude that the disruption of these genes, and particularly the 

disruption of Fgf14, contributes to the exacerbated neurodegenerative phenotype of rTg4510 

mice.  

A new transgenic mouse model was generated, designated rT2/T2, harbouring the same 

transgenes as rTg4510 mice, but without the disrupted Fgf14 gene (Gamache et al., 2019). The 

temporal progression of neurodegeneration and brain atrophy commonly observed in rTg4510 

mice was shifted in rT2/T2 mice, with these mice exhibiting comparable forebrain mass loss 

to 7-month-old rTg4510 mice only after 12 months of age, which for both transgenic models 

was markedly smaller than WT mice (Gamache et al., 2019). This finding suggests that a 

functional impact from the disruption of the Fgf14 gene, other than the overexpression of the 

tau transgene, contributes to the premature brain atrophy observed in rTg4510 mice (Gamache 

et al., 2019). Despite occurring later than in rTg4510 mice, it should be noted that the rT2/T2 

mouse still displays profound tau-dependent neurodegeneration (12 months onwards), 

demonstrating an important role for tau in this phenomenon. The hemizygous rT2 line (which 

contain the tTA transgene but with only modest overexpression of the tau transgene compared 

with rT2/T2 mice (58% of rT2/T2 as determined by qRT-PCR)) did not exhibit overt brain 

atrophy even by 18 months, nor did they develop the same level of tau histopathology as rT2/T2 

or rTg4510 mice, as expected. Thus, these data indicate that tau overexpression is still a 

critically important contributor to the rTg4510 phenotype (Gamache et al., 2019).  

The attenuation of the cognitive and neurodegenerative phenotype of rTg4510 mice 

following Dox treatment (which was scarcely discussed in Gamache et al., 2019) observed 

previously (Ramsden et al., 2005; Santacruz et al., 2005; Blackmore et al., 2017) and in this 

thesis (Chapter 3), further highlights the key contribution of mutant tau. Dox treatment 

effectively suppresses the expression of the tau transgene without restoring the function of the 

lost Fgf14 gene or other disrupted genes. Therefore, even in the absence of Fgf14, the decrease 

in tau expression (and subsequent tau pathology) leads to significant physiological and 

functional improvements in rTg4510 mice. It should, however, be noted that Gamache and 

colleagues point out that it has not yet been conclusively proven whether the phenotype of 

rTg4510 (and rT2/T2) mice and their subsequent functional improvement following Dox 

treatment is specifically due to the high levels of mutant tau in particular, or rather to the 

extreme overexpression of an exogenous gene in general (Gamache et al., 2019). However, 

experiments with transgenic lines such as reporter mouse lines, for example, would suggest 

that overexpression of just any gene in general is not sufficient to drive neurodegeneration per 

se (Thakker et al., 2004; Ch'ng and Lawrence, 2015). In addition, the very similar sleep/wake 
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phenotype of both rTg4510 and PS19 mice (Holth et al., 2017b), which do not have extreme 

transgene overexpression (Yoshiyama et al., 2007) or exhibit non-targeted gene KO (Goodwin 

et al., 2019), supports the notion that mutant tau is essential to the rTg4510 hyperarousal 

phenotype.  

In conclusion, it must be acknowledged that factors other than the overexpression of 

mutant tau and the development of tau pathology are contributing to the phenotype of rTg4510 

mice. Nevertheless, the newly generated rT2/T2 mouse and phenotypic outcomes following 

Dox treatment in rTg4510 mice suggest that tau pathology contributes (and very substantially) 

to the phenotype of rTg4510 mice. The authors further state they are not asserting that any 

hypotheses regarding tau pathology generated from rTg4510 mouse studies are necessarily 

incorrect, simply that other factors must also be accounted for and considered (Gamache et al., 

2019).  

 

6.5 Summary and future directions  

The research described in this thesis highlights the pivotal role that hyperphosphorylated tau 

plays in driving sleep/wake and cognitive disruptions in the rTg4510 transgenic mouse model 

of tauopathy. These data further support a bidirectional relationship between sleep and 

neurodegenerative pathology, particularly with regards to tau proteinopathies, and highlight 

the therapeutic potential of sleep in such neurodegenerative disorders.   

rTg4510 males and tau KO mice exhibited decreased OX1R mRNA expression in the 

sleep/wake-regulating LC, which may contribute to the hyperarousal phenotype observed in 

both these mouse models.  

rTg4510 mice exhibited elevated tau and p-tau levels in the hippocampus and cortex, 

significant brain atrophy as assessed by MRI scanning, substantial spatial recall deficits in the 

Barnes maze and locomotor hyperactivity. Dox treatment approximately halved tau and p-tau 

protein levels, and all other parameters measured, with the exception of sleep, were 

substantially attenuated following tau transgene suppression with Dox from 4.5 months of age. 

rTg4510 mice further exhibited a disrupted sleep/wake phenotype which manifested primarily 

as a hyperarousal phenotype during the active phase. This phenotype may be a result of tau-

induced hyperexcitability in wake-promoting nuclei, driven by orexinergic activity. The 

blunted effect of Dox on this phenotype indicates that tau-mediated insult to the arousal 

circuitry may be potentially irreversible by 4.5 months of age in rTg4510 mice.   

The promotion of REM sleep during the inactive phase using the DORA suvorexant 

corrected the observed phenotypic deficit in this parameter but did not alter tau pathology or 
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improve cognition in rTg4510 mice. By contrast, attenuating the hyperarousal phenotype of 

these mice during the active phase using the 2-SORA MK-1064 resulted in a partial recovery 

of spatial recall, but only in male rTg4510 mice, which importantly correlated with MK-1064-

promoted sleep time. Taken together, these data enabled the identification of key factors 

underlying cognitive restoration in rTg4510 mice: 1) substantial reductions in tau and p-tau 

levels in the hippocampus and cortex, 2) attenuation of hippocampal and cortical brain atrophy 

and white matter tracts through the corpus callosum, and 3) increased slow delta (1-2.5 Hz) 

power during NREM sleep associated with enhanced memory consolidation. These data are 

therefore the first to demonstrate the therapeutic potential of sleep in a neurodegenerative 

tauopathy mouse model.  

The exacerbated hyperarousal phenotype of female rTg4510 mice combined with their 

blunted sleep/wake response to MK-1064, but not suvorexant or zolpidem, revealed striking 

sex differences in the rTg4510 model. These data highlight potential dysregulated OX2R 

function and/or expression, altered pharmacokinetic or metabolism properties and/or sex 

hormone/receptor-mediated influences on the sleep/wake phenotype of female rTg4510 mice, 

which bear further investigation.  

In light of the recent study by Gamache et al. (2019), additional limitations of the 

rTg4510 mouse model were discussed; however, they do not necessarily negate the relevance 

or validity of the findings contained within this thesis, especially given the important 

contribution of tau overexpression to the rTg4510 phenotype and the attenuation of tauopathy-

like phenotypes following tau transgene suppression with Dox. The similar sleep/wake 

phenotype of rTg4510 and PS19 mice, further supports the concept that mutant tau contributes 

to the rTg4510 phenotype.     

The findings arising from the present work reveal numerous questions that warrant 

further experiments. These experiments include:  

1) Sleep/wake studies in rTg4510 mice following lifelong Dox treatment. Combined 

with the electrophysiological data from Crimins et al. (2012), where lifelong Dox treatment 

abolished all structural and functional alterations in rTg4510 neurons, it is hypothesised such 

treatment would indeed eradicate the disrupted sleep/wake phenotype of rTg4510 mice. 

Turning the transgene off at different time points to determine by which age the hyperarousal 

phenotype becomes permanent is also of interest.  

2) Additional advanced sleep/wake studies in rTg4510 mice with similar designs to 

those from Chapter 4, however, including different treatment lengths and/or initiation points to 

help discern the range of cognitive improvement available using sleep as a therapeutic 
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approach. The use of zolpidem would also be interesting to investigate in similar sleep/wake 

studies, given the increase in NREM sleep achieved with this compound, despite the negative 

effects on memory. Assessing the effects of promoting sleep on the cognitive and tauopathy 

phenotype of the similar PS19, or newly generated rT2/T2 mouse, would also be a valuable 

experiment to cross-validate the therapeutic potential of sleep in another tauopathy model.  

3) Given the evident absence of response of female rTg4510 mice to MK-1064, detailed 

studies assessing OX2R function and expression in both male and female rTg4510 mice would 

be highly informative.  

4) Pharmacokinetic studies following dosing of MK-1064 in both sexes in rTg4510 

mice would help to discern the potential contribution of pharmacokinetics to the blunted 

response to MK-1064 and may help to rule out this effect as a contributing factor.  

5) Assessment of sex hormone and estrogen/progesterone receptor differences in 

rTg4510 mice and their influence on tau- and sex-dependent responses to MK-1064 given the 

potential contribution of these systems to the exacerbated hyperarousal in female rTg4510 

mice. Assessing whether ovariectomised female rTg4510 mice respond to MK-1064 treatment 

would also be of interest. If the response to MK-1064 is enhanced following ovariectomy in 

female rTg4510 mice, this would warrant further investigations into the sleep-promoting 

effects of MK-1064 in postmenopausal women with tauopathies.  

6) Assess how sleep/wake function influences the temporal patterns of tau and p-tau, 

and the activity of GSK-3β and PP2A, thus further elucidating how sleep/wake states regulate 

tau dynamics.  

Such experiments will hopefully aid in developing the understanding of how tau 

pathology contributes to development of sleep/wake and cognitive disruptions in 

neurodegenerative tauopathies and further highlight avenues for restoring normal sleep as a 

viable therapeutic treatment strategy for these devastating disorders.  
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In situ Hybridisation Data 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1. No effect of brain hemisphere on orexin receptor mRNA expression in rTg4510 mice. 

A-B, Percentage expression of OX1R mRNA (A) and OX2R mRNA (B) per brain region across hemisphere. Data 

are means ± SEM. n = 10-11 per hemisphere. CA1 CA1 subfield of hippocampus; CA2 CA2 subfield of 

hippocampus; CA3 CA3 subfield of hippocampus; CTX cerebral cortex; DG dentate gyrus; LC locus coeruleus; LH 

lateral hypothalamus; TMN tuberomammillary nucleus; VTA ventral tegmental area. Note that the PVT and DRN 

are not bilaterally distributed and therefore not included in hemisphere analysis.     
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Figure A2.2. No effect of brain hemisphere or sex on orexin receptor mRNA expression in tau-/- KO mice. 

A-B, Percentage expression of OX1R mRNA (A) and OX2R mRNA (B) per brain region across hemisphere. C-D, 

Percentage expression of OX1R mRNA (C) and OX2R mRNA (D) per brain region between sexes. Data are means 

± SEM. n = 15-17 per hemisphere; n = 6-10 per sex. CA1 CA1 subfield of hippocampus; CA2 CA2 subfield of 

hippocampus; CA3 CA3 subfield of hippocampus; CTX cerebral cortex; DG dentate gyrus; DRN dorsal raphe 

nucleus; LC locus coeruleus; LH lateral hypothalamus; PVT paraventricular nucleus of the thalamus; TMN 

tuberomammillary nucleus; VTA ventral tegmental area. Note that the PVT and DRN are not bilaterally distributed 

and therefore not included in hemisphere analysis.     
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Barnes Maze Acquisition Data 

 

 

 

 

 

 

 

Figure A3.1. Barnes maze acquisition latency data in rTg4510 mice following doxycycline treatment. 

A-C, Latency to investigate any hole on the maze (A), primary latency (B) and latency to enter the escape box (C) 

per acquisition trial in rTg4510 and WT mice administered doxycycline (Dox) or control diets. Alternate background 

shading distinguishes acquisition trial days (1-4). Data are means ± SEM. n = 16-19 per group. #, † and ‡ denote 

main effects of genotype, treatment and trial, respectively. ###P < 0.001 vs. WT; †P < 0.05, ††P < 0.01 vs. Control, 

by repeated measures linear mixed effects model with Tukey’s multiple comparisons test.     

 

 

 

 

Table A3.1. Barnes maze acquisition latency data statistical analyses summary (doxycycline).  

Barnes maze acquisition trials latencies were analysed by a repeated measures linear mixed effects model in R, 

using the lmer function, incorporating the factors of genotype, treatment and trial (repeated factor). Indented Pr(>|t|) 

values indicate statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Barnes maze acquisition latencies

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype -101.536 18.773 86.051 -5.409 < 0.001 -82.036 20.070 117.326 -4.087 < 0.001 -72.431 18.318 141.532 -3.954 < 0.001

Treatment -54.005 18.773 86.051 -2.877 < 0.01 -40.809 20.070 117.326 -2.033 < 0.05 -28.700 18.318 141.532 -1.567 > 0.05

Trial 3.847 0.529 1061.000 7.267 < 0.001 2.250 0.818 1061.000 2.750 < 0.01 1.196 0.846 1061.000 1.414 > 0.05

Genotype:Treatment 52.072 27.147 86.051 1.918 > 0.05 35.460 29.024 117.326 1.222 > 0.05 30.352 26.490 141.532 1.146 > 0.05

Genotype:Trial 0.616 0.759 1061.000 0.812 > 0.05 1.542 1.173 1061.000 1.314 > 0.05 2.094 1.213 1061.000 1.727 > 0.05

Treatment:Trial 1.279 0.759 1061.000 1.685 > 0.05 -0.379 1.173 1061.000 -0.323 > 0.05 0.536 1.213 1061.000 0.442 > 0.05

Genotype:Treatment:Trial -1.546 1.098 1061.000 -1.409 > 0.05 0.371 1.697 1061.000 0.219 > 0.05 0.036 1.754 1061.000 0.020 > 0.05
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Figure A3.2. Barnes maze acquisition data in rTg4510 mice following doxycycline treatment. 

A-C, Total errors made (A), hole deviation (B) and proportion of mice failing to explore the maze during the 4 min 

trial limit (C) per acquisition trial in rTg4510 and WT mice administered doxycycline (Dox) or control diets. Alternate 

background shading distinguishes acquisition trial days (1-4). Data are means ± SEM. n = 16-19 per group. #P < 

0.05, ##P < 0.01, ###P < 0.001 vs. WT (genotype x trial) within acquisition trial, by repeated measures linear mixed 

effects model with Tukey’s multiple comparisons test.     

 

 

 

 

Table A3.2. Barnes maze acquisition data statistical analyses summary (doxycycline).  

Barnes maze acquisition trials data were analysed by a repeated measures linear mixed effects model in R, using 

the lmer function, incorporating the factors of genotype, treatment and trial (repeated factor). Indented Pr(>|t|) 

values indicate statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Barnes maze acquisition data

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype 11.210 1.899 592.907 5.904 < 0.001 -0.020 1.123 287.282 -0.018 > 0.05 -0.184 0.082 102.000 -2.251 < 0.05

Treatment 3.162 1.946 615.518 1.625 > 0.05 -0.451 1.142 302.571 -0.395 > 0.05 -0.174 0.082 102.000 -2.131 < 0.05

Trial -0.465 0.152 955.907 -3.069 < 0.01 -0.116 0.078 952.953 -1.478 > 0.05 0.177 0.003 1132.000 6.402 < 0.001

Genotype:Treatment -4.885 2.672 599.396 -1.828 > 0.05 0.538 1.587 279.598 0.339 > 0.05 0.170 0.118 102.000 1.442 > 0.05

Genotype:Trial -0.786 0.199 939.909 -3.945 < 0.001 0.012 0.103 935.758 0.120 > 0.05 -0.015 0.004 1132.000 -3.777 < 0.001

Treatment:Trial -0.291 0.210 959.306 -1.387 > 0.05 -0.059 0.109 953.862 -0.537 > 0.05 0.006 0.004 1132.000 1.452 > 0.05

Genotype:Treatment:Trial 0.360 0.282 941.996 1.273 > 0.05 0.001 0.146 935.111 0.005 > 0.05 -0.006 0.006 1132.000 -1.105 > 0.05
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Figure A3.3. Barnes maze acquisition latency data in rTg4510 mice following suvorexant treatment. 

A-C, Latency to investigate any hole on the maze (A), primary latency (B) and latency to enter the escape box (C) 

per acquisition trial in rTg4510 and WT mice administered 50 mg/kg/day suvorexant (Suvo) or methylcellulose 

(MC) vehicle. Alternate background shading distinguishes acquisition trial days (1-4). Data are means ± SEM. n = 

13-16 per group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. rTg4510 MC; †P < 0.05, ††P < 0.01, †††P < 0.001 vs. rTg4510 

Suvo, by repeated measures linear mixed effects model with Tukey’s multiple comparisons test. For clarity, not all 

statistically significant differences are graphically presented.     

 

 

 

Table A3.3. Barnes maze acquisition latency data statistical analyses summary (suvorexant).  

Barnes maze acquisition trials latencies were analysed by a repeated measures linear mixed effects model in R, 

using the lmer function, incorporating the factors of genotype, treatment and trial (repeated factor). Indented Pr(>|t|) 

values indicate statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Barnes maze acquisition latencies

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype -70.780 19.252 81.844 -3.677 < 0.001 -124.155 20.303 148.817 -6.115 < 0.001 -99.449 19.575 228.509 -5.081 < 0.001

Treatment -14.687 19.859 81.844 -0.740 > 0.05 -15.265 20.303 148.817 -0.729 > 0.05 -13.241 20.192 228.509 -0.656 > 0.05

Trial 4.373 0.938 645.000 4.660 < 0.001 -2.488 1.474 645.000 -1.688 > 0.05 -2.051 1.636 645.000 -1.253 > 0.05

Genotype:Treatment 14.614 26.957 81.844 0.542 > 0.05 29.508 28.429 148.817 1.038 > 0.05 42.072 27.409 228.509 1.535 > 0.05

Genotype:Trial -2.897 1.263 645.000 -2.293 < 0.05 8.025 1.984 645.000 4.044 < 0.001 9.014 2.203 645.000 4.093 < 0.001

Treatment:Trial 4.896 1.303 645.000 3.757 < 0.001 4.932 2.047 645.000 2.410 < 0.05 4.750 2.272 645.000 2.091 < 0.05

Genotype:Treatment:Trial -5.413 1.769 645.000 -3.060 < 0.01 -11.473 2.779 645.000 -4.129 < 0.001 -13.244 3.084 645.000 -4.294 < 0.001
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Figure A3.4. Barnes maze acquisition data in rTg4510 mice following suvorexant treatment. 

A-C, Total errors made (A), hole deviation (B) and proportion of mice failing to explore the maze during the 4 min 

trial limit (C) per acquisition trial in rTg4510 and WT mice administered 50 mg/kg/day suvorexant (Suvo) or 

methylcellulose (MC) vehicle. Alternate background shading distinguishes acquisition trial days (1-4). Data are 

means ± SEM. n = 13-16 per group. # and ‡ denote main effects of genotype and trial, respectively. ##P < 0.01 vs. 

WT; *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT MC; †P < 0.05, ††P < 0.01, †††P < 0.001 vs. WT Suvo, by repeated 

measures linear mixed effects model with Tukey’s multiple comparisons test. For clarity, not all statistically 

significant differences are graphically presented.     

   

 

Table A3.4. Barnes maze acquisition data statistical analyses summary (suvorexant).  

Barnes maze acquisition trials data were analysed by a repeated measures linear mixed effects model in R, using 

the lmer function, incorporating the factors of genotype, treatment and trial (repeated factor). Indented Pr(>|t|) 

values indicate statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

Barnes maze acquisition data

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype 10.626 3.429 404.243 3.099 < 0.01 0.628 1.286 377.536 0.488 > 0.05 -0.059 0.082 105.061 -0.722 > 0.05

Treatment -1.591 3.695 424.201 -0.431 > 0.05 0.893 1.390 401.291 0.642 > 0.05 -0.001 0.085 105.061 -0.017 > 0.05

Trial -0.801 0.350 584.047 -2.291 < 0.05 -0.174 0.130 582.936 -1.335 > 0.05 0.016 0.005 704.000 3.485 < 0.001

Genotype:Treatment 9.672 4.856 410.532 1.992 < 0.05 0.438 1.825 385.514 0.240 > 0.05 -0.003 0.115 105.061 -0.029 > 0.05

Genotype:Trial -0.810 0.454 578.680 -1.782 > 0.05 0.080 0.169 577.221 0.473 > 0.05 -0.016 0.006 704.000 -2.589 < 0.01

Treatment:Trial 0.280 0.518 597.552 0.541 > 0.05 0.012 0.193 596.784 0.062 > 0.05 0.020 0.006 704.000 3.194 < 0.01

Genotype:Treatment:Trial -1.164 0.660 588.087 -1.764 > 0.05 -0.356 0.246 587.014 -1.449 > 0.05 -0.019 0.009 704.000 -2.195 < 0.05
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Figure A3.5. Barnes maze acquisition latency data in rTg4510 mice following MK-1064 treatment. 

A-C, Latency to investigate any hole on the maze (A), primary latency (B) and latency to enter the escape box (C) 

per acquisition trial in rTg4510 and WT mice administered 40 mg/kg/day MK-1064 or TPGS vehicle. Alternate 

background shading distinguishes acquisition trial days (1-4). Data are means ± SEM. n = 16-18 per group. # and 

‡ denote main effects of genotype and trial, respectively. ###P < 0.001 vs. WT, by repeated measures linear mixed 

effects model with Tukey’s multiple comparisons test.     

 

 

 

Table A3.5. Barnes maze acquisition latency data statistical analyses summary (MK-1064).  

Barnes maze acquisition trials latencies were analysed by a repeated measures linear mixed effects model in R, 

using the lmer function, incorporating the factors of genotype, treatment and trial (repeated factor). Indented Pr(>|t|) 

values indicate statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

Barnes maze acquisition latencies

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype -114.723 14.828 123.102 -7.737 < 0.001 -104.602 18.376 156.884 -5.692 < 0.001 -77.091 18.891 182.502 -4.081 < 0.001

Treatment -8.886 15.064 123.102 -0.590 > 0.05 -12.902 18.668 156.884 -0.691 > 0.05 2.385 19.193 182.502 0.124 > 0.05

Trial -0.748 0.838 755.000 -0.893 > 0.05 -3.936 1.191 755.000 -3.305 < 0.001 -3.723 1.306 755.000 -2.851 < 0.01

Genotype:Treatment 12.226 21.137 123.102 0.578 > 0.05 20.056 26.195 156.884 0.766 > 0.05 9.690 26.930 182.502 0.360 > 0.05

Genotype:Trial 1.056 1.203 755.000 0.878 > 0.05 0.410 1.709 755.000 0.240 > 0.05 2.255 1.874 755.000 1.203 > 0.05

Treatment:Trial -2.081 1.222 755.000 -1.703 > 0.05 -0.178 1.736 755.000 -0.103 > 0.05 -1.503 1.904 755.000 -0.789 > 0.05

Genotype:Treatment:Trial 1.645 1.714 755.000 0.959 > 0.05 -0.950 2.436 755.000 -0.390 > 0.05 -1.137 2.672 755.000 -0.426 > 0.05
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Figure A3.6. Barnes maze acquisition data in rTg4510 mice following MK-1064 treatment. 

A-C, Total errors made (A), hole deviation (B) and proportion of mice failing to explore the maze during the 4 min 

trial limit (C) per acquisition trial in rTg4510 and WT mice administered 40 mg/kg/day MK-1064 or TPGS vehicle. 

Alternate background shading distinguishes acquisition trial days (1-4). Data are means ± SEM. n = 16-18 per 

group. ‡ denotes main effect of trial. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. WT (genotype x trial) within acquisition 

trial, by repeated measures linear mixed effects model with Tukey’s multiple comparisons test.  

 

 

 

Table A3.6. Barnes maze acquisition data statistical analyses summary (MK-1064).  

Barnes maze acquisition trials data were analysed by a repeated measures linear mixed effects model in R, using 

the lmer function, incorporating the factors of genotype, treatment and trial (repeated factor). Indented Pr(>|t|) 

values indicate statistical significance. 

 

 

 

 

 

 

Barnes maze acquisition data

Fixed effect Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|) Estimate Std. error df t-value Pr(>|t|)

Genotype 17.627 4.001 402.646 4.406 < 0.001 -0.152 1.186 280.455 -0.128 > 0.05 -0.248 0.069 121.311 -3.579 < 0.001

Treatment 0.152 4.342 427.633 0.035 > 0.05 0.966 1.281 307.944 0.754 > 0.05 0.041 0.070 121.311 0.577 > 0.05

Trial -0.769 0.357 709.260 -2.156 < 0.05 -0.196 0.097 704.009 -2.006 < 0.05 -0.009 0.004 824.000 -2.377 < 0.05

Genotype:Treatment 3.687 5.791 405.953 0.637 > 0.05 0.137 1.716 283.949 0.080 > 0.05 -0.041 0.099 121.311 -0.411 > 0.05

Genotype:Trial -1.284 0.493 699.341 -2.603 < 0.01 0.003 0.135 695.180 0.021 > 0.05 0.009 0.005 824.000 1.656 > 0.05

Treatment:Trial -0.394 0.530 709.746 -0.743 > 0.05 -0.241 0.145 704.053 -1.666 > 0.05 -0.011 0.005 824.000 -2.169 < 0.05

Genotype:Treatment:Trial -0.524 0.712 700.322 -0.736 > 0.05 0.025 0.194 695.815 0.131 > 0.05 0.011 0.007 824.000 1.546 > 0.05

Errors Hole deviation Failed to explore maze
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