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Abstract 

Neurodegenerative disorders (NDDs) embody the progressive loss of structure or 
function of neurons, typically culminating in neuronal cell death and include conditions 
such as Alzheimer’s disease (AD), dementia with Lewy bodies (DLB), and multiple 
sclerosis (MS). AD is characterized neuropathologically by aggregation and 
accumulation of amyloid-β (Aβ) plaques and tau neurofibrillary tangles (NFTs), DLB by 
the presence of α-synuclein Lewy bodies and neurites, and MS by the presence of 
demyelinating lesions. Despite differences in their underlying neuropathology, they share 
symptoms of sleep disturbances such as insomnia, sleep apnea, rapid eye movement sleep 
behaviour disorder, and other sleep-wake cycle disturbances. Moreover, disrupted sleep 
patterns in NDDs have been shown to worsen existing neurological symptoms, thereby 
further diminishing patients’ quality of life and potentially accelerating the disease 
process. Functions such as sleep, wakefulness, memory, and cognition are all in part 
modulated by the cholinergic system. Acetylcholine (ACh), a key neurotransmitter in the 
cholinergic system, is synthesized by choline acetyltransferase (ChAT) and interacts with 
nicotinic and muscarinic acetylcholine receptors before being hydrolyzed by the enzymes 
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). The basal forebrain (BF) 
and brainstem (BS), brain regions crucial for the sleep-wake cycle, exhibit significant 
expression of ChAT, AChE, and BChE. Cholinergic system changes are prevalent in 
NDD brains, and appears to exert notable effects on neuroinflammation, neuropathology, 
neurodegeneration, and cognitive functions. The contribution of neuropathology and 
neuroinflammation to sleep-wake cycle dysfunction in AD, DLB, and MS is not well 
known. This study investigated cholinergic, neuropathological, and neuroinflammatory 
changes in nuclei related to sleep in the basal forebrain (BF) and brainstem (BS) in AD, 
DLB, MS and cognitively normal (CN) brains. Formalin-fixed human tissue blocks from 
AD, DLB, MS, and CN brains containing the medial septum, vertical limb of the 
diagonal band of Broca, and nucleus basalis of Meynert of the BF and the 
pedunculopontine nucleus, laterodorsal tegmental nucleus, dorsal raphe nucleus, and 
locus coeruleus (LC) of the BS were utilized in this study. BF and BS sections were 
examined with histochemical and immunohistochemical techniques to evaluate for 
cholinergic, neuroinflammatory, and neuropathological markers. Results showed 
significant reductions in ChAT-, AChE-, and NADPH-diaphorase- positive neurons, and 
LC pigmented neurons in AD and DLB brains, but not MS. Aβ- and cholinesterase-
positive plaques as well as tau NFTs were observed frequently in AD but sparsely in 
DLB, which also exhibited moderate α-synuclein pathology. pTDP-43 pathology was 
identified in just one case among all the brains examined, specifically within the AD 
group, with no significant difference observed when compared to CN brains. MS cases 
showed several demyelinated lesions throughout varying regions of the BF and BS. 
Elevated neuroinflammation was noted in all NDD brains. Results demonstrated that 
cholinergic, neuropathological, and neuroinflammatory changes are observed in BF and 
BS nuclei involved in sleep in many NDD brains and may underlie sleep-wake 
disturbances. Investigating the intricate mechanisms and contributors of sleep 
dysfunction in NDDs could help facilitate better understanding of these conditions and 
provide new avenues for development of novel curative and diagnostic approaches. 
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CHAPTER 1. Introduction 

1.1. Neurodegenerative Disorders 

Neurodegenerative disorders (NDDs) encompass a diverse array of conditions 

that gradually impair function and structure of the nervous system, leading to a 

progressive decline in cognitive function, motor skills, and in many cases, autonomy . 

Some of the most prevalent NDDs in Canada include Alzheimer’s disease (AD), 

dementia with Lewy bodies (DLB), Parkinson’s disease (PD), amyotrophic lateral 

sclerosis (ALS), and multiple sclerosis (MS; Government of Canada, 2014). Dementia is 

a broad term describing a decline in cognitive function, memory, reasoning, and 

behaviour significant enough to interfere with daily living (Gale et al., 2018). Dementia 

has a hetereogenous presentation that can be caused by various neurological and medical 

conditions such as neurodegeneration, vascular conditions, and metabolic disorders (Gale 

et al., 2018). Dementia affects roughly 750,000 Canadians as of 2024 with numbers 

expected to rise to nearly 1 million by 2030, and will continue to increase as the 

population ages (Alzheimer Society of Canada, 2024b). Out of this proportion of 

dementia patients, about 60%-80% of these are caused by AD and 5% by DLB 

(Alzheimer Society of Canada, 2024b). MS, another prevalent neurodegenerative 

condition in Canada, affects roughly 90,000 Canadians as of 2023 (MS Canada, 2023a). 

Advancements in medical technology, research, and increased awareness have led to 

earlier and more accurate diagnoses of these conditions, resulting in more diagnoses, 

contributing to a perceived rise in prevalence and incidence (Alzheimer’s Association, 

2024a). Increases in the number of individuals diagnosed with NDDs can amplify 

existing social, economic, and health care system burden (Alzheimer Society of Canada, 
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2024b). Despite advancements in diagnostic testing and clinico-pathological correlations, 

there are deficiencies in effective disease-modifying therapies for AD and DLB. Until 

such therapies are discovered, intervention of NDDs focuses on multimodal treatment 

approaches employing health care providers from varied disciplines and medications to 

alleviate symptoms, aimed at improving quality of life and slowing disease progression 

(Alzheimer’s Association, 2024a; Gale et al., 2018; Giacobini et al., 2022). 

1.1.1. Alzheimer’s Disease 

AD stands as one of the most pressing and pervasive health challenges of the 

modern era, profoundly affecting millions of individuals worldwide (Ferrari & Sorbi, 

2021; World Health Organization, 2023). The discovery of AD traces back to the early 

20th century when Czech psychiatrist and neuropathologist Oskar Fisher first described 

abnormal protein deposits in the brains of dementia cases (Goedert, 2008). Following this 

groundbreaking clinicopathological study, German psychiatrist and neuropathologist 

Alois Alzheimer made further descriptions of neuropathological hallmarks of AD that 

would reshape our understanding of NDDs (Stelzmann et al., 1995). In 1901, Alzheimer 

encountered a 51-year-old female patient named Auguste Deter who presented with 

disturbances of memory, cognition, sleep, behaviour, and orientation (Hippius & 

Neundörfer, 2003; Stelzmann et al., 1995). Over time, her condition deteriorated rapidly 

leading to severe cognitive impairments and ultimately death. Intrigued by her case and 

its difficulty to be classified as a recognized illness, Alzheimer examined Auguste’s brain 

post-mortem and made a startling discovery. Examination of her brain revealed atrophy 

of the cerebral cortex, abnormal protein deposits, and atherosclerosis (Alzheimer, 2006; 

Stelzmann et al., 1995). These observations by Fischer and Alzheimer marks the first 
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documentation of what we now recognize as amyloid-β (Aβ) plaques and tau 

neurofibrillary tangles (NFTs), the neuropathological hallmarks of AD. Fischer and 

Alzheimer’s seminal work not only identified the characteristic neuropathological 

changes associated with the disease, but also highlighted the clinical symptoms and 

progressive nature of the disorder. Following his discovery, research into AD expanded 

rapidly, fueled by advancements in neuroscience and medicine (Alzheimer’s Association, 

2024b). Over the decades, scientists have made significant strides in unraveling the 

complex mechanisms underlying the disease, identifying genetic risk factors, and 

developing diagnostic tools and therapeutic interventions (Alzheimer’s Association, 

2024b). Despite these advancements, methods to definitively diagnose and effectively 

cure AD is not currently available (Alzheimer’s Association, 2024a; Gunes et al., 2022).  

1.1.1.1. Clinical Presentation and Diagnosis 

AD typically manifests through a gradual and progressive decline in cognitive 

abilities and functional independence. Its clinical presentation encompasses various 

domains, illustrating the widespread impact on the brain. Symptom presentation can be 

highly heterogenous among patients, reflecting individual differences in the underlying 

severity, composition, and distribution of neuropathology (Duara & Barker, 2022). The 

current consensus on the clinical criteria for a diagnosis of AD is based on the criteria 

described by the National Institute on Aging and Alzheimer’s Association (NIA-AA) 

(McKhann et al., 2011). A diagnosis of AD requires an initial diagnosis of dementia. 

Dementia encompasses a wide spectrum of conditions characterized by a notable 

deterioration in cognitive abilities and behavior, which impedes daily functioning, and is 

not better explained by other medical, neurological, or psychiatric conditions (Gale et al., 
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2018). The dementia diagnostic process involves a comprehensive assessment of 

cognitive functions, including memory, language, executive function, and visuospatial 

skills through objective cognitive testing, alongside a thorough medical history provided 

by the patients and a knowledgeable informant, such as a family member. Cognitive 

testing is performed by a physician or other qualified healthcare professionals and can 

examine components including memory, language, attention, visuospatial function, and 

executive function (Tsoi et al., 2015). The Mini-Mental State Examination (Folstein et 

al., 1975) is a widely used proprietary cognitive testing instrument. Other tests with high 

diagnostic performance include the Behavioural Neurology Assessment (Darvesh et al., 

2005) for dementia and the Montreal Cognitive Assessment (Nasreddine et al., 2005) for 

MCI, among many others (Tsoi et al., 2015). 

Cognitive testing and medical history must demonstrate the presence of impairment in a 

minimum of two of the following domains: memory, reasoning, visuospatial abilities, 

language, and behaviour (McKhann et al., 2011). 

The diagnosis of dementia encompasses a spectrum of severity, which can range 

from mild to severe. Outside of the dementia spectrum is the diagnosis of mild cognitive 

impairment (MCI; (Albert et al., 2011; Petersen, 2003). Individuals with MCI experience 

subtle but noticeable changes in cognitive function, such as memory loss or difficulties 

with language or executive function, that are greater than expected for their age and 

educational and socio-cultural background but do not significantly impair their ability to 

carry out daily activities. While some individuals with MCI may progress to dementia, 

others remain stable or even experience improvement in cognitive function over time 



 

5 
 

(Albert et al., 2011; Petersen, 2003). Differentiating between a diagnosis of MCI or AD is 

crucial for early intervention and prognosis.  

A diagnosis of AD may be specified when characteristic symptoms are present 

and the criteria for dementia have been met (McKhann et al., 2011). AD may be 

classified as probable, possible, or definite, describing different levels of certainty 

(McKhann et al., 2011; J. C. Morris et al., 1989). During life, AD may only be classified 

as probable or possible (American Psychiatric Association, 2013; McKhann et al., 2011). 

Probable AD indicates a higher level of confidence in the diagnosis, whereas possible 

suggests a lower level of certainty in the diagnosis. A diagnosis of probable AD may be 

provided when the dementia symptoms have an insidious onset and there is a history 

indicating progressive cognitive decline. Cognitive deficits must be prominently 

associated with either an amnestic or nonamnestic presentation. Amnestic AD is the most 

common presentation, where deficits involve impairment in learning and recall. 

Nonamnestic AD may present with prominent deficits in the domains of either language, 

visuospatial, or executive function. A diagnosis of probable AD should not be assigned 

when other conditions, such as cerebrovascular events, medications side effects, or 

another NDD, could provide an alternative explanation of clinical presentation. In 

contrast, possible AD may be designated when there is evidence of cognitive impairment, 

reflective of core clinical criteria for AD, but course or symptoms are atypical. Atypical 

course can include a sudden onset of cognitive impairment or a lack of historical detail of 

progressive decline. Atypical symptoms reflect mixed etiology and may include the 

evidence of a concomitant condition such as cerebrovascular disease or features of DLB. 

Lastly, definite AD is diagnosed post-mortem following neuropathological examination 
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indicating the presence of AD pathology including Aβ plaques and tau NFTs with clinical 

dementia presentation (Montine et al., 2012a; J. C. Morris et al., 1989). 

1.1.1.2. Biological Diagnostic Techniques 

 The challenges of early and accurate diagnosis have created a need for imaging 

and testing for biomarkers associated with the disease process (Jack et al., 2018). With 

advances in the field of diagnostic imaging and biomarker testing assays, there is 

increased confidence in the ability to diagnose patients while they are alive (Blennow et 

al., 2010; Valotassiou et al., 2018). These methods are used to increase confidence that 

the clinical presentation can be attributed to AD neuropathophysiology (McKhann et al., 

2011). In AD diagnosis, a biomarker refers to a measurable indicator found in biological 

samples, such as blood or imaging scans, providing insight into the underlying 

pathological processes associated with the condition (Jack et al., 2018). These biomarkers 

can provide information about the underlying pathological processes associated with AD, 

such as the presence of abnormal protein deposits like Aβ and tau, and markers such as 

neurofilament light protein for neurodegeneration, and proteins related to 

neuroinflammation (Hok-A-Hin et al., 2023; Jack et al., 2018). Recent research and 

consensus recommendations have encouraged the inclusion of AD biomarker testing into 

clinical use (Dubois et al., 2021; Jack et al., 2018; Patel et al., 2024). However, the use of 

testing relating to AD biomarkers for diagnosis remain controversial (Frisoni & Visser, 

2015). 

 Neuroimaging techniques serve as tools in the diagnosis of AD, offering insights 

into the structural, functional, and pathophysiological changes occurring in the brain (Y.-

T. T. Wang et al., 2023). Magnetic Resonance Imaging (MRI) is a non-invasive imaging 
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technology that produces three dimensional detailed anatomical images using powerful 

magnets that cause protons in the body’s tissues to emit signals (National Institute of 

Biomedical Imaging and Bioengineering, 2022). MRI is particularly useful for examining 

soft tissues such as the brain, spinal cord, muscles, and organs (Johns Hopkins Medicine, 

2024a). It can detect a wide range of abnormalities, including tumors, injuries, 

inflammation, and structural abnormalities (Johns Hopkins Medicine, 2024a). In the 

context of AD, MRI can be used to observe brain atrophy as the result of neuronal loss, 

as well as rule out other potential causes of cognitive impairment such as stroke or 

tumors (Chouliaras & O’Brien, 2023; Johnson et al., 2012). Other imaging techniques 

used for examination of tissues include positron emission tomography (PET) and single-

photon emission computed tomography (SPECT) which detect positron emission and 

gamma rays, respectively (Maschio & Ni, 2022). PET scans are utilized in AD to detect 

abnormal levels of Aβ and tau protein, indicative of the presence of Aβ plaques and tau 

NFTs, while SPECT can be used to assess glucose metabolism in the brain (Maschio & 

Ni, 2022). Examining intensities of glucose metabolism in the brain can be correlated to 

synaptic activity and blood perfusion, hence reflecting brain activity, allowing 

visualization of areas of reduced brain activity that can be associated with AD 

(Mergenthaler et al., 2013). Radiotracers such as [18F]fluorodeoxyglucose PET or 

[99mTc]-hexamethyl propylene amine oxime SPECT can be used to examine glucose 

metabolism. Brains of AD patients typically show hypoperfusion or hypometabolism in 

temporoparietal regions, reflecting hallmark AD pathophysiology distribution 

(Valotassiou et al., 2018). AD neuropathological aggregates can be visualized through 

PET by using radioligands with specific targets such as [18F]florbetapir or [11C]Pittsburgh 
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compound B for Aβ and [18F]flortaucipir for tau (J. Wang et al., 2023). PET scans can 

reveal the distribution and severity of Aβ and tau deposits while SPECT can assess 

functional information across different brain regions, aiding in the staging of AD and 

guiding treatment decisions (J. Wang et al., 2023). Novel PET and SPECT tracers are 

currently being developed to target biomarkers such as butyrylcholinesterase (BChE; 

(Darvesh, 2016; DeBay et al., 2017; Macdonald et al., 2010). Overall, the integration of 

various imaging modalities like MRI, PET, and SPECT in AD diagnosis offers health 

care providers a comprehensive understanding of the structural, functional, and 

neuropathological changes occurring in the brain, facilitating early detection, more 

accurate diagnosis, and the possibility of monitoring disease progression (Chouliaras & 

O’Brien, 2023; Maschio & Ni, 2022). 

In addition to neuroimaging techniques, testing assays are currently being 

developed to meet the demand for diagnosing and identifying AD-related brain changes 

during life (Mankhong et al., 2022). These testing assays include examining biomarkers 

such as Aβ and tau protein in bodily fluids like cerebrospinal fluid (CSF) and blood. CSF 

is a clear, colorless fluid that surrounds the brain and spinal cord, providing structural and 

nutrient support while removing waste products from the central nervous system (CNS; 

Blennow & Zetterberg, 2018). In CSF, the abundance and composition of biomarkers can 

be quantified through various analytical techniques, including enzyme-linked 

immunosorbent assays (ELISA), mass spectrometry, and immune-PCR (Blennow & 

Zetterberg, 2018; Grigoli et al., 2024). Blood testing is another method of fluid analysis 

used as a non-invasive and cost-effective tool for examining AD-related biomarkers. 

However, proteins originating from the brain encounter interference as they enter the 
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bloodstream due to the selective nature of the blood-brain barrier, which primarily 

permits the passage of vital nutrients, ions, and metabolic waste products, leading to 

significantly reduced biomarker concentrations in the blood (Grigoli et al., 2024). 

Although blood may be preferred over CSF for measuring AD-related biomarkers due to 

its accessibility, its reliability for biomarkers for AD has been challenging and 

controversial (Blennow & Zetterberg, 2018; Grigoli et al., 2024). Despite these 

challenges, advancements in ultrasensitive immunoassays and mass spectrometry offer 

renewed optimism for progress in this area (Grigoli et al., 2024). Analogous to 

neuroimaging techniques, these fluid biomarker assays offer insights into the underlying 

pathological changes in the brain by examine key proteins associated with AD pathology, 

including Aβ, tau, and neurofilament light, reflective processes of amyloid deposition, tau 

phosphorylation, and neuronal injury, respectively (Blennow et al., 2010; Grigoli et al., 

2024). Plasma biomarker assays offer a less invasive alternative to CSF for assessing AD 

pathology, however, they lack specificity, sensitivity, and reliability, although its use is 

still being investigated (Blennow et al., 2010; Blennow & Zetterberg, 2018). 

Integrating neuroimaging findings and biomarker analyses with clinical 

assessments can enable clinicians to make more accurate diagnoses, stage disease 

progression, and monitor treatment responses in individuals with AD (Chouliaras & 

O’Brien, 2023; Mankhong et al., 2022; Maschio & Ni, 2022; Patel et al., 2024). Although 

AD's neuroimaging and biomarker testing technologies require ongoing research, they 

hold great potential for advancing early diagnosis and treatment strategies. 
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1.1.1.3. Treatment 

AD is a complex NDD for which there is presently no cure. The lack of effective 

treatments can be primarily attributed to our deficiency in understanding of the 

pathophysiological process, and limitations surrounding diagnosis accuracy (Abdallah, 

2024). Current treatment approaches aim to manage symptoms, slow disease progression, 

and improve quality of life for patients living with the condition (Alzheimer’s 

Association, 2024a). However, there is ongoing research into disease-modifying 

treatments that aim to target the underlying pathology of AD with the goal of slowing or 

halting disease progression (Abdallah, 2024). Additionally, non-pharmacological 

interventions, including cognitive stimulation, physical exercise, and social engagement, 

play an essential role in managing symptoms and improving overall well-being for 

individuals living with AD (Alzheimer Society of Canada, 2024a). 

The current standard for AD treatment is rooted in the cholinergic theory of AD 

(Hampel et al., 2018). The cholinergic theory of AD proposes that dysfunction in the 

cholinergic system, specifically a deficiency in the neurotransmitter acetylcholine (ACh), 

plays a central role in the development and progression of the disease. According to this 

theory, the degeneration of cholinergic neurons, particularly those in the basal forebrain 

(BF), leads to a reduction in cholinergic neurotransmission, contributing to cognitive 

decline and memory impairment characteristic of AD (Hampel et al., 2018). This theory 

has led to the development of cholinesterase inhibitors (ChEIs), medications that aim to 

enhance cholinergic activity in the brain. ChEIs such as donepezil, rivastigmine, and 

galantamine continue to be the primary approved pharmacological treatments for 

cognitive impairments in AD (Conti Filho et al., 2023; Scheltens et al., 2021).  
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Additional treatments currently used for AD target the glutamatergic system, such 

as memantine, a N-methyl-D-aspartate (NMDA) receptor antagonist (Kuns et al., 2024; 

National Institute on Aging, 2023). Glutamate is a neurotransmitter involved in learning 

and memory processes. In AD, excessive activation of NMDA receptors by glutamate 

can lead to excitotoxicity, causing damage to neurons. By antagonizing NMDA receptors, 

memantine helps regulate glutamate activity, preventing excessive stimulation and 

protecting neurons from damage. This mechanism of action is thought to improve 

cognitive function and improve behavioural disturbances in those living with AD. Due to 

their distinct mechanisms of action compared to ChEIs, NMDA antagonists can be 

prescribed alongside these drugs in combination therapy (Kuns et al., 2024; National 

Institute on Aging, 2023).  

Immunotherapy for AD represents an innovative treatment approach aimed at 

targeting the underlying pathology of the disease, specifically the accumulation of Aβ in 

the brain. This therapeutic strategy involves harnessing the immune system to identify 

and remove Aβ aggregates, thereby potentially slowing or halting disease progression 

(Valiukas et al., 2022). This strategy uses monoclonal antibodies designed to selectively 

bind and mark them for destruction by microglia or other immune cells to facilitate 

clearance of Aβ plaques from the brain (Cummings, 2023). Several monoclonal antibody 

drugs targeting Aβ have been developed and evaluated in clinical trials for AD. Examples 

include lecanemab, donanemab, and aducanumab, among others (Ebell et al., 2024; Wu 

et al., 2023). These drugs have demonstrated moderate slowing of cognitive and 

functional decline in individuals with MCI or mild AD, however there were significant 

variances in outcomes and effectiveness, and can cause serious side effects (Alzheimer’s 
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Association, 2024a; Rabinovici, 2021; Van Dyck et al., 2023). These immunotherapies 

have posed great controversy, relating to the considerable variability in their efficacy and 

safety, speed of approval by the United States Food and Drug Administration (FDA), 

financial incentives, and more (Rabinovici, 2021; Ross et al., 2023). The controversies 

surrounding AD drugs underscores the ongoing necessity for research and development 

of novel, safe, ethical, and efficacious treatments. 

In addition to pharmacotherapy, non-pharmacological interventions play a crucial 

role in AD management, focusing on enhancing overall well-being, maintaining 

independence, and optimizing cognitive function (Alzheimer’s Association, 2024a; 

Scales et al., 2018; World Health Organization, 2023). These include sensory practices, 

lifestyle modifications, and structured routines, among others (Scales et al., 2018; World 

Health Organization, 2023). Sensory practices may include aromatherapy and multi-

sensory stimulation aimed at producing calming effects and light therapy to promote 

synchronization of sleep-wake cycles (Scales et al., 2018). Lifestyle modifications such 

as exercise, nutrition/diet, and social engagement can aid with stress, energy, and general 

well-being (Alzheimer Society of Canada, 2024a). Structured routines can provide 

familiarity and predictability, reducing anxiety and confusion in dementia patients. 

Consistent schedules and activities within routines can promote independence, cognitive 

stimulation, and physical and emotional well-being (Poon et al., 2018).  

Ultimately, a multifaceted approach that combines pharmacological interventions, 

non-pharmacological therapies, and supportive care is essential in effectively managing 

AD and optimizing outcomes for individuals living with the condition and their 

caregivers. 
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1.1.1.4. Neuropathological Evaluation 

 Neuropathological evaluation of the brain involves examining brain tissue under a 

microscope to identify and analyze abnormalities associated with various neurological 

conditions (National Institute on Aging, 2022). This process typically includes staining 

brain tissue sections to visualize specific structures, such as neurons, glial cells, and 

protein deposits like Aβ or tau. Neuropathologists assess the distribution, density, and 

characteristics of these abnormalities to make a diagnosis and understand the underlying 

pathology of the disease. Neuropathological evaluation is essential for confirming 

diagnoses, advancing research, and guiding treatment strategies for neurological 

disorders (National Institute on Aging, 2022). 

CERAD has developed a consensus protocol outlining the neuropathological 

evaluation of AD in post-mortem brain tissue (Mirra et al., 1991). The neuropathological 

diagnosis of AD involves the examination of brain tissue post-mortem to identify 

characteristic hallmarks of the disease. This protocol includes assessment of gross and 

microscopic neuropathological changes. Gross neuropathological changes should be 

assessed in regions including the brain, spinal cord, meninges, and vasculature, and any 

abnormalities should be noted which may include neocortical atrophy, ventricular 

enlargement, vascular deformities, evidence of stroke, or loss of pigmentation of the 

substantia nigra or locus coeruleus (LC; Mirra et al., 1991).  

Microscopic examination should assess a minimum of five brain regions including the 

middle frontal gyrus, superior and middle temporal gyri, inferior parietal lobule, 

hippocampus, entorhinal cortex, and midbrain including the substantia nigra (Mirra et al., 

1991). Histological staining methods for identification of plaques and NFTs include 
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immunohistochemistry with specific antibodies against Aβ and tau, as well as 

histochemistry using Thioflavin-S or Bielschowsky silver staining. Abundance of plaques 

and tau NFTs in a medium-powered field are semi-quantitatively scored as none, sparse, 

moderate, or frequent (Fig. 1.1). An age-related plaque score is additionally assigned 

which consider a patient’s age alongside plaque abundance, reflecting aging-related 

pathology in the frontal, temporal, and parietal cortices, and is then integrated with 

clinical information to indicate the probability of a diagnosis of AD.  

Consideration should be given to assessing additional pathological findings that 

may be linked to other NDDs or neurological conditions. Additional pathological 

findings may include infarcts which are associated with vascular dementia, pigmented 

neuron loss of the substantia nigra or LC and the presence of Lewy bodies, which are 

both associated with Parkinson’s disease (PD) and DLB, where the presence of these 

reduce the likelihood of the diagnosis being AD. After thorough examination and 

consideration of the findings, the pathologist must then rank all neuropathologic 

diagnoses.  
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Figure 1.1 Photomicrographs depicted representative fields of view of tissue stained for 
Aβ based on CERAD plaque score of 0 (A), sparse (B), moderate (C), and frequent (D) 
(Mirra et al., 1991). Scale bar = 200µm. 
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The ABC score, proposed by the NIA-AA, is a comprehensive system used to 

evaluate neuropathological changes associated with Alzheimer's disease (AD) (Montine 

et al., 2012a). It incorporates three key aspects: A for Aβ plaque deposition (Thal et al., 

2002), B for tau NFT staging (Braak et al., 2006), and C for neuritic plaque density 

(Table 1.1; Mirra et al., 1991).  

The 'A' aspect of the ABC score is based on the Thal phases, which categorize 

and reflect the progressive distribution of Aβ plaques across different brain regions (Fig. 

1.2; Montine et al., 2012a; Thal et al., 2002). Phase 0 is indicated by the absence of 

deposition, while phase 1 is marked by deposition in the frontal, parietal, temporal, and 

occipital cortices. Phase 2 is characterized by deposition in entorhinal regions, cornu 

Ammonis 1 of the hippocampus, and the insular cortex. Phase 3 shows deposition in 

specific regions of the basal forebrain, followed by phase 4 with deposition in specific 

midbrain and medulla structures. Phase 5 is identified by deposition in specific regions of 

the pons, and often the cerebellum, with each phase sequentially building on the Aβ 

plaque pathology identified in the preceding phase. Each phase corresponds to a specific 

'A' score: 0 (Thal phase 0), 1 (Thal phase 1 or 2), 2 (Thal phase 3), to 3 (Thal phase 4 or 

5; (Montine et al., 2012a; Thal et al., 2002). 

The 'B' aspect assesses tau NFT deposition using Braak staging, which identifies 

the progressive spread of tau NFT pathology throughout the brain (Fig. 1.3; Braak et al., 

2006; Montine et al., 2012a). NFTs are observed in specific brain structures across each 

Braak stage: Stage 0 signifies the absence of NFTs, Stage I indicates deposition in the 

transentorhinal region with occasional involvement of subcortical nuclei including the 

locus coeruleus and magnocellular nuclei of the basal forebrain, Stage II denotes  
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Table 1.1 ABC score for AD neuropathologic change 

“A” Thal phase for Aβ plaques  “B” Braak NFT stage “C” CERAD neuritic plaque score 

0 0 0 None 0 None 

1 1 or 2 1 I or II 1 Sparse 

2 3 2 III or IV 2 Moderate 

3 4 or 5 3 V or VI 3 Frequent 

Adapted from Montine et al. (2012). 
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Figure 1.2 Representation of Thal phases of amyloid-β (Aβ) plaque deposition in 
Alzheimer’s disease (Thal et al., 2002). Aβ plaques are identified in specific brain 
structures at each Thal Phase as follows: Phase 0 is characterized by the absence of 
deposition; Phase 1 is marked by deposition in the frontal, parietal, temporal, and 
occipital cortices; Phase 2 is defined by deposition in the entorhinal regions, cornu 
Ammonis 1 of the hippocampus, and the insular cortex; Phase 3 involves deposition in 
specific regions of the basal forebrain; Phase 4 sees deposition in certain structures of the 
midbrain and medulla; Phase 5 is identified by deposition in specific regions of the pons 
and often the cerebellum. Each phase builds sequentially on the Aβ plaque pathology 
observed in the preceding phase. Adapted from Thal et al. (2002). 
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Figure 1.3 Representation of Braak staging of tau pathology deposition in Alzheimer’s 
disease. Neurofibrillary tangles (NFTs) are identified in specific brain structures at each 
Braak stage as follows: Stage 0 indicates no NFTs detected, Stage I involves deposition 
in the transentorhinal region and subcortical nuclei such as the locus coeruleus and 
magnocellular nuclei of the basal forebrain, Stage II sees deposition in the entorhinal 
region, Stage III shows deposition in the fusiform and lingual gyri, Stage IV involves 
deposition in the medial temporal gyrus and neocortical association areas, Stage V 
includes deposition in the peristriate region of the occipital lobe and extends into frontal 
and superolateral regions, Stage VI features deposition in the parastriate and striate areas 
of the occipital cortex and further extension into many neocortical areas (Braak et al., 
2006). Adapted from Jouanne et al. (2017).  
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deposition in the entorhinal region, Stage III signifies deposition in the fusiform and 

lingual gyri, Stage IV indicates deposition in the medial temporal gyrus and neocortical 

association areas, Stage V denotes deposition in the peristriate region of the occipital lobe 

and extends into frontal and superolateral regions, and Stage VI signifies deposition in 

the parastriate and striate areas of the occipital cortex and further extension into many 

neocortical areas. Each Braak stage corresponds to a specific ‘B’ score: 0 (Braak stage 0), 

1 (Braak stage I or II), 2 (Braak stage III or IV), or 3 (Braak stage V or VI; (Montine et 

al., 2012a). 

Finally, the 'C' aspect evaluates semi-quantitative neuritic plaque density (Fig. 

1.1) using CERAD scoring, which categorizes the relative density of neuritic plaques in 

specific brain regions (Figure 1.4; Mirra et al., 1991; Montine et al., 2012a). Each 

CERAD semi-quantitative score corresponds to a specific ‘C’ score: 0 (none), 1 (sparse), 

2 (moderate), or 3 (frequent; (Mirra et al., 1991; Montine et al., 2012a). 

By integrating scores from these three aspects, a designation of “Not”, “Low”, 

“Intermediate” or High” is given to describe the level of AD neuropathologic change 

(Table 1.2; Montine et al., 2012a). A designation of “Intermediate” or “High” AD 

neuropathologic change is considered sufficient explanation for dementia. This ABC 

scoring system provides a comprehensive assessment of AD neuropathological changes, 

facilitating diagnosis and staging of the disease. 
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Figure 1.4 Representation of the CERAD recommended brain sampling areas of the 
neocortex, including the superior and middle temporal gyri (yellow), middle frontal gyrus 
(blue), and inferior parietal lobule (orange; Adapted from (Mirra et al., 1991). 
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Table 1.2 ABC score for level of AD neuropathologic change 

AD neuropathologic change “B” score 

“A” score “C” score 0 or 1 2 3 

0 0 Not Not Not 

1 
0 or 2 Low Low Low 

2 or 3 Low Intermediate Intermediate 

2 Any “C” score Low Intermediate Intermediate 

3 
0 or 1 Low Intermediate Intermediate 

2 or 3 Low Intermediate High 
Adapted from Montine et al. (2012).  
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1.1.2. Dementia with Lewy Bodies 

DLB is a complex neurodegenerative disorder that accounts for 5%-10% of all 

dementia cases (Alzheimer Society of Canada, 2023a). DLB is characterized by the 

presence of abnormal α-synuclein protein deposits within the brain (McKeith et al., 

2005). Under normal conditions, α-synuclein is a small (14 KDa) acidic soluble protein 

encoded by the SNCA gene, primarily localized in presynaptic terminals of neurons 

(Calabresi et al., 2023). α-synuclein  is named after its α-helical structure and for its 

initial identification as a protein associated with synaptic terminals ("syn-" for synaptic) 

and its localization within the nucleus ("-uclein"), reflecting its structural and functional 

characteristics (Burré et al., 2018). It functions in regulating synaptic vesicle trafficking 

and neurotransmitter release, thereby contributing to normal synaptic function and 

neuronal communication. In pathological conditions, α-synuclein undergoes abnormal 

aggregation due to protein misfolding and forms insoluble deposits (Burré et al., 2018; 

Calabresi et al., 2023; McKeith et al., 2005). These α-synuclein deposits are known as 

Lewy bodies (LBs) and Lewy neurites (LNs) after the neurologist and neuropathologist 

who first described them in the early 20th century, Dr. Frederic Heinrich Lewy (Holdorff, 

2002). α-synuclein aggregate deposits appear as spherical eosinophilic cytoplasmic 

inclusions within neurons (LBs) or as thread-like structures (LNs) located in neuronal 

processes (Burré et al., 2018). This pathological process disrupts normal cellular 

functions leading to neuronal dysfunction, synaptic impairment, and ultimately 

neurodegeneration, and contributes to the progressive loss of motor and cognitive 

functions (Calabresi et al., 2023). LBs and LNs are characteristic features of NDDs such 

as DLB, PD, and multiple system atrophy (Calabresi et al., 2023).  
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DLB manifests with a spectrum of symptoms, including: cognitive decline 

symptoms such as executive dysfunction, slow processing speed, and some memory 

deficits; visual hallucinations; fluctuating attention and alertness; parkinsonism; rapid eye 

movement sleep behaviour disorder (REMBD); and psychiatric symptoms such as 

depression and anxiety (Alzheimer Society of Canada, 2023a; McKeith et al., 2005, 

2017). Parkinson’s disease (PD) is another neurodegenerative disorder (NDD) classified 

as a synucleinopathy, characterized by the same underlying neuropathology as DLB, 

involving abnormal deposits of α-synuclein in the form of LBs and LNs (Alzheimer 

Society of Canada, 2023a, 2023b; McKeith et al., 2005). While both DLB and PD share 

some common underlying brain changes, their symptomatology, temporal sequence of 

symptom presentation, and clinical trajectories vary, necessitating distinct diagnostic and 

management strategies (Alzheimer Society of Canada, 2023b; McKeith et al., 2005). 

DLB manifests with cognitive and psychiatric symptoms before or concurrently with 

motor symptoms and has a more rapid cognitive decline and greater impairment in visual 

processing compared to PD-related dementia, known as PD dementia (PDD; McKeith et 

al., 2005). A 1-year rule is typically applied for differentiating between DLB and PD, 

which states that if cognitive symptoms appear within one year of motor symptoms, the 

diagnosis is DLB, whereas if cognitive symptoms develop more than a year after motor 

symptoms, the diagnosis is PD with dementia (McKeith et al., 2017). Meanwhile, PD 

initially presents with motor symptoms such as tremor, bradykinesia (slowness of 

movement), rigidity, and postural instability, with cognitive impairment, including 

dementia, often developing in later stages of the disease (McKeith & Burn, 2000). 

Dementia that occurs in the context of well-established PD is then diagnosed as PDD 
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(McKeith et al., 2005). Despite these differences, it should be noted that variations in the 

sequence of symptom onset may occur among individuals. Moreover, significant overlap 

in the clinical presentation of DLB and PD can complicate accurate diagnosis, especially 

in the initial phases of the illness (Alzheimer Society of Canada, 2023a, 2023b; McKeith 

& Burn, 2000). Understanding the distinctions between DLB and PD is crucial for 

accurate diagnosis and individualized treatment interventions. 

1.1.2.1. Clinical Presentation and Diagnosis 

DLB typically manifests through a gradual and progressive decline in cognitive 

abilities of sufficient magnitude to interfere with normal social or occupational 

functioning (McKeith et al., 2017). DLB presents with a diverse array of symptoms that 

can fluctuate in severity and may overlap with other neurodegenerative disorders 

(McKeith & Burn, 2000). The array in symptoms observed in DLB correspond to the 

diverse regions of the brain affected, encompassing both subcortical and cortical areas 

associated with cognitive impairments such as attention, executive function, and 

visuospatial deficits, alongside extrapyramidal regions implicated in motor symptoms 

(McKeith et al., 2005). The current consensus on the clinical criteria for a diagnosis of 

DLB is based on the criteria described by the Dementia with Lewy Bodies Consortium 

(McKeith et al., 2017). A diagnosis of DLB requires an initial diagnosis of dementia. 

Dementia encompasses a progressive decline in cognitive abilities and behavior, of 

sufficient magnitude to interfere with daily living, and not attributed to other medical, 

neurological, or psychiatric conditions (Gale et al., 2018). The dementia diagnostic 

process involves a comprehensive assessment of cognitive functions, including memory, 

language, executive function, and visuospatial skills, through objective cognitive testing 
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and a thorough medical history provided by the patient and a knowledgeable informant, 

such as a family member. Cognitive testing is conducted by physicians or other qualified 

healthcare professionals and evaluates components such as memory, language, attention, 

visuospatial function, and executive function (Tsoi et al., 2015). While dementia 

screening tools that assess for general impairment like the Mini-Mental State 

Examination (Folstein et al., 1975) and Montreal Cognitive Assessment (Nasreddine et 

al., 2005) are helpful in screening for dementia, comprehensive neuropsychological 

evaluations should include tests that address various cognitive domains that are more 

specific to those seen in DLB (McKeith et al., 2017). It is common to observe 

disproportionate deficits in attention, executive function, and visuospatial processing 

compared to memory and naming abilities in individuals with DLB (McKeith et al., 

2017). Tools that evaluate attention and executive function that can help to differentiate 

DLB from Alzheimer’s disease (AD) and normal aging include tests of processing speed 

and divided attention, such as Stroop tasks, computerized tasks of reaction time, and trail-

making tasks (McKeith et al., 2017; Stebbins, 2007). In addition, tests for visuospatial 

function can be used such as complex figure copying, puzzle tasks, spatial matching, and 

others to detect spatial and perceptual deficits that often occur in the early stages of DLB 

(McKeith et al., 2017; Stebbins, 2007). Contrary to AD dementia, memory and object 

naming tend to be less affected in DLB, especially in the earlier stages. No DLB-specific 

assessment batteries have been developed (Walker et al., 2015). However, an example of 

an appropriate cognitive testing tool that includes assessments for the above listed deficits 

related to DLB in addition to general impairment is the Behavioural Neurology 

Assessment (Darvesh et al., 2005). Finally, for a diagnosis of dementia, cognitive testing 
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and medical history must demonstrate impairment in at least two of the following 

domains: memory, reasoning, visuospatial abilities, language, and behavior (McKhann et 

al., 2011). 

 A diagnosis of DLB may be given when the criteria for dementia have been met, 

an essential requirement, and core clinical features are present (McKeith et al., 2017). 

Core clinical features include: spontaneous fluctuation in cognition, attention, and 

arousal; visual hallucinations; parkinsonism; and rapid eye movement sleep behaviour 

disorder (REMBD). DLB fluctuations are typically delirium-like and present as 

spontaneous alterations in cognitive, attention, and arousal, and may also include 

episodes of staring or zoning out. Visual hallucinations occur in about 80% of individuals 

with DLB. These hallucinations are typically well-formed and involve people or animals, 

and sometimes evoke emotional responses in those living with DLB. Parkinsonism refers 

to motor features typically seen in PD and include tremor, rigidity, bradykinesia, and 

postural instability. Parkinsonism occurs eventually in about 85% of individuals with 

DLB. REMBD is a parasomnia characterized by a loss of normal atonia during the REM 

phase of sleep, resulting in dream enactment behaviour that can be particularly violent 

and may cause injuries to the patient themselves or bed partner (Boeve et al., 2004).  

Supportive clinical features frequently appear early. While not specific to 

diagnosis, these symptoms might suggest DLB in someone with dementia, especially if 

they persist over time or if multiple symptoms appear together. Supportive clinical 

features in DLB include: severe sensitivity to antipsychotic agents; postural instability; 

repeated falls; syncope or other transient episodes of unresponsiveness; severe autonomic 

dysfunction such as sexual dysfunction and incontinence; hypersomnia; hyposmia; visual 
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hallucinations; systematized delusions; apathy, anxiety, and depression (McKeith et al., 

2017).  

A DLB diagnosis may be classified as probable or possible during life, describing 

different levels of certainty that the clinical presentation is associated with underlying 

Lewy-related pathology (McKeith et al., 2017). Probable DLB indicated a higher level of 

certainty in the diagnosis, whereas possible suggests a lower level of certainty in the 

diagnosis. A diagnosis of probable DLB may be given when two or more core clinical 

features of DLB are present, including fluctuation, visual hallucinations, parkinsonism, 

and REMBD, with or without the presence of indicative biomarkers (described below). 

Probable DLB can also be diagnosed when one core clinical feature is present with one or 

more indicative biomarkers. Alternatively, possible DLB may be designated when there 

is only one core clinical feature present with no biomarker evidence, or one or more 

biomarkers are present but there are no core clinical features. However, probable DLB 

should not be diagnosed on the basis of biomarkers alone (McKeith et al., 2017). 

A diagnosis of DLB becomes less likely if there's another physical illness or brain 

disorder, like cerebrovascular disease, which can explain the symptoms either fully or 

partially, which might suggest mixed pathology. Additionally, if parkinsonism symptoms 

emerge as the sole core feature during advanced dementia stages (McKeith et al., 2017). 

After death, the most confident diagnosis of DLB can be made by considering 

neuropathological findings on top of clinical presentation (McKeith et al., 2005, 2017). 

The presence of Lewy bodies alone is not sufficient for a diagnosis of DLB. For instance, 

numerous cases of AD may fulfill the neuropathological criteria for DLB, yet clinically 

they did not exhibit symptoms of DLB. Therefore, it's crucial to consider both 
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neuropathological results and clinical presentation. Neuropathological criteria for the 

diagnosis of DLB are described in detail below. 

1.1.2.2. Biological Diagnostic Techniques 

While direct biomarker evidence of Lewy-related pathology remains unavailable 

for clinical diagnosis, several indirect methods, including the assessment of indicative 

biomarkers, have been proven useful (Bousiges & Blanc, 2022; McKeith et al., 2017). An 

indicative biomarker in the context of DLB refers to a biological marker or characteristic 

that suggests the presence or progression of the disease (Bousiges & Blanc, 2022). These 

tools can help clinicians distinguish DLB from other conditions.  

Structural imaging such as magnetic resonance imaging (MRI) and computerized 

tomography (CT), PET and SPECT imaging examining glucose metabolism, and 

examination of EEG activity are tools used to assess for indicative biomarkers. MRI or 

CT structural imaging may detect atrophy patterns characteristic of certain NDDs. 

Imaging techniques can be performed in combination with radiotracers such as 

metabolism PET or perfusion SPECT to examine glucose metabolism, providing insight 

into regional differences in brain activity (Bousiges & Blanc, 2022; K. Ishii et al., 2015). 

In DLB, hypometabolism is often seen in brain regions such as the occipital cortex, 

temporal and parietal lobes (K. Ishii et al., 2015). A notable finding frequently observed 

in metabolic imaging examinations for DLB is the "cingulate island sign," denoting the 

relatively preserved metabolism of the posterior cingulate cortex. This sign serves as a 

valuable tool in distinguishing DLB from AD (McKeith et al., 2017; Patterson et al., 

2019).  



 

30 
 

Indicative biomarkers for DLB may include abnormalities in imaging studies 

examining the dopaminergic system using single-photon emission computed tomography 

(SPECT) or positron emission tomography (PET) scans, which typically show reduced 

uptake in the basal ganglia, characteristic of DLB (Bousiges & Blanc, 2022). The 

dopaminergic system is a neurotransmitter system involved in various brain functions, 

including motor control, reward processing, mood regulation, and cognitive function 

(Eisenhofer & Reichmann, 2012). Dopamine is synthesized within dopaminergic neurons 

by the conversion of tyrosine to L-dopa by tyrosine hydroxylase. L-dopa is then 

converted to dopamine by an enzyme called L-aromatic amino acid decarboxylase. The 

dopamine is then loaded into vesicles for storage and is available for release into the 

synaptic cleft. After dopamine release, reuptake is performed by the dopamine transporter 

(DAT) protein from the synaptic cleft back into the presynaptic neuron. This process is 

crucial for regulating the concentration of dopamine in the synaptic cleft, thereby 

controlling the duration and intensity of dopaminergic signaling (Eisenhofer & 

Reichmann, 2012). In the context of DLB, abnormalities in DAT levels, as detected 

through imaging techniques like SPECT or PET can provide valuable diagnostic 

information by detecting the loss of dopaminergic neurons characteristic of DLB 

pathology (Bousiges & Blanc, 2022). Imaging techniques to assess for the integrity of the 

dopaminergic system involves administering a radiotracer, such as [123I] N-ω-

fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl) nortropane SPECT and [18F] (E)-N-(3-

iodoprop-2-enyl)-2β-carbofluoroethoxy-3β-(49-methyl-phenyl) nortropane PET, that 

binds to DAT in the brain (Jakobson Mo et al., 2018). Other available indicative 

biomarker imaging techniques include [123I] metaiodobenzylguanidine myocardial 
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scintigraphy, a radiotracer which evaluates the function of the sympathetic nervous 

system, for which values are reduced in DLB and other conditions with Lewy pathology 

(Bousiges & Blanc, 2022; McKeith et al., 2017).  

Besides imaging techniques, sleep studies are frequently conducted to assess sleep 

disturbances linked with DLB (Boeve, 2019; Pao et al., 2013). Assessing for REMBD is 

crucial since it is present in 70-80% of cases (McKeith et al., 2017). Polysomnography 

(PSG) a comprehensive sleep study, serves as a valuable diagnostic tool in evaluating 

sleep (Gerstenslager & Slowik, 2024; Mayo Clinic, 2023; Pao et al., 2013). PSG provides 

detailed information about sleep architecture, including sleep stages (such as REM and 

non-REM sleep), sleep onset latency, total sleep time, and sleep efficiency. This 

comprehensive assessment encompasses various aspects of sleep architecture and 

physiological parameters to aid in the diagnosis and management of DLB-related sleep 

disorders such as REMBD. By monitoring brain activity, muscle tone, and eye 

movements during REM sleep, polysomnography accurately identifies the absence of 

muscle atonia characteristic of REMBD, enabling clinicians to diagnose this common 

sleep disturbance in DLB patients. The key components of PSG include 

electroencephalography (EEG) to assess brain activity, electromyography (EMG) for 

measuring muscle tone, electrooculography (EOG) to monitor eye movements, as well as 

respiratory and heart rate monitoring (Gerstenslager & Slowik, 2024; Mayo Clinic, 2023; 

Pao et al., 2013). EEG electrodes are placed on the scalp to measure electrical activity in 

the brain. This allows for the classification of sleep stages and the detection of potential 

abnormalities in brain activity during sleep, such as abnormal brain wave patterns or 

arousals (Pao et al., 2013). EMG electrodes are positioned on the chin and on leg muscles 
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to monitor muscle tone and activity, particularly during REM sleep. While REM sleep 

typically involves normal muscle atonia regulated by the brainstem, heightened muscle 

tone during this phase can suggest conditions like REMBD, marked by abnormal and 

possibly injurious behaviors such as dream enactment (Boeve, 2019; McKeith et al., 

2017). EOG electrodes are placed near the eyes to monitor eye movements. This helps 

identify the different stages of sleep, as well as detect rapid eye movements characteristic 

of REM sleep (Gerstenslager & Slowik, 2024). Respiratory monitoring involves the 

measurement of airflow, respiratory effort, and oxygen saturation levels during sleep. 

This allows for the detection of sleep-disordered breathing events such as apneas 

(complete cessation of airflow) and hypopneas (partial reduction in airflow), which are 

common in disorders such as obstructive sleep apnea. Heart rate monitoring involves the 

continuous recording of heart rate and rhythm during sleep. Changes in heart rate 

variability and nocturnal arrhythmias can provide important information about 

cardiovascular health and autonomic function during sleep (Dos Santos et al., 2022). By 

combining these various components, PSG provides a comprehensive assessment of sleep 

architecture, sleep-related breathing disorders, and other physiological parameters during 

sleep, aiding in the diagnosis and management of sleep disorders that may accompany 

DLB (Mayo Clinic, 2023).  

Other tools used as a supportive biomarker in the diagnosis of DLB include 

examination of quantitative EEG activity (L. Bonanni et al., 2008; McKeith et al., 2017). 

Quantitative EEG can detect particular abnormalities associated with DLB, primarily 

localized in the posterior regions of the brain. These abnormalities include a dominant 

frequency before the alpha wave, which may stay steady or mix with other brain wave 
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activities in patterns that seem to repeat (L. Bonanni et al., 2008). These EEG findings 

have been hypothesized to be associated with the frequency and severity of fluctuations 

and REMBD (L. Bonanni et al., 2008; McKeith et al., 2017).  

In summary, diagnosing DLB involves evaluating the patient's history, conducting 

physical and cognitive tests, and utilizing advanced tools such as imaging techniques 

with radiotracers like PET and SPECT, along with specialized sleep studies to assess 

REM sleep behavior disorder (REMBD). These methodologies collectively provide 

clinicians with crucial insights into the neurobiological underpinnings of DLB, aiding in 

early and accurate diagnosis. Moving forward, understanding these diagnostic findings 

serves as a pivotal step towards implementing targeted treatments and interventions 

aimed at managing the complex array of symptoms associated with DLB. 

1.1.2.3. Treatment 

Treatment and management approaches for DLB is complex, necessitating a 

multifaceted strategy (McKeith et al., 2017). The main components of treatment 

approaches comprise a thorough initial assessment for a precise diagnosis, early detection 

of symptoms requiring intervention, and providing guidance, education, and support to 

caregivers through a collaborative team approach (Alzheimer Society of Canada, 2023a; 

McKeith et al., 2017). DLB patients are prone to cognitive deterioration, including 

delirium, particularly when dealing with concurrent health issues. Moreover, certain 

medications such as neuroleptics have the potential to be highly dangerous in DLB 

patients, while dopaminergic and anticholinergic therapies may negatively affect 

cognition and behavior, potentially inducing confusion and psychosis. Treatment for 

DLB prioritizes addressing cognitive, psychiatric, motor, and other prevalent symptoms 
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through a selective blend of pharmacological and non-pharmacological methods 

(Alzheimer Society of Canada, 2023a; McKeith et al., 2017). 

Pharmacological interventions play a crucial role in managing the multifaceted 

symptoms of DLB such as cognitive decline, motor symptoms, and fluctuations. 

Medications used in DLB management to help manage cognitive symptoms are 

cholinesterase inhibitors (ChEIs) such as donepezil and rivastigmine (Alzheimer Society 

of Canada, 2023a; McKeith et al., 2017). These drugs aim to enhance cholinergic 

transmission in the brain by increasing levels of acetylcholine (ACh), potentially 

ameliorating cognitive deficits, confusion, and difficulties with reasoning (Hampel et al., 

2018). By modulating ACh levels, ChEIs may help alleviate some of the cognitive 

symptoms that significantly impact daily functioning in DLB patients (Hampel et al., 

2018; McKeith et al., 2017). 

Another important aspect of pharmacological management in DLB is addressing 

the neuropsychiatric symptoms that often accompany the disease (McKeith et al., 2017). 

DLB patients frequently experience hallucinations, delusions, and behavioral 

disturbances, which can be challenging to manage. It should be noted that patients with 

DLB are often hypersensitive to antipsychotic medications (McKeith et al., 2017). One 

key factor contributing to the hypersensitivity of DLB patients to antipsychotics is their 

potential to block dopamine receptors in the brain. Antipsychotic medications, 

particularly typical antipsychotics, including phenothiazines and butyrophenones, 

predominantly target dopamine D2 receptors (Chokhawala & Stevens, 2024). In DLB 

patients, who already have a compromised dopaminergic system due to underlying 

neurodegenerative processes, blocking dopamine receptors can exacerbate motor 
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symptoms and lead to adverse outcomes in DLB patients, sometimes indirectly 

contributing to an increased risk of mortality (Abadir et al., 2022; McKeith et al., 2017). 

However, some atypical antipsychotic medications, like quetiapine, can be used to target 

these symptoms while minimizing the risk of exacerbating motor impairment or inducing 

adverse reactions (McKeith et al., 2017). Careful consideration is given to the choice of 

antipsychotic medication to balance efficacy with safety, as traditional antipsychotics are 

generally avoided due to their potential to worsen symptoms or cause harm (McKeith et 

al., 2017). Additionally, medications such as selective serotonin reuptake inhibitors are 

options to treat depressive symptoms often experienced by DLB patients (McKeith et al., 

2017).  

Furthermore, DLB patients commonly present with motor symptoms such as 

tremor, rigidity, postural instability, and gait impairment (Alzheimer Society of Canada, 

2023a; McKeith et al., 2017). Pharmacological interventions for these motor symptoms 

typically involve dopaminergic therapies, including levodopa preparations and dopamine 

agonists (McKeith et al., 2017). These medications aim to replenish dopamine levels in 

the brain, potentially improving motor function and mobility in affected individuals. 

However, parkinsonism in DLB typically shows lower responsiveness to dopaminergic 

therapies as compared to Parkinson's disease (PD), and their administration may heighten 

the likelihood of psychosis. It is crucial to carefully adjust dosages to alleviate motor 

symptoms but to also maintain vigilant monitoring to minimize the potential for 

worsening psychiatric manifestations (McKeith et al., 2017). 

In addition to managing cognitive and motor symptoms, pharmacological 

interventions in DLB may address other clinical manifestations, such as sleep 
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disturbances (Allan, 2019; McKeith et al., 2017; National Institute of Neurological 

Disorders and Stroke, 2024). Sleep disturbances in DLB such as REMBD can 

significantly exacerbate pre-existing symptoms such as cognitive fluctuations and 

neuropsychiatric symptoms, including hallucinations and delusions (Boeve, 2019). 

Autonomic dysfunction and sleep disturbances can contribute to overall disease burden, 

impairing quality of life for both patients and caregivers (National Institute of 

Neurological Disorders and Stroke, 2024). Both pharmacological and non-

pharmacological interventions aimed at alleviating autonomic symptoms can be 

prescribed to enhance patient comfort and overall quality of life (Allan, 2019). Similarly, 

REMBD may be managed with a combination of pharmacological and non-

pharmacological strategies (Howell et al., 2023). Non-pharmacological interventions may 

include optimizing sleep hygiene practices, establishing regular sleep-wake routines, 

ensuring a comfortable sleep environment, and implementing behavioral therapies. 

Pharmacological treatments employ medications like clonazepam, which targets REMBD 

and improve overall sleep quality. Careful monitoring of these medications is essential to 

detect and manage potential side effects and interactions with other medications used to 

treat symptoms of DLB (Howell et al., 2023; McKeith et al., 2017). 

Overall, pharmacological interventions in DLB necessitate a tailored approach 

that considers the diverse array of symptoms experienced by affected individuals. Close 

collaboration between healthcare providers, patients, and caregivers is essential to 

optimize treatment outcomes while minimizing adverse effects and drug interactions. 

Additionally, non-pharmacological interventions, including behavioural therapeutic 

strategies, physical exercise, sleep hygiene practices, and psychosocial support, 
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complement pharmacotherapy to enhance overall symptom management and improve the 

well-being of DLB patients and their caregivers (Alzheimer Society of Canada, 2023a). 

1.1.2.4. Neuropathological Evaluation 

The DLB Consortium has developed a consensus protocol outlining the 

neuropathological evaluation of DLB in post-mortem brain tissue (McKeith et al., 2005, 

2017). The neuropathological diagnosis of DLB involves the microscopic examination of 

brain tissue post-mortem to identify characteristic hallmarks of the disease, α-synuclein 

LBs and LNs. Lewy pathology in brain tissue can be identified using various staining 

techniques such as hematoxylin and eosin (H&E) and immunohistochemical techniques 

specific for α-synuclein (McKeith et al., 2005). While H&E staining may effectively 

identify LBs in the brainstem, its efficacy diminishes for those found in cortical regions 

due to differences in composition (McKeith et al., 2005). Additionally, this staining 

method does not stain LNs. Immunohistochemistry staining for α-synuclein is considered 

the most accurate method as it detects all types of LBs and LNs (McKeith et al., 2005). It 

is crucial to assess both the extent of Lewy pathology and Alzheimer's disease-related 

pathology (including amyloid-β (Aβ) plaques and tau neurofibrillary tangles (NFTs)) to 

accurately determine how closely neuropathological findings align with the clinical 

presentation of DLB. This consideration is particularly important as many cases exhibit 

concurrent AD-related pathology, indicating a propensity for mixed pathology in DLB 

(McKeith et al., 2005).  

The neuropathological evaluation of DLB involves a semi-quantitative 

characterization of the density and regional involvement of Lewy pathology in the brain. 

Sampling of brain tissue for neuropathological examination is obtained from key regions, 
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including the brainstem (BS; particularly the 9th and 10th cranial nerve nuclei, locus 

coeruleus (LC), and the substantia nigra), basal forebrain/limbic regions (including the 

nucleus basalis of Meynert (Ch4), the amygdala, transentorhinal, and cingulate), and 

neocortical regions (temporal, frontal, and parietal). Lewy pathology density should be 

semi-quantitatively characterized from the above regions using the staging system 

described by the DLB Consortium (McKeith et al., 2005). The semi-quantitative staging 

system is as follows: Stage 0 = no pathology; Stage 1 = mild pathology; Stage 2 = 

moderate pathology; Stage 3 = severe pathology; Stage 4 = very severe pathology 

(McKeith et al., 2005). Cases should be assigned a likelihood that the pathological 

findings will be associated with a typical DLB clinical syndrome (Table 1.3). 

  



 

39 
 

Table 1.3 DLB Clinical Syndrome Likelihood Based on NIA-AA AD Neuropathological 
Criteria 

 AD neuropathologic change 

Lewy-related pathology 
NIA-AA none/low 
(Braak stage 0-II) 

NIA-AA intermediate 
(Braak stage III-IV) 

NIA-AA high 
(Braak stage V-VI) 

Diffuse neocortical 
  Involvement of the entire 
  neocortex 

High High Intermediate 

Limbic (transitional) 
  Affects the limbic system, 
  particularly the hippocampus 
  and surrounding regions 

High Intermediate Low 

Brainstem-predominant 
  Primarily affects the brainstem 

Low Low Low 

Amygdala-predominant 
  Primarily affects the amygdala 

Low Low Low 

Olfactory bulb only 
  Restricted to the olfactory bulb Low Low Low 

Substantia nigra neuronal loss to be assessed to subclassify cases into those likely or not to have 
parkinsonism3 

Adapted from McKeith et al. (2017). 
1McKhann et al. (2011) 
2Braak et al. (2006) 
3Outeiro et al. (2019) 
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1.1.3. Multiple Sclerosis 

MS is a chronic and immune-mediated condition of the central nervous system 

(CNS) that is characterized by inflammation, demyelination, and neurodegeneration (Bø 

et al., 1994; MS Canada, 2023a). It is one of the most common neurological conditions 

affecting young adults, typically diagnosed between the ages of 20 and 49 years old (MS 

Canada, 2023a). MS is believed to result from a combination of lifestyle, environmental, 

biological, and genetic factors that trigger an abnormal immune response against myelin, 

a protective sheath that insulates nerve fibers, facilitating efficient transmission of nerve 

impulses (García-García et al., 2024; MS Canada, 2023a). The hallmark 

neuropathological feature of MS is myelin degeneration, characterized by the formation 

of multiple demyelinating lesions primarily within the CNS. These lesions are 

characterized by inflammation, where immune cells, including T and B cells, infiltrate 

the CNS and attack myelin (Haki et al., 2024). This inflammatory process leads to 

demyelination, causing disruptions in nerve signal transmission along affected pathways. 

Over time, ongoing inflammation and demyelination can result in irreversible axonal and 

neuronal damage and loss, contributing to the progressive neurological disability seen in 

MS (Haki et al., 2024; MS Canada, 2023b). Clinical manifestations of MS vary widely 

among individuals and depend on the location and extent of CNS lesions (MS Canada, 

2023b). Common symptoms include sensory disturbances such as numbness or tingling, 

motor deficits such as weakness or spasticity, visual impairments, fatigue, and cognitive 

changes, and sleep disturbances such as insomnia, sleep-related movement and breathing 

disorders, and circadian rhythm disturbances (MS Canada, 2023b; Sakkas et al., 2019). 
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Sleep disturbances in those living with MS can significantly impact quality of life, 

exacerbate other MS symptoms, such as fatigue, depression, or medication side effects.  

MS can present as a relapsing-remitting course, where episodes of neurological 

symptoms (relapses or exacerbations) alternate with periods of partial or complete 

recovery (remissions). In some cases, MS may follow a progressive course from the onset 

(primary progressive MS), or it may transition from relapsing-remitting to a progressive 

phase over time (secondary progressive MS). 

Despite advances in understanding and treatment, MS remains a challenging 

condition with unpredictable clinical course and variable response to therapies (The 

Multiple Sclerosis International Federation, 2021, p. 2). Ongoing research efforts are 

focused on elucidating the underlying mechanisms of MS, identifying biomarkers for 

early diagnosis and disease monitoring, and developing more effective therapies to better 

treat this condition (MS Canada, 2024).  

1.1.3.1. Clinical Presentation and Diagnosis 

The clinical presentation of MS is highly variable, reflecting the diverse regions 

of the CNS that can be affected. Symptoms are unpredictable and vary in their severity 

and duration (Johns Hopkins Medicine, 2024b). Initial symptoms frequently include 

sensory disturbances such as numbness, tingling, or a "pins and needles" sensation in the 

limbs, face, or trunk. Motor symptoms, such as muscle weakness, spasticity, and 

difficulty with coordination and balance, are also common. Visual symptoms, including 

optic neuritis, which manifests as painful eye movements and temporary vision loss in 

one eye, red-green color distortion, and diplopia (double vision), are often early 

indicators of the disease. As MS progresses, additional neurological deficits may develop. 
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Fatigue is a prevalent and often debilitating symptom that can significantly impact daily 

functioning. Cognitive impairment, including difficulties with memory, attention, and 

executive function, can occur and may progressively worsen over time. Autonomic 

dysfunction, presenting as bladder and bowel incontinence, urinary urgency, and 

constipation, is also common. Emotional disturbances, such as depression and anxiety, 

are frequently observed and may be a direct consequence of the disease process or a 

reaction to the chronic nature of the illness (Johns Hopkins Medicine, 2024b; National 

Institute of Neurological Disorders and Stroke, 2023). Additionally, sleep disturbances 

are also common among MS patients, with prevalence estimated to be between 42% and 

65% (Sakkas et al., 2019). Example of sleep disturbances commonly seen in MS patients 

include insomnia, sleep-related movement disorders including restless legs syndrome 

(RLS), sleep-related breathing disorders like obstructive sleep apnea (OSA), and 

circadian rhythm disturbances (Sakkas et al., 2019). The nature of sleep disturbances in 

MS is significantly influenced by the neuroanatomical location of demyelinated lesions, 

as different regions of the brain each play distinct roles in the sleep-wake cycle (G. 

Morris et al., 2018). Medication-related side-effects may also include disruption of the 

sleep-wake cycle. Poor sleep may further exacerbate pre-existing symptoms and may also 

intensify immune activation, thereby potentially reducing quality of life and accelerating 

the disease process (G. Morris et al., 2018). 

An MS attack, also known as a relapse, exacerbation, or flare-up, is defined as a 

period of neurological disturbance, which is attributable to inflammatory demyelinating 

lesions in the CNS. These episodes are characterized by the sudden onset or worsening of 
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symptoms such as sensory disturbances, motor weakness, visual problems, or 

coordination issues, as described above (McDonald et al., 2001). 

The current classification system for MS is based on the clinical progression of 

the disease (Confavreux et al., 2000; National Institute of Neurological Disorders and 

Stroke, 2023). The most common type of MS is relapsing-remitting MS (RRMS), 

accounting for roughly 80% of cases, and is characterized by episodes of symptom 

attacks followed by periods of partial or complete remission. Periods of remission may 

last for weeks, months, or years. Another type of MS is primary-progressive MS (PPMS). 

PPMS is characterized by a continuous and gradual progression of neurological 

symptoms from the onset of the disease, without distinct relapses or remissions. PPMS 

accounts for approximately 10-15% of MS cases. One another type of MS is secondary-

progressive MS (SPMS), which accounts for roughly 10% of cases. SPMS typically 

develops in individuals who initially have RRMS. SPMS is characterized by progressive 

symptom worsening, with minor remission periods. Patients may continue to experience 

occasional relapses, but the disease course becomes predominantly progressive. Lastly, 

progressive-relapsing MS (PRMS), the least common form of MS, accounting for 

roughly 5% of cases, is characterized by a steady progression of neurological decline 

from disease onset, combined with acute relapses (Confavreux et al., 2000; National 

Institute of Neurological Disorders and Stroke, 2023). 

The current consensus on the clinical criteria for diagnosing MS is based on the 

2017 McDonald criteria, which have been revised from their original publication in 2001 

and a second revision in 2010 (McDonald et al., 2001; Polman et al., 2011; Thompson et 

al., 2018). The McDonald criteria, which integrate clinical, neuroimaging, and laboratory 
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data, are widely used to diagnose MS. A diagnosis of MS requires the objective evidence 

of dissemination in time and space of MS lesions (Table 1.4). Imaging methods, such as 

magnetic resonance imaging (MRI), can be used to detect lesions in the brain and can 

provide evidence of dissemination of lesions in both time and space. MRI abnormality 

criteria for dissemination in space may be fulfilled if one or more T2-hyperintense lesions 

are in two or more of four areas of the CNS including periventricular, cortical or 

juxtacortical, and infratentorial brain regions, and the spinal cord. Dissemination in time 

can be demonstrated by evidence of new lesions by comparing follow-up MRI scans to 

baseline scans or clinical relapses occurring at different points, indicating ongoing 

disease activity. MRI abnormality findings are integrated with clinical and other 

paraclinical diagnostic methods. Clinical evidence includes a detailed medical history to 

document symptom onset, duration, and progression, as well as a comprehensive 

neurological examination to identify signs of CNS involvement. Laboratory 

investigations include cerebrospinal fluid (CSF) analysis to examine for elevated levels 

of immunoglobulin G (IgG) and the presence of oligoclonal bands, indicative of the 

inflammatory and immunological nature of MS lesions (Thompson et al., 2018). IgG 

refers to a type of antibody that is often elevated in the CSF due to an elevated immune 

response within the CNS in MS patients. Oligoclonal bands are specific patterns of IgG 

seen in the CSF but not in the blood, indicating localized antibody production and serving 

as a key diagnostic marker for multiple sclerosis. MRI and CSF investigations can 

supplement a clinical diagnosis and may be essential when the clinical presentation alone 

is insufficient for a definitive diagnosis. Following a diagnostic evaluation, an individual 

is usually classified either as having MS or as not having MS. A patient with appropriate   
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Table 1.4 2017 McDonald Criteria for a diagnosis of multiple sclerosis (MS) 

Number of clinical attacks Number of lesions with 
objective clinical evidence 

Additional data needed for a diagnosis 
of MS 

≥2 ≥2 None 

≥2 

1 (as well as clear-cut 
evidence of a previous attack 
involving a lesion in a 
distinct anatomical location) 

None 

≥2 1 

Dissemination in space (DIS) 
demonstrated by an additional clinical 
attack implicating a different central 
nervous system (CNS) site or by 
magnetic resonance imaging (MRI) 

1 ≥2 

Dissemination in time (DIT) 
demonstrated by an additional clinical 
attack or by MRI or demonstration of 
cerebrospinal fluid (CSF) -specific 
oligoclonal bands 

1 1 

DIS demonstrated by an additional 
clinical attack implicating a different 
CNS site or by MRI 
and 
DIT demonstrated by an additional 
clinical attack or by MRI or 
demonstration of CSF-specific 
oligoclonal bands 

Adapted from Thompson et al. (2018). 
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clinical presentation who has not yet been fully evaluated or who meets only some of the 

criteria is considered to have 'possible MS’ (Thompson et al., 2018). In summary, the 

clinical presentation and diagnosis of MS involve a comprehensive and multidisciplinary 

approach, considering the heterogeneous nature of the disease and its wide range of 

symptoms. Early and accurate diagnosis is essential for the timely initiation of disease-

modifying therapies, which can improve long-term outcomes and quality of life for 

individuals with MS. 

1.1.3.2. Treatment 

Although there is no cure for MS, the primary objective of treatment revolves 

around disease modification, symptom management, and preserving neurological 

function, often achieved through disease-modifying therapies (DMTs) aimed at reducing 

the frequency of relapses and slowing disease progression (Yamout et al., 2024). DMTs 

for MS include injectable medications, oral medications, and monoclonal antibodies, 

each targeting different aspects of the immune system to reduce inflammation and disease 

activity. Injectable therapies, including interferon (IFN) β formulations (e.g., IFN β-1a, 

IFN β-1b) and glatiramer acetate, are commonly employed as first-line treatments. IFN β 

can modify T and B cell activity, cytokine secretion, and T regulatory cells, while 

glatiramer acetate specifically modulates T regulatory cells, thereby reducing the 

inflammatory cascade implicated in MS pathology (Babaesfahani, Patel, et al., 2024; 

Khanna & Gerriets, 2024; Yamout et al., 2024). Oral DMTs such as fingolimod, dimethyl 

fumarate, and teriflunomide offer convenience and efficacy in modulating lymphocyte 

trafficking or reducing immune cell proliferation centrally and peripherally (Kim et al., 

2015; Yamout et al., 2024). Monoclonal antibody treatments for MS are biologic drugs, 
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such as natalizumab and ocrelizumab, that specifically target key immune mediators 

involved in the autoimmune response against myelin (Babaesfahani, Khanna, et al., 2024; 

Freeman & Zéphir, 2024). These therapies aim to reduce inflammation in the central 

nervous system (CNS), thereby slowing disease progression and potentially reducing 

relapse rates in individuals with multiple sclerosis (Yamout et al., 2024). 

In addition to DMTs, symptomatic management of MS is equally essential in 

enhancing quality of life (MS Canada, 2023c). Pharmacological interventions like muscle 

relaxants to alleviate spasticity, while anticonvulsants and analgesics address neuropathic 

pain (Bernatoniene et al., 2023; MS Canada, 2023c). Anticonvulsants and analgesics 

address neuropathic pain in MS by modulating abnormal neuronal activity and stabilizing 

hyperexcitable nerve membranes, thereby reducing pain signals. They act on various 

targets such as voltage-gated sodium channels, calcium channels, and neurotransmitter 

systems to alleviate pain associated with nerve damage (Bernatoniene et al., 2023). Other 

medications are available to treat symptoms related to autonomic dysfunction, 

depression, fatigue, speech/swallowing difficulties, and other MS-related symptoms. 

Rehabilitation therapies, including physical therapy and occupational therapy, are also 

essential in maintaining mobility, strength, and independence. Furthermore, supportive 

care strategies such as lifestyle modifications like regular exercise tailored to individual 

abilities, a balanced diet, and stress management techniques can help manage symptoms 

and improve overall well-being. Psychological support, including counseling and 

participation in support groups, is crucial for addressing the emotional and social aspects 

of living with a chronic disease like MS. Educating patients and their caregivers about the 

condition, treatment options, and coping strategies is also integral to empowering 
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individuals to actively manage their condition and make informed decisions about their 

care (MS Canada, 2023c). 

1.1.3.3. Neuropathological Evaluation 

The hallmark neuropathological feature of MS involves multifocal areas of 

demyelinated lesions within the white (WM) and grey matter (GM) in the CNS, 

characterized by varying levels of neuroinflammation, gliosis, and neurodegeneration 

(Bø, 2009; Bø et al., 1994, 2003). MS demyelinated lesions can be identified using 

staining techniques such as Luxol fast blue or myelin basic protein (MBP) 

immunohistochemistry (Bø et al., 1994; Darvesh, LeBlanc, et al., 2010). Lesions can be 

classified by their location in GM (juxtacortical, intracortical, subpial, and deep GM) or 

WM (Bø, 2009; Bø et al., 1994, 2003; Haider et al., 2014). Type I lesions, also referred to 

as leukocortical lesions, affect both subcortical white matter (WM) and the cortex. Type 

II lesions, known as intracortical lesions, are confined entirely within the cortex and often 

feature a blood vessel at their center. Type III lesions, also called subpial lesions, extend 

from the pial surface into the cortex, reaching cortical layer 3 or 4 (Peterson et al., 2001). 

Lesions can be further histologically classified into active, chronic active, and chronic 

inactive categories, based on the density and distribution of microglia (Bø et al., 1994). 

Active WM MS lesions are characterized by hypercellularity throughout, reflecting 

ongoing inflammation and active demyelination, with prominent infiltration of immune 

cells such as lymphocytes and activated microglia. Chronic active WM MS lesions are 

characterized by a hypercellular rim and a relatively hypocellular center, indicating 

prolonged tissue degeneration with a central core of demyelination and reduced 

inflammatory activity, surrounded by ongoing inflammatory and demyelinating activity. 
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Chronic inactive WM MS lesions are hypocellular throughout, and characterized by a 

stable state of demyelination and lack of ongoing inflammation (Bø et al., 1994). GM MS 

lesion microglial activity differ from that of WM MS lesions (Peterson et al., 2001). 

Active GM lesions exhibit a hypercellular rim and a relatively hypercellular core and 

adjacent region compared to normal GM tissue (Fig. 1.5 C, D). In chronic active GM MS 

lesions, there is a hypercellular rim and a core that is either hypocellular or of similar 

density to normal GM tissue (Fig. 1.5 A, B). Chronic inactive lesions have a cellular 

density comparable to surrounding normal GM tissue and lack a hypercellular rim 

(Peterson et al., 2001). 
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Figure 1.5 Photomicrographs of multiple sclerosis (MS) demyelinated lesions in the pons 
region of the brainstem (BS; top row) and basal forebrain (BF; bottom row) region 
adjacent to the anterior commissure (ac). Adjacent sections were immunohistochemically 
stained for myelin basic protein (MBP; left column) to elucidate regions of demyelination 
and Iba1 for microglia (right column). The demyelinated MS lesion in the BS (A, B) 
demonstrated chronic active MS lesion category characteristics, displaying a 
hypercellular rim and relatively hypocellular center. The demyelinated MS lesion in the 
BF (C, D) surrounding the ac demonstrated active MS lesion category characteristics, 
exhibiting microglial hypercellularity within the borders of the lesion. Scale bar = 
500µm. 
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1.2. The Cholinergic System 

 The cholinergic system is a complex network within the nervous system that uses 

the neurotransmitter acetylcholine (ACh) to transmit signals between neurons and their 

target cells (English & Jones, 2012; Hampel et al., 2018). ACh is synthesized from 

choline and acetyl coenzyme A by the enzyme choline acetyltransferase (ChAT) 

expressed in neurons. Once synthesized, ACh is packaged into synaptic vesicles by 

vesicular ACh transporter (vAChT) and released into the synaptic cleft in response to an 

action potential arriving at the presynaptic neuron. Once released, ACh is available to 

bind to one of two types of receptors: muscarinic (mAChR) and nicotinic (nAChR) 

receptors (Dani & Bertrand, 2007; M. Ishii & Kurachi, 2006). mAChRs are G-protein 

coupled receptors located on the postsynaptic membrane of target cells such as neurons, 

smooth and cardiac muscle cells, endothelial, immune, and pancreas and salivary 

glandular cells (Fryer et al., 2012). mAChRs are present in the central nervous system 

(CNS) and the parasympathetic nervous system (PNS), where they regulate neuronal 

excitability and autonomic functions, respectively (M. Ishii & Kurachi, 2006). There are 

five subtypes of muscarinic receptors (M1-M5), each with distinct distribution and 

functions.  

nAChRs are ligand-gated ion channels that mediate fast synaptic transmission by 

responding to the neurotransmitter acetylcholine. These receptors are composed of five 

subunits and are found in both the central and peripheral nervous systems, as well as in 

certain non-neuronal tissues such as the adrenal medulla. nAChRs are also present in 

neurons, endothelial, adrenal glandular cells, and immune cells in the CNS, PNS, the 

neuromuscular junction, and peripheral regions including the spleen, thymus, and lymph 
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nodes (Hone & McIntosh, 2018). nAChRs in neurons facilitate rapid, excitatory 

neurotransmission crucial for functions like cognitive processes and synaptic signaling 

between nerves and muscles (Hogg et al., 2003). The cholinergic system is tightly 

regulated by balance of ACh synthesis, vesicular packaging, vesicular release, hydrolysis 

by cholinesterases (ChEs), and reuptake into the presynaptic terminal by choline 

transporters, which transport choline molecules (English & Jones, 2012; Karczmar, 

2007). ChEs are serine hydrolases comprising acetylcholinesterase (AChE) and 

butyrylcholinesterase (BChE), which co-regulate the degradation of ACh into acetic acid 

and choline (Silver, 1974). Choline can then be recycled and is taken back up into the 

presynaptic neuron by choline transporters to synthesize new ACh molecules in a 

continuous cycle, ensuring a steady supply of neurotransmitter for neuronal 

communication (English & Jones, 2012). 

1.2.1. Cholinesterases 

ChE’s are a class of enzymes crucial for regulating the levels of ACh, a 

neurotransmitter involved in various physiological processes including arousal, memory, 

cognition, autonomic, immune, and muscle contraction (English & Jones, 2012). AChE 

and BChE are serine hydrolases crucial for regulating cholinergic neurotransmission by 

breaking down ACh (Silver, 1974). Stedman et al. (1932) first isolated these enzymes 

from horse serum in 1932 (Silver, 1974; Stedman et al., 1932). Subsequent research by 

Mendel and Rudney in 1943 identified two distinct cholinesterase enzymes: one named 

'specific' cholinesterase, later identified as acetylcholinesterase, and the other initially 

termed 'pseudocholinesterase', now known as BChE (Darvesh et al., 2003; Mendel & 

Rudney, 1943). Initially, AChE was understood to be involved in neural development and 
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nerve impulse, while BChE’s role was overlooked and regarded as a troublesome enzyme 

because it interfered with results of AChE experiments (Silver, 1974). Further research 

into ChEs demonstrated that AChE is involved in early development, behaviour, and 

motor function with the use of AChE knock-out mouse experiments (Duysen et al., 

2002). On the other hand, BChE knock-out mice and humans with BChE mutations do 

not show adverse health effects. Nevertheless, mutations in BChE among humans have 

been associated with adverse reactions, such as apnea following the administration of 

succinylcholine during surgery, a muscle relaxant whose action is terminated by BChE 

(Andersson et al., 2019).  

The active site of ChEs is the part of the protein structure which combines with 

ACh and is responsible for the hydrolysis of the molecule (Silver, 1974). This active site 

is located in a 20 Å deep active site gorge with a catalytic triad of serine, histidine, and 

glutamate residues (Nicolet et al., 2003; Sussman et al., 1991). AChE and BChE differ in 

their substrate specificities, influenced by the number and distribution of aromatic 

residues lining their active sites. The dimensions and composition of the enzyme gorge 

play a significant role in determining the selectivity of substrate and inhibitors for ChEs 

(Nicolet et al., 2003; Saxena et al., 1999; Sussman et al., 1991).  

Beyond neurotransmission termination, AChE and BChE serve other 

physiological purposes. AChE is also known for functions other than ACh hydrolysis, 

including acting as an adhesion molecule, appears to be involved in synaptogenesis and 

synaptic maintenance, and neurite outgrowth (De La Escalera et al., 1990; Soreq & 

Seidman, 2001; Waiskopf & Soreq, 2015). BChE is also capable of detoxifying heroin 

and cocaine and regulating ghrelin levels (Xing et al., 2021). Both AChE and BChE are 
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proposed to be involved in amyloid plaque formation, as they have been observed to be 

associated with these plaques in the brains of individuals with Alzheimer’s disease (AD) 

using histochemical methods (Darvesh, Reid, et al., 2010; Geula & Mesulam, 1989). 

Normal AChE and BChE distribution exhibit distinct patterns throughout the 

brain (Friede, 1967; Mesulam et al., 1983; Mesulam & Geula, 1991). AChE is located 

within cholinergic neurons and their axons (Friede, 1967; Mesulam et al., 1983). AChE-

positive neurons are found throughout the cerebral cortex, hippocampus, and various 

subcortical structures including the putamen, magnocellular nuclei of the basal forebrain 

(BF), and brainstem (BS) nuclei such as the pedunculopontine (Ch5) and laterodorsal 

tegmental nuclei (Ch6; Geula & Mesulam, 1989; Mesulam et al., 1983, 1989). In 

contrast, BChE-positive neurons are less widespread than AChE and are found in specific 

neuronal populations in the amygdala, hippocampus, and thalamus (Darvesh & Hopkins, 

2003; Reid et al., 2013). Glia, such as microglia and astrocytes, white matter, and 

endothelial cells are observed to be BChE-positive (Friede, 1967; Mesulam et al., 2002). 

ChE function in the brain is altered in neurodegenerative conditions like AD 

(Darvesh, Reid, et al., 2010; Perry et al., 1978). In AD, AChE activity is decreased while 

BChE activity is increased in the cerebral cortex, along with the association of 

cholinesterase activity with Aβ plaques and NFTs throughout the brain (Cash et al., 2021; 

Darvesh, Reid, et al., 2010; Geula & Mesulam, 1989; Perry et al., 1978). It has been 

observed that BChE is associated with a subset of predominantly fibrillar Aβ plaques 

linked to AD, rather than the non-fibrillar Aβ plaques often seen in cognitively normal 

older adults (Guillozet et al., 2003; Macdonald et al., 2017). Given the increase in BChE 

activity in the cerebral cortex and its selective association with AD-related pathology, 
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BChE has been proposed as a diagnostic biomarker for AD (Darvesh, 2016). The 

significance of ChE expression in AD pathophysiology is further highlighted by the use 

of ChE inhibitors (ChEIs) such as donepezil, rivastigmine, and galantamine in AD 

pharmacological treatment to increase ACh availability (Birks, 2006; Giacobini et al., 

2022).  

1.2.2. Neuroanatomy of the Cholinergic System 

 The cholinergic innervation of the cerebral cortex and diencephalon primarily 

originates from six nuclei, which are predominantly composed of ChAT- and AChE-

positive neurons, with a relatively sparse presence of BChE-positive neurons in the basal 

forebrain (BF) and brainstem (BS). These nuclei are designated using ‘Ch’ nomenclature, 

for which the prefix Ch denotes the cholinergic nature of these neuron groups (Mesulam 

et al., 1983). Classified by their anatomical location and projection patterns, BF 

cholinergic nuclei are categorized into four primary groups: the medial septal nucleus 

(Ch1), the nucleus of the vertical limb of the diagonal band of Broca (Ch2), the nucleus 

of the horizontal limb of the diagonal band of Broca (Ch3), and the nucleus basalis of 

Meynert (Ch4) (Mesulam & Geula, 1988). BS cholinergic nuclei include the 

pedunculopontine nucleus (Ch5), the laterodorsal tegmental nucleus (Ch6), and the 

parabigeminal nucleus (Ch8) (Mesulam et al., 1989). For coherence, the Ch7 nucleus 

corresponds to the medial habenular nucleus (Mufson & Cunningham, 1988).  

 The Ch1 group is located in the medial septal region, situated at the midline of the 

brain, dorsal to Ch2 and anterior to the anterior commissure (Horváth & Palkovits, 1987). 

The Ch1 nucleus contains neurons that are relatively small and generally ovoid (Mesulam 

et al., 1983). Although designated as a cholinergic nucleus, only about 10% of the 
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perikaryal in this region are ChAT- and/or AChE-positive, with the remaining being 

gamma-aminobutyric acid (GABA)-ergic and glutamatergic (Dutar et al., 1995; Mesulam 

et al., 1983). Tracer experiments in animals identified that Ch1 neurons project largely to 

the hippocampus (Mesulam et al., 1983; Takeuchi et al., 2021).  

The diagonal band of Broca was first described by Pierre Paul Broca in the late 

19th century and is a bundle of fibers located within the medial septal area (Broca et al., 

1888; Liu & Gentleman, 2021). The nucleus of the diagonal band of Broca is divided into 

two main components: the vertical limb (Ch2) and the horizontal limb (Ch3). Ch2 

contains neurons with axes parallel to the course of the diagonal band, and is located 

ventral to Ch1 and medio-dorsal to Ch3 (Liu & Gentleman, 2021; Mesulam et al., 1983). 

The Ch2 group of neurons merge with those found dorsally in Ch1 and ventrally with 

Ch3 and Ch4. It consists of neurons that are fusiform-to-oval in shape. About 70% of 

neurons in Ch2 are AChE-positive, with 95-99% of these being also ChAT-positive, 

while non-cholinergic neurons are GABAergic and glutamatergic (Liu & Gentleman, 

2021; Mesulam et al., 1983). Analogous to Ch1, Ch2 neurons also project to the 

hippocampus (Mesulam et al., 1983). 

The Ch3 group is located along the horizontal portion of the diagonal band and 

ventral to Ch4, parallel to the ventral surface of the BF (Liu & Gentleman, 2021; 

Mesulam et al., 1983). The dominant morphology of the neurons in this group are 

fusiform, medium-sized, and hypochromic. Only about 1% of the neurons in Ch3 are 

AChE- and ChAT-positive. Neurons in this nucleus project to the olfactory bulb 

(Mesulam et al., 1983). 
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The main source of cholinergic input for the cerebral cortex is the Ch4 group 

(Mesulam et al., 1983; Mesulam & Geula, 1988). This group was first discovered toward 

the end of the 19th century by neuroanatomist Theodore Meynert (Liu et al., 2015). The 

Ch4 group is located within the substantia innominata, ventral to the anterior 

commissure, and dorsal to Ch3 (Mesulam et al., 1983). The Ch4 nucleus can be 

designated as an ‘open’ nucleus, referring to its indistinct boundaries with surrounding 

structures, such as Ch2 and Ch3 (Mesulam & Geula, 1988). The neurons in this group are 

easily recognized by their distinctive magnocellular and hyperchromic features, with 

mixed morphologies including fusiform, pyramidal, globoid, and multipolar (Mesulam et 

al., 1983). About 90% of the neurons in Ch4 are AChE- and ChAT-positive. It is the 

largest of the cholinergic neuron groups, spanning a distance of 13-14 mm antero-

posteriorly and 18 mm medio-laterally (Mesulam, 2004; Mesulam & Geula, 1988). Due 

to its substantial size and its extensive projections to various brain regions, this nucleus 

can be anatomically subdivided into six distinct subsectors, designated as anteromedial 

(Ch4am), anterolateral (Ch4al), anterointermediate (Ch4ai), intermedioventral (Ch4iv), 

interomediodorsal (Ch4id) and posterior (Ch4p) regions (Mesulam et al., 1983).  

Ch4am and Ch4al are located at the same rostro-caudal extent and are adjacent, 

allowing the designation of Ch4am/al to represent the most anterior subsector of this 

nucleus. In many instances, a vascular structure is present in this subsector and provides a 

demarcation between Ch4am and Ch4al. The rostral extent of Ch4am/al begins with the 

landmark of the crossing of the anterior commissure (Table 1.5). Based on tracing 

experiments in primates, Ch4am/al projects to the medial aspect of the cerebral 



 

58 
 

hemispheres, frontoparietal opercular region, and to the amygdala (Fig. 1.6; Mesulam et 

al., 1983).  

Just caudal to Ch4am/al is the Ch4ai subsector. This region is unique to humans, 

as it was introduced to maintain coherence with the anatomy of primate brains, given the 

more gradual transition from anterior to intermediate subsectors in the human brain 

(Mesulam & Geula, 1988). Macroscopic anatomical landmarks of this subsector include 

the division of the globus pallidus (GP) into internal (GPi) and external (GPe) regions by 

the internal medullary lamina, and the lateral recession of the anterior commissure ventral 

to putamen and GPe. (Table 1.4; Liu et al., 2015; Mesulam & Geula, 1988). As this 

subsector is unique to humans and tracing experiments are not feasible, only theoretical 

conjectures have been formulated regarding its projection regions (Fig. 1.6). Since it is a 

transitional region between the anterior and the intermediate subdivisions, it is possible 

that it projects to some or all the regions associated with the anterior and intermediate 

Ch4 subsectors such as the medial aspects of the cerebral hemispheres, frontoparietal 

opercular region, amygdala, laterodorsal frontoparietal, peristriate, and midtemporal 

regions (Liu et al., 2015; Mesulam et al., 1983). 

The intermediate subdivision, Ch4i, lies immediately caudal to Ch4ai. Ch4i is 

characterized by the presence of the white matter fiber bundles of the ansa peduncularis 

which further divides it into ventral (Ch4iv) and dorsal (Ch4id) subsectors (Table 1.5). 

Ch4iv and Ch4id are located at the same rostro-caudal extent and are in close proximity 

and exhibit comparable projection patterns, thus justifying the designation of Ch4iv/id for 

the intermediate subdivision. Tracing experiments in primates have demonstrated that 



 

59 
 

Ch4iv/id projects to laterodorsal frontoparietal, peristriate, and midtemporal regions 

(Figure 1.6; Liu et al., 2015; Mesulam et al., 1983). 

The most posterior component of Ch4 is designated as Ch4p. Anatomical 

landmarks of this region include the lateral anterior commissure located ventrolaterally to 

the putamen and at the level of the mammillary body (Table 1.5). The neurons in this 

region abut upon the putamen and amygdala (Mesulam et al., 1983; Mesulam & Geula, 

1988). Tracing experiments in primates have demonstrated that Ch4p projects to auditory 

association areas in the superior temporal and temporal polar regions (Figure 1.6; 

Mesulam et al., 1983).
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Figure 1.6 Diagram illustrating projections from the nucleus basalis of Meynert 
subsectors. Each subsector is distinguished by the differential distribution of choline 
acetyltransferase (ChAT) or acetylcholinesterase (AChE) neurons. This figure was based 
on slides stained for ChAT, with ChAT neurons shown as black neurons in the figure, 
along with distinctive surrounding landmarks. Abbreviations: ac, anterior commissure; 
bv, blood vessel; Ch4, nucleus basalis of Meynert; Ch4am, anteromedial subsector of the 
nucleus basalis of Meynert; Ch4al, anterolateral subsector of the nucleus basalis of 
Meynert; Ch4ai, anterointermediate subsector of the nucleus basalis of Meynert; Ch4iv, 
intermedioventral subsector of the nucleus basalis of Meynert; Ch4id, intermediodorsal 
anteromedial subsector of the nucleus basalis of Meynert; Ch4p, posterior sector of the 
nucleus basalis of Meynert; GP, globus pallidus; GPe, globus pallidus externus; GPi, 
globus pallidus internus; ic, internal capsule; opt, optic tract; Put, putamen. Adapted from 
Liu et al. (2015), Mesulam et al. (1986). 
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Table 1.5 Proposed macroscopic and microscopic landmarks for the identification of 
anterior, intermediate, and posterior subsectors of Ch4 

Ch4 Region Macroscopic landmark Microscopic landmark 
Corresponding 
Ch4 subsectors 

Anterior Anterior commissure (AC; continuous 
or split into medial and lateral extents) 

Supraoptic nucleus 
Preoptic area 

Ch4am, Ch4al 

Anterior-
Intermediate 

Globus pallidus internus (GPi) 
Globus pallidus externus (GPe) 
Lateral AC (receded ventral to putamen 
and GPe) 

Supraoptic nucleus 
Internal medullary lamina 

Ch4ai 

Intermediate 
Lateral AC (receded ventral to putamen 
and GPe) 

Ansa peduncularis Ch4iv, Ch4id 

Posterior 
Lateral AC is receded ventrolateral to 
putamen 
Mammillary body (MMB) 

Neurons adjacent to 
putamen and amygdala 

Ch4p 
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The rostral human brainstem contains cholinergic neurons in the oculomotor, 

trochlear, the pedunculopontine nucleus (Ch5) and the laterodorsal tegmental nucleus 

(Ch6) within the pontomesencephalic reticular formation, and parabigeminal nucleus 

(Ch8). In contrast to the cholinergic neurons in the oculomotor, trochlear, and Ch8 nuclei, 

Ch5 and Ch6 do not have defined boundaries. These two nuclear constellations have 

neurotransmitter heterogeneity, especially Ch6 neurons which intermingle with the 

catecholaminergic neurons of the locus coeruleus.  

The Ch5 nucleus at its most rostral extent can be observed caudal to the red 

nucleus and dorsal to the substantia nigra, with its most caudal extent to be located at the 

mid-pontine level. The optimal visualization of neurons within this nucleus is achieved at 

the anatomical level corresponding to that of the trochlear motor nucleus. Visible at this 

level is a dense cluster of cholinergic neurons located laterally to the decussation of fibers 

within the superior cerebellar peduncles, which is designated as the compact sector of 

Ch5 (Ch5c). Roughly 90% of Ch5c neurons are ChAT-positive. The diffuse sector of 

Ch5 (Ch5d), enveloping Ch5c, also comprises ChAT-positive neurons, accounting for 

approximately 75% of the total neuronal population. All areas containing the ChAT-

positive neurons of Ch5 also contained the enzyme nicotinamide adenine dinucleotide 

phosphate-diaphorase (NADPH-d) in an identical distribution, where 90% of NADPH-d 

neurons are also ChAT-positive. NADPH-d is an enzyme present in specific neuronal 

groups co-localized with nitric oxide synthase (NOS), responsible for catalyzing the 

synthesis of nitric oxide (NO; Dawson et al., 1991; Hope et al., 1991; Mesulam et al., 

1989). NO is a neuronal, vascular, and immune messenger molecule found throughout 

the brain and peripheral tissues (Dawson et al., 1991). Observations of NADPH-d 
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histochemistry suggests the enzyme to be a helpful technique for identifying cholinergic 

neurons within the Ch5 region (Mesulam et al., 1989).  

Located caudally in the brainstem, relative to Ch5 and the trochlear nucleus, lies 

the Ch6 nucleus, positioned within the rostral pontine central grey matter. The Ch6 group 

makes its most rostral appearance at the level of the trochlear nucleus, reaches its peak 

prominence just caudal to the region of highest density for Ch5, and extends to the mid-

to-lower pons. Ch6 is bounded ventrally by the medial longitudinal fasciculus and 

dorsally by the fourth ventricle. About 80%-90% of neurons within Ch6 are ChAT- and 

AChE-positive. Due to the absence of clearly defined boundaries of this nucleus, its 

cholinergic neurons extend into the LC and medial longitudinal fasciculus. The purple 

ChAT reaction product of Ch6 neurons can be readily differentiated from the brown color 

and granular appearance of neuromelanin in LC pigmented neurons. Similar to Ch5, 

within the Ch6 nucleus, nearly all ChAT-positive neurons also exhibit NADPH-d-rich 

staining. This implies that NADPH-d histochemistry also serves as a reliable method for 

identifying Ch6 neurons (Mesulam et al., 1989). 

Because of the absence of clear boundaries and significant intermingling of 

neurons between the Ch5 and Ch6 nuclei, the term "Ch5-Ch6" is employed to denote the 

rostral cholinergic neuron clusters (Mesulam et al., 1989). Collectively, Ch5-Ch6 neurons 

project to the thalamus, hypothalamus, and cortically-projecting Ch4 neurons, and are 

involved in the neural circuitry of the reticular activating and extrapyramidal systems 

(Mesulam et al., 1989). 
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1.2.3. Sleep and the Cholinergic System 

The regulation of the sleep-wake cycle involves the interplay of cholinergic, 

glutamatergic, GABAergic, and monoaminergic neurotransmitter systems (Scammell et 

al., 2017). The cholinergic system promotes wakefulness and REM sleep through cortical 

activation and sensory processing, while its reduced activity during NREM sleep 

facilitates restorative processes and memory consolidation (Deurveilher & Semba, 2011; 

Hobson et al., 1975; Kroeger et al., 2017). Cholinergic neurons located in the BF and BS 

project to widespread areas such as the thalamus, hypothalamus, cerebral cortex, and 

hippocampus, thereby broadly influencing various aspects of arousal and sleep (Mesulam 

et al., 1983, 1989; Scammell et al., 2017).  

BF cholinergic neurons, particularly those in Ch4, fire in association with fast 

cortical rhythms during wakefulness and REM sleep, but much less during NREM sleep 

(Deurveilher & Semba, 2011; M. Xu et al., 2015). Injecting carbachol, a cholinergic 

agonist, into the BF of the cat increased wakefulness (Baghdoyan et al., 1993). In a study 

researching mouse cholinergic BF neurons genetically targeted with channelrhodopsin 2, 

optogenetic activation of these neurons during wakefulness or REM sleep showed 

sustained cortical activation (Han et al., 2014). Light stimulation of these neurons during 

NREM sleep facilitated transitions to either wakefulness or REM sleep, suggesting that 

activation of BF cholinergic neurons facilitates the transition from NREM sleep but does 

not dictate the direction of the transition (Han et al., 2014). BF cholinergic neurons are 

well-documented as key promoters of wakefulness and REM sleep, highlighting their 

dual influence in regulating these distinct states of consciousness. 
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BS cholinergic neurons, primarily comprising the Ch5 and Ch6 nuclei, project to 

numerous subcortical regions involved in regulating arousal. These neurons exert their 

influence by projecting to various subcortical structures involved in sleep-wake 

regulation, including the thalamus, BF, and hypothalamus (Mesulam et al., 1989). Similar 

to the basal forebrain, these neurons are most active during wakefulness and REM sleep 

(Boucetta et al., 2014). BS cholinergic neurons are involved in the modulation and 

initiation of REM sleep. In fact, selective optogenetic activation of Ch5 and Ch6 

cholinergic neurons during NREM sleep is sufficient to induce REM sleep (Van Dort et 

al., 2015). BS cholinergic neurons play an important role in the modulation and control of 

sleep-wake states, influencing transitions between wakefulness, NREM sleep, and REM 

sleep through their widespread projections and neuromodulatory effects. Moreover, Ch5 

and Ch6 neurons influence transthalamic processing of sensory information in ways that 

can modulate complex behavioural states such as arousal and attention (Huerta-Ocampo 

et al., 2020). Transthalamic processing refers to the relay and integration of sensory and 

motor information through the thalamus, a central brain structure. This process involves 

the thalamus receiving input from various sensory pathways, processing this information, 

and then transmitting it to the appropriate areas of the cerebral cortex for further 

interpretation and response. The thalamus acts as a crucial hub for modulating and 

synchronizing neural activity, ensuring coherent and coordinated brain function. These 

projections have long been linked with initiating and sustaining tonic activation 

mechanisms within thalamocortical systems, which are crucial for the desynchronization 

of the electroencephalogram observed during wakefulness and REM sleep (Steriade et 

al., 1990). 
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1.2.4. Cholinergic System in Neurodegenerative Disorders 

In neurodegenerative disorders (NDDs), pronounced alterations occur in the 

cholinergic system, contributing to the pathophysiology of these conditions (Davies & 

Maloney, 1976; Perry et al., 1978). Alzheimer’s disease (AD) is perhaps the most 

extensively studied NDD associated with cholinergic changes and dysfunction, where 

there is a marked decline in cholinergic neurons, particularly in the BF (Geula et al., 

2021; Whitehouse et al., 1981). This neuronal loss leads to a substantial decrease in 

cortical and hippocampal ACh levels, correlating with deficits in learning, memory, and 

behaviour (Ballard et al., 2005; Hampel et al., 2018; Mesulam, 2004). The activity of 

ChAT is notably reduced in AD, further diminishing ACh synthesis (Mesulam et al., 

1983). Therapeutic strategies, such as ChEIs, aim to mitigate these deficits by enhancing 

cholinergic neurotransmission (Birks, 2006). However, these treatments primarily 

provide symptomatic relief without addressing the underlying neurodegenerative 

processes (Conti Filho et al., 2023).  

Studies have shown that AChE activity is decreased and that BChE activity may 

be increased or remain stable compared to normal brain tissue (Darvesh, Reid, et al., 

2010; Perry et al., 1978). ChEs have been observed to be associated with NFTs and Aβ 

plaques, the pathological hallmarks of AD (Darvesh, Reid, et al., 2010; Geula & 

Mesulam, 1995; Mesulam et al., 1989; Perry et al., 1978). AChE and BChE, however, 

associate with pathology in AD cases, but not the NFTs and Aβ plaques found in 

cognitively normal older individuals (Macdonald et al., 2017; Mesulam & Geula, 1994). 

Moreover, visualizing ChE activity associated with NFTs and Aβ plaques requires 

different experimental conditions than those used to visualize ChE activity in neurons 
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(Eskander et al., 2005; Geula & Mesulam, 1989). Specifically, a lower pH of 6.8 is 

optimal for staining ChE activity associated with NFTs and Aβ plaques, whereas a higher 

pH of 8.0 is ideal for staining normal neuronal ChE activity (Darvesh, Reid, et al., 2010; 

Geula & Mesulam, 1989). At the present, it is unclear why histochemical ChE activity in 

pathological conditions differs from that of normal conditions. These findings highlight 

the predictive value of ChE’s, especially BChE, as a biomarker for AD that could 

facilitate disease diagnosis and management (Darvesh, 2016; DeBay et al., 2017; 

Macdonald et al., 2017). Understanding the precise mechanisms of cholinergic 

dysfunction in these disorders is crucial for developing more effective therapeutic 

interventions. 

1.2.5. Neuroinflammation and the Cholinergic System 

Inflammation serves as the body's defense mechanism, activating the immune 

response to eliminate pathogens, remove damaged cells, and initiate tissue repair 

processes (Lyman et al., 2014). The inflammatory process is marked by the production of 

pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α), interleukin-

1β (IL-1β), and interleukin-6 (IL-6), and other chemokines (Leng & Edison, 2021). 

Cytokines and chemokines are signaling proteins that regulate immune responses, with 

cytokines modulating the activity and communication of immune cells and chemokines 

directing the migration of these cells to sites of inflammation or injury. In the brain, the 

primary immune cells involved in the inflammatory response are microglia and astrocytes 

(Kettenmann & Ransom, 2013). Activated microglia and astrocytes release inflammatory 

mediators, including pro-inflammatory cytokines. Despite its protective intentions, a 

prolonged or exaggerated inflammatory response can lead to tissue damage and 
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contribute to disease pathology. Chronic neuroinflammation, primarily driven by 

activated glia such as microglia, contributes to the progression of inflammatory 

conditions (Lyman et al., 2014; Reale & Costantini, 2021). 

The cholinergic system and neuroinflammation are intricately linked through a 

complex interplay that significantly impacts the pathophysiology of various NDD such as 

AD, DLB, and MS (Reale & Costantini, 2021). Acetylcholine (ACh), the primary 

neurotransmitter of the cholinergic system, is involved in modulating immune responses 

and inflammatory processes in the central nervous system (CNS). One of the key 

mechanisms by which the cholinergic system influences neuroinflammation is through 

the cholinergic anti-inflammatory pathway. The cholinergic anti-inflammatory pathway 

includes the vagus nerve wherein ACh interacts with alpha-7 nicotinic acetylcholine 

receptors (α7nAChR) on immune cells such as microglia (Dani & Bertrand, 2007; Hone 

& McIntosh, 2018). Activation of α7nAChR inhibits the release of pro-inflammatory 

cytokines, thereby exerting an anti-inflammatory effect (H. Wang et al., 2003). 

Cholinergic neurons, particularly in the BF, undergoes significant degeneration in 

AD, leading to decreased levels of ACh in the brain (Geula et al., 2021). This reduction 

in ACh diminishes the activation of α7nAChR on microglia, resulting in an unhindered 

release of pro-inflammatory cytokines and perpetuation of neuroinflammation. The 

impaired cholinergic system, with reduced ACh levels, fails to adequately regulate the 

inflammatory responses, leading to a continuous cycle of neuroinflammation and 

neurodegeneration (Leng & Edison, 2021; Reale & Costantini, 2021). 
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1.3. Sleep Disturbances in Neurodegenerative Disorders 

1.3.1. Normal Sleep-Wake Cycle 

The sleep-wake cycle is a complex physiological process that governs the 

alternating periods of wakefulness and sleep in humans and other animals (Pace-Schott & 

Hobson, 2013). As defined by Pace-Schott, sleep is defined as a reversible state of 

reduced responsiveness to external stimuli, marked by characteristic changes in central 

and peripheral activity and physiology, typically accompanied by altered consciousness, a 

low level of motor output, and behavioral quiescence (2010). Wakefulness, on the other 

hand, was defined as a state characterized by high responsiveness to external and internal 

stimuli, enhanced motor output, and active engagement with the environment, marked by 

alertness and conscious awareness (Pace-Schott, 2010). 

Sleep is broadly categorized into two main types: non-rapid eye movement 

(NREM) sleep and rapid eye movement (REM) sleep (Stickgold & Walker, 2009). 

NREM sleep is further subdivided into three stages: NREM1, NREM2, and NREM3. 

Electroencephalography (EEG) is a neurophysiological monitoring method that records 

electrical activity of the brain using electrodes placed on the scalp, providing insights into 

brain function and diagnosing neurological conditions. Brain waveforms, detectable by 

electroencephalography (EEG), consist of different frequency bands that reflect various 

states of brain activity (Stickgold & Walker, 2009). Delta waves, ranging from 0.5 to 4 

Hz, are associated with deep sleep, such as NREM3 sleep. Theta waves, spanning 4 to 7 

Hz, are linked to drowsiness and NREM1 sleep. Alpha waves, found in the 8 to 12 Hz 

range, are present during relaxed wakefulness and meditative states. Beta waves, between 

13 and 30 Hz, indicate active thinking, concentration, and alertness. Finally, gamma 
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waves, which range from 30 to 100 Hz, are associated with high-level cognitive 

processing and attention (Stickgold & Walker, 2009). The onset of NREM sleep is 

gradual and marked by a slowing of brain waves as detected by EEG. This transition 

slows from beta (14-25 Hz) and gamma (25-80 Hz) frequencies, which are present during 

wakefulness with eyes open and high attention levels, to alpha (8-13 Hz) frequencies, 

seen during quiet waking with eyes closed. NREM1, the initial stage of NREM sleep, 

represents the transition from wakefulness to sleep. During NREM1, theta waves (4-7 

Hz) dominate the EEG recordings, accompanied by occasional alpha waves (8-13 Hz). 

Muscle tone begins to relax, and there may be fleeting sensations or sudden muscle 

contractions known as hypnic jerks. NREM2 sleep follows NREM1 and constitutes a 

significant portion of sleep time, typically about 45-55%. This stage is characterized by 

two distinct waves forms: sleep spindles, brief bursts of rhythmic brain activity (sigma 

frequencies, 12-14 Hz) and K-complexes, which are large, slow waves. NREM3, also 

known as slow-wave sleep (SWS), is the deepest stage of NREM sleep, comprising 

approximately 15-25% of total sleep time. Delta waves (1-3 Hz), which are low 

frequency and high amplitude waves, predominate the EEG during NREM3, reflecting 

synchronized neuronal activity. NREM3 plays a crucial role in memory consolidation by 

facilitating the transfer of information from the hippocampus to the neocortex, thereby 

promoting long-term memory storage (Born, 2010). The synchronized oscillatory activity 

during NREM3 supports synaptic plasticity and the reactivation of neural circuits 

involved in learning, thereby enhancing memory retention and integration (Born, 2010). 

Finally, REM sleep marks a distinct phase characterized by rapid eye movements, vivid 

dreaming, skeletal muscle atonia, and heightened brain activity resembling wakefulness 
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(Scammell et al., 2017; Stickgold & Walker, 2009). REM sleep has historically been 

referred to as ‘paradoxical’ sleep due to its EEG pattern closely resembling wakefulness. 

REM sleep EEG is characterized by fast and random saw-tooth waves. REM sleep 

typically begins about 90 minutes after falling asleep and recurs cyclically throughout the 

night, constituting approximately 20-25% of total sleep time in adults. Neurologically, 

REM sleep involves intricate interactions between brainstem structures—such as the pons 

and medulla—and higher cortical areas to generate oculomotor muscle movement while 

suppressing skeletal muscle tone (Stickgold & Walker, 2009). 

The organization of the sleep-wake cycle occurs in cycles lasting approximately 

90-120 minutes (Stickgold & Walker, 2009). Each cycle progresses through NREM and 

REM stages, starting with NREM sleep and progressing from N1 to N2, N3, and then 

into REM sleep. The distribution of these stages varies throughout the night, with more 

NREM deep sleep occurring in the first half and increased REM sleep in later cycles, 

reflecting the homeostatic regulation of sleep need and recovery. The early cycles are 

dominated by slow-wave sleep (NREM3), which is crucial for physical restoration and 

memory consolidation. As the night progresses, the proportion of REM sleep increases, 

playing a vital role in emotional regulation, memory processing, and cognitive function. 

This cyclical pattern ensures that the body and brain receive a balanced mix of restorative 

processes throughout the night, adapting to the body's immediate needs for recovery and 

preparation for the next day (Stickgold & Walker, 2009) 

1.3.2. Sleep Neuroanatomy 

The timing of transition between sleep and waking is regulated by various 

structures of the brain, including the suprachiasmatic nucleus (SCN) in the ventromedial 
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region of the hypothalamus, orexin neurons located in the lateral hypothalamus, 

histaminergic neurons in the posterior hypothalamus, melatonin synthesis by the pineal 

gland, and the cholinergic neurons in BF and BS (Scammell et al., 2017).  

The SCN, located in the anterior hypothalamus, acts as the master circadian 

rhythm pacemaker, receiving input from light-sensitive cells in the retina via the 

retinohypothalamic tract (Stickgold & Walker, 2009). The circadian rhythm encompasses 

a 24 h rhythmic cycle of fluctuations in hormone secretion, body temperature, and the 

sleep-wake cycle. SCN neurons possess molecular clocks that uphold the circadian 

rhythm and sleep-wake cycle through interconnected positive and negative feedback 

mechanisms governing the transcription and translation of genes, such as CLOCK, 

BMAL1, CRY, and PER (Partch et al., 2014). The genes CLOCK, BMAL1, CRY, and PER 

play crucial roles in regulating the circadian rhythm, the internal biological clock that 

orchestrates daily physiological and behavioral cycles. CLOCK and BMAL1 are 

transcription factors that form a heterodimer, binding to E-box elements in the promoter 

regions of target genes, including the Period (PER) and Cryptochrome (CRY) genes, 

thereby activating their transcription. The PER and CRY proteins accumulate in the 

cytoplasm and eventually translocate back to the nucleus, where they inhibit the activity 

of the CLOCK-BMAL1 complex, creating a feedback loop that generates the 

approximately 24-hour cycle of circadian rhythms. This feedback loop is essential for 

maintaining the proper timing of sleep-wake cycles, hormone release, and other daily 

biological processes, ensuring that they are synchronized with the environmental light-

dark cycle (Partch et al., 2014). This input synchronizes the internal biological clock with 

the 24-hour day-night cycle, naturally entrained by external stimuli such as light, known 
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as zeitgebers (German for “time-giver”), physical activity, meal timing, and social 

interactions (Scammell et al., 2017; Stickgold & Walker, 2009). 

Orexin, also known as hypocretin, is a neuropeptide produced in the 

hypothalamus that plays a important role in regulating wakefulness, arousal, and appetite 

by modulating the activity of various neural circuits involved in sleep-wake states 

(Stickgold & Walker, 2009). Orexin neurons are active during wakefulness and decline in 

activity at sleep onset and remain quiescent during REM. Orexin neurons aim to stabilize 

the waking state by exciting wake-promoting regions such as other regions in the 

hypothalamus, BF, cerebral cortex, and BS nuclei such as the locus coeruleus (LC), and 

dorsal raphe (DR). Orexin neurons are crucial in maintaining wakefulness and preventing 

inappropriate transitions to sleep states (Stickgold & Walker, 2009). This is highlighted 

by the link between orexin deficiency and narcolepsy, a condition marked by excessive 

daytime sleepiness and sudden episodes of muscle weakness, known as cataplexy. The 

absence or dysfunction of orexin signaling disrupts the stability of wakefulness, leading 

to the uncontrollable onset of sleep and muscle atonia, emphasizing the importance of 

orexin in regulating sleep-wake homeostasis and muscle tone. (Stickgold & Walker, 

2009). Beyond their role in sleep-wake regulation, orexin neurons also integrate 

metabolic, circadian, and emotional signals, thereby linking energy homeostasis and 

arousal states. This integration ensures that wakefulness ensues during periods of high 

energy demand or emotional stress (Pace-Schott & Hobson, 2013).  

The tuberomammillary nucleus (TMN), another region important to sleep located 

in the posterior hypothalamus, is the sole source of histamine in the brain (Scammell et 

al., 2017). Histamine acts as a neurotransmitter that promotes wakefulness through its 
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excitatory effects on various brain regions, including the cerebral cortex and thalamus. 

Conversely, histamine release decreases during sleep, facilitating the transition from 

wakefulness to sleep states (Scammell et al., 2017). Certain anti-nausea and allergy 

medications, such as first-generation antihistamines like dimenhydrinate and 

promethazine, exert sedative effects by antagonizing histamine receptors in the CNS 

(Yoshikawa et al., 2021). By blocking histaminergic transmission, these drugs mitigate 

histamine's wake-promoting effects, leading to sedation, drowsiness, and reduced 

alertness. This mechanism underlies their clinical use in managing nausea and motion 

sickness, as well as their off-label use as sleep aids due to their ability to induce calming 

effects and promote relaxation. Thus, histamine not only regulate sleep but also serve as a 

target for therapeutic interventions aimed at inducing sedation and alleviating symptoms 

associated with hyperarousal states (Yoshikawa et al., 2021).  

The pineal gland is a small endocrine organ located in the mid-line of the brain, in 

the epithalamus, outside the blood-brain barrier (BBB) and attached to the roof of the 

third ventricle by a short stalk (Arendt & Aulinas, 2000). The pineal gland plays a crucial 

role in the regulation of the sleep-wake cycle through the cyclic production of melatonin, 

a hormone that promotes sleep. Melatonin synthesis and release is therefore closely 

linked to the circadian rhythm, which is primarily governed by the SCN. The SCN 

receives photic information from the retina via the retinohypothalamic tract and, in 

response to the light-dark cycle, regulates the timing of melatonin secretion by the pineal 

gland. During the night, the absence of light signals the SCN to stimulate the pineal gland 

to produce melatonin, which is then released into the bloodstream and cerebrospinal fluid 

(CSF). Elevated melatonin levels promote sleep by reducing neuronal activity and 
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lowering core body temperature. Conversely, exposure to light during the day inhibits 

melatonin synthesis, promoting wakefulness. The secretion of melatonin peaks in the 

middle of the night and gradually decreases towards morning, helping to regulate the 

sleep-wake cycle and synchronize it with the external environment (Arendt & Aulinas, 

2000). 

In addition to the SCN, hypothalamus, and pineal gland, the BF plays a pivotal 

role in the regulation of the sleep-wake cycle through its diverse neuronal populations 

and their wide-ranging projections to the cerebral cortex and other brain regions (Lee et 

al., 2005; Stickgold & Walker, 2009). BF cholinergic neurons are particularly active 

during wakefulness, help to desynchronize the EEG, and promote REM sleep (Stickgold 

& Walker, 2009; M. Xu et al., 2015). More specifically, BF cholinergic nuclei involved 

in the sleep-wake cycle include the Ch1, Ch2, and Ch4 nuclei. The Ch1 and Ch2 nuclei 

project to the hippocampal region, and have long been purported as key nuclei in the 

generation of theta oscillations (Boyce et al., 2016; Király et al., 2023; Nuñez & Buño, 

2021). The Ch4 nucleus can be parcellated into several subsectors that project to various 

cortical regions. Out of these, the anterior Ch4 (Ch4a) subsectors are most likely to be 

involved in the regulation of the sleep-wake cycle based on projections. The Ch4a 

subsectors project in general to frontal and medial regions, while the intermediate and 

posterior regions project to anterolateral, occipital, and temporal regions. Frontal brain 

regions are crucial for sleep due to their circuit connections with subcortical structures 

involved in promoting REM sleep (Hong et al., 2023). Though most BF neurons are 

associated with fast EEG activity linked with wakefulness and REM, others are active 

during NREM (Scammell et al., 2017). These NREM-active neurons are mainly 
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GABAergic and contribute to the initiation and maintenance of NREM sleep through 

projections to the neocortex (Scammell et al., 2017). The balance between these 

excitatory and inhibitory influences in the basal forebrain is crucial for the regulation of 

sleep architecture, allowing smooth transitions between wakefulness, NREM sleep, and 

REM sleep. Nevertheless, further research is required to gain a clearer understanding of 

the specific roles played by cholinergic BF nuclei in the sleep-wake cycle. 

The BS is a key component in the regulation of the sleep-wake cycle, containing 

several key nuclei that orchestrate transitions between wakefulness, NREM sleep, and 

REM sleep (Stickgold & Walker, 2009). Central to this regulation is the reticular 

activating system (RAS), a network of interconnected neurons in the BS that promotes 

arousal and wakefulness and is composed of four main cell groups: Ch5, Ch6, raphe 

nucleus, and the LC. The RAS exerts its effects via projecting ascending pathways to the 

thalamus and cerebral cortex. Descending RAS pathways target postural and locomotion 

systems and controls the atonia characteristic of REM sleep (Stickgold & Walker, 2009).  

The Ch5 and Ch6 nuclei are the two major cholinergic cell groups in the BS. Ch5 

and Ch6 neurons project to the thalamus, hypothalamus, and cortically-projecting Ch4 

neurons (Mesulam et al., 1989), and are involved in the neural circuitry of the reticular 

activating and extrapyramidal systems, and are involved in the control of REM sleep 

initiation and maintenance (Boeve et al., 2007; Scammell et al., 2017). These cholinergic 

BS nuclei also play a crucial role in the initiation and maintenance of REM sleep by 

activating cortical and thalamic neurons, leading to the characteristic REMs and skeletal 

muscle atonia observed during this stage (Boeve et al., 2007; Scammell et al., 2017; 

Stickgold & Walker, 2009).  
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The LC, situated in the upper dorsolateral pontine tegmentum and one of the 

primary cell groups of the RAS, is the brain's largest source of norepinephrine. 

(Benarroch, 2018; Stickgold & Walker, 2009). The LC fires in two distinct modes: tonic 

and phasic. The switch between these two firing modes regulates the different 

behavioural states of the individual. Tonic firing is related to the arousal and waking 

state, which decreases with quiet waking and disengagement with the environment and 

ceases during REM sleep, while phasic firing is characteristic of focused attention 

(Benarroch, 2018). During normal REM sleep, skeletal muscle atonia, a near-complete 

paralysis of voluntary muscles, preventing the physical enactment of dreams, is achieved 

through concerted efforts by brainstem networks including the coeruleus complex in the 

pons and the magnocellular nucleus in the medulla oblongata (Ehrminger et al., 2016). 

The suppression of LC activity during REM sleep disinhibits inhibitory interneurons in 

the ventromedial medulla, which in turn project to the spinal cord. These interneurons 

release neurotransmitters such as glycine and GABA that inhibit motor neurons, thereby 

inducing muscle atonia (Luppi et al., 2011). Lesion experiments in the coeruleus region 

in cats and rats caused behaviour consistent with REM sleep behaviour disorder 

(REMBD), a condition marked by the absence of muscle atonia resulting in violent dream 

enactment (Boeve et al., 2007; Sastre & Jouvet, 1979). In summary, the LC plays a dual 

role in REM sleep by modulating cortical activation through its suppression of 

norepinephrine release and facilitating skeletal muscle atonia via inhibitory pathways to 

spinal motor neurons. This intricate regulation is essential for the maintenance of REM 

sleep and the prevention of dream enactment, highlighting the importance of the LC in 

sleep-wake physiology. 
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The dorsal raphe nucleus (DR), located in the medioventrolateral region of the 

central grey of the mesencephalon and rostral pons, is the primary source of serotonin (5-

HT) in the brain (Monti, 2010). The DR is one of the RAS cell groups influences various 

physiological and behavioural processes, including sleep architecture and transitions 

between different sleep stages. The DR exhibits heightened activity during wakefulness, 

with reduced firing rates during quiet waking, deeper slowing during SWS, and nearly 

ceasing activity during REM sleep. DR 5-HT released modulates cortical and subcortical 

activity, promoting arousal, attention, and alertness. The widespread projections of DR 

neurons to the thalamus, amygdala, hypothalamus, and broad cortical regions facilitate 

this modulatory role, ensuring a state of vigilance necessary for interaction with the 

environment. In summary, the DR, through its 5-HT output, exerts a multifaceted 

influence on the sleep-wake cycle by promoting wakefulness, modulating transitions 

between sleep stages, suppressing activity during REM sleep (Monti, 2010; Scammell et 

al., 2017). 

1.3.3. Sleep-Wake Cycle Changes in Normal Aging 

Aging is associated with notable changes in the sleep-wake cycle, characterized 

by alterations in sleep architecture and circadian rhythms (Stickgold & Walker, 2009). 

However, need for sleep remains constant with aging. What actually becomes impaired is 

the ability to attain quality and restorative sleep. Older adults often experience reduced 

total sleep time, sleep efficiency, increased sleep fragmentation, advancement of the sleep 

phase, and a decline in SWS and REM sleep (Stickgold & Walker, 2009; Tatineny et al., 

2020). More than 80% of individuals 65 years or older experience some degree of sleep-

wake cycle changes (Sterniczuk & Rusak, 2016). In addition, older adults are more likely 
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to have primary sleep disorders, including circadian rhythm disturbances, insomnia, 

sleep-related movement disorders like restless legs syndrome (RLS), REM sleep behavior 

disorder (REMBD), and sleep disordered breathing like obstructive sleep apnea (OSA) 

(Sterniczuk & Rusak, 2016; Tatineny et al., 2020). These can be additionally affected by 

sleep disruptions stemming from medical or psychiatric conditions, as well as side effects 

from medications (Tatineny et al., 2020).  

As people age, the circadian rhythm produced by the SCN becomes weaker, 

desynchronizes, and loses amplitude (Stickgold & Walker, 2009). It is hypothesized that 

the progressive deterioration of the SCN is a primary underlying cause for aging-related 

sleep-wake cycle and circadian changes. Melatonin, which acts on the SCN, is also 

diminished with age and may further exacerbate to the increased prevalence of sleep 

disturbances with aging. The most common desynchronization pattern observed in older 

adults is an advancement of the sleep phase, manifesting as an increased drive for sleep 

between 7 p.m. and 9 p.m. and awakening between 3 a.m. and 5 a.m. (Stickgold & 

Walker, 2009). Despite older adults spending more time awake in bed, total daily sleep 

time remains relatively stable at 6.5 to 7 hrs a day in healthy aging (Sterniczuk & Rusak, 

2016).  

The redistribution of sleep can further influence the transitions between and time 

spent in each sleep stage, which directly affects sleep quality (Sterniczuk & Rusak, 2016) 

The time spent in lighter sleep stages (i.e., NREM1 and NREM2) increases with aging, 

while the time spent in SWS is markedly decreased (Sterniczuk & Rusak, 2016; 

Stickgold & Walker, 2009). There is also a decreased latency to REM sleep, which may 
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be considered a direct consequence of an advanced circadian phase (Stickgold & Walker, 

2009).  

The prevalence of established sleep disorders increases in aging, and commonly 

include insomnia, sleep-related movement disorders like RLS, REMBD, and sleep 

disordered breathing including OSA (Sterniczuk & Rusak, 2016; Stickgold & Walker, 

2009). Insomnia is defined as difficulty falling sleep (sleep-onset insomnia) or staying 

asleep (sleep maintenance insomnia) which typically results in daytime consequences 

such as daytime sleepiness, fatigue, irritability, and memory and concentration problems. 

Insomnia is habitually comorbid with sleep-related movement disorders like RLS. RLS is 

characterized by leg dysesthesia during the quiet waking state, which is described as a 

highly uncomfortable ‘creepy crawling’ or ‘restless’ sensation, which is only temporarily 

relieved from leg movement. Another sleep condition characterized by abnormal 

movement during sleep is REMBD. REMBD is marked by the absence of skeletal muscle 

atonia and dream enactment. The movements during REMBD can be particularly violent 

and may cause injuries to the patient and bed partner. The cause of REMBD is largely 

unknown, however, idiopathic REMBD is strongly associated with neurodegenerative 

diseases (NDDs) like dementia with Lewy bodies (DLB) and Parkinson’s disease (PD; 

Boeve et al., 2007; Stickgold & Walker, 2009). Another type of sleep disorder 

experienced by older adults is sleep-disorders breathing, which encompasses mild to 

severe snoring (hypopnea) or complete cessation of breathing (apnea). There are two 

types of sleep-disordered breathing that may produce apnea: central sleep apnea and 

OSA. Central sleep apnea is linked to a failure of the brain's respiratory control centers, 

particularly in the BS, to properly signal the muscles that control breathing, leading to 
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repeated apnea episodes. The second type, OSA, is one of the most common sleep 

disorders, and is caused by obstruction of the airways from relaxation and subsequent 

collapse of muscles in the throat. Incidence of OSA is higher in those with obesity, age-

related decline in muscle tone, or impaired pharyngeal sensory abilities. OSA typically 

produces daytime consequences including fatigue, headache, daytime sleepiness, 

difficulty concentrating, memory loss, and irritability (Sterniczuk & Rusak, 2016; 

Stickgold & Walker, 2009).  

Frailty, described as an increased vulnerability to poor health outcomes as a result 

of accumulating aging-associated decline in physiological systems is also associated with 

poor sleep (Sterniczuk & Rusak, 2016). Specifically, frailty is associated with daytime 

sleepiness, frequent nighttime awakenings, and sleep apnea. Given that sleep 

disturbances are associated with poorer health, frail individuals, who already are 

vulnerable to declines in physiological system, may be impacted by poor sleep to a 

greater extent than older individuals who are not frail. Likewise, frail individuals 

experiencing sleep disturbances have a higher risk of mortality (Sterniczuk & Rusak, 

2016).  

In summary, aging-related changes in the circadian rhythm and sleep-wake cycle 

are characterized by alterations in total sleep time, efficiency, increased sleep 

fragmentation, and shifts in circadian rhythms, and in sleep architecture. Older 

individuals also show a higher incidence of sleep disorders. The cumulative impact of 

these disturbances can significantly affect the overall health, cognitive function, and 

quality of life of older adults. Getting adequate sleep and maintaining normal daily sleep-

wake rhythms are important to sustaining lifelong physical health including proper 
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immune, metabolic, cognitive function and reducing the risk of disease development 

(Sterniczuk & Rusak, 2016).  

1.3.4. Sleep-Wake Cycle Disturbances in Neurodegenerative Disorders 

Sleep disturbances are a prevalent and challenging aspect of various NDDs, 

notably Alzheimer's disease (AD), dementia with Lewy bodies (DLB), and multiple 

sclerosis (MS; Sakkas et al., 2019; Sterniczuk & Rusak, 2016; Townsend et al., 2023). 

Each of these conditions is associated with unique manifestations of sleep disturbances, 

likely driven by distinct underlying neuropathophysiological mechanisms. In addition, 

sleep disturbances are associated with an increased risk for NDDs like dementia (Wong 

& Lovier, 2023).  

AD is frequently accompanied by profound sleep disturbances, which 

significantly impair patients' quality of life, exacerbate pre-existing symptoms, and may 

accelerate disease progression (Benca et al., 2022). In fact, the level of sleep disturbance 

is strongly correlated with the severity of the disease (E. Bonanni et al., 2005). 

Individuals with AD often experience both insomnia and hypersomnia, sundowning, 

increased awakenings during sleep, leading to fragmented sleep and decreased sleep 

efficiency and quality (Sterniczuk & Rusak, 2016). The phenomenon of “sundowning”, 

refers to the observation of increased confusion and agitation in the late afternoon and 

evening. “Sundowning” can further exacerbate sleep disturbances, creating a cycle of 

worsening neuropsychiatric symptoms and sleep disruption (Rothman & Mattson, 2012). 

The neurodegenerative process in AD, characterized by the accumulation of 

amyloid-β (Aβ) plaques and tau neurofibrillary tangles (NFTs), disrupts the function of 

various brain regions, with many being involved in sleep regulation, such as the 
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hypothalamus, SCN, BF, and BS (Lew et al., 2021; Mirra et al., 1991; Scammell et al., 

2017). Disruption to any of these regions may impair the normal expression and 24 h 

cyclicity of various hormones, neuropeptides, and other transmitters involved in 

regulating the sleep-wake cycle (Rothman & Mattson, 2012). Additionally, previous 

research in mice reported that sleep restriction resulted in elevated Aβ production (Kang 

et al., 2009), and that sleep promoted Aβ clearance via the glymphatic system (Xie et al., 

2013). Thus, the restorative function of sleep also includes the enhanced removal and 

reduced production of potentially neurotoxic waste products that accumulate in the awake 

central nervous system (CNS). 

Medications used to treat AD symptoms including cholinesterase inhibitors 

(ChEIs) can also impact the sleep-wake cycle (Davis & Sadik, 2006). The administration 

of ChEIs can cause side effects including frequent awakenings during sleep and reduced 

sleep time and efficiency. It has been previously reported that ChEI administration before 

bed tends to result in the most sleep disturbances. It is likely that using ChEIs to enhance 

acetylcholine levels in the brain, for which its activity is naturally lower during sleep, are 

the cause for the treatment-related sleep disturbances. The timing of ChEI administration 

is therefore important to consider (Davis & Sadik, 2006).  

DLB is characterized by the presence of α-synuclein aggregates known as Lewy 

bodies (LBs) and Lewy neurites (LNs) in the brain (McKeith et al., 2017). Sleep 

disturbances are very common in DLB, with 70-80% of patients experiencing REMBD. 

In fact, REMBD is a core clinical criterion for DLB diagnosis. Patients also commonly 

experience frequent awakenings during sleep, insomnia, OSA, RLS, and excessive 

daytime sleepiness (McKeith et al., 2017; Townsend et al., 2023). The neurodegenerative 
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process in DLB is characterized by α-synuclein pathology which affects many key 

regions important to the sleep-wake cycle, including the hypothalamus, thalamus, 

midbrain, BF, and BS (Boeve, 2019; Townsend et al., 2023). In particular, degeneration 

of neuromelanin-containing neurons in the substantia nigra and locus coeruleus (LC) is a 

key neuropathological feature of synucleinopathies such as DLB and PD brains as well as 

those with idiopathic REMBD (Boeve et al., 2007; Ehrminger et al., 2016). The LC, 

along with other pontine nuclei such as the pedunculopontine nucleus (Ch5) and the 

laterodorsal tegmental nucleus (Ch6), are components of the REM sleep circuit and play 

a role in regulating the skeletal muscle atonia characteristic of REM sleep. These regions 

vital to REM sleep, particularly in the BS, appear to exert a selective vulnerability to α-

synuclein pathology (Boeve et al., 2007). Understanding the selective vulnerability of 

these brain regions to α-synuclein pathology provides crucial insights into the 

mechanisms underlying sleep disturbances in DLB, paving the way for targeted 

therapeutic strategies. 

Lastly, MS is a chronic and immune-mediated condition of the central nervous 

system (CNS) that is characterized by inflammation, demyelination, and 

neurodegeneration (Bø et al., 1994; MS Canada, 2023a). MS patients commonly 

experience sleep disturbances, with prevalence estimated to be between 42% and 65% 

(Sakkas et al., 2019). Example of sleep disturbances commonly experienced by MS 

patients include insomnia, sleep-related movement disorders including RLS, sleep-related 

breathing disorders like OSA, and circadian rhythm disturbances (Sakkas et al., 2019). 

Many MS symptoms like pain, spasticity, and autonomic dysfunction can result in 

difficulties in initiating or maintaining sleep. As a result, many MS patients experience 
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difficulties falling and staying asleep, despite fatigue being a primary clinical symptom. 

Other MS symptoms like depression and anxiety, as well as those brought on by 

pharmacological treatments can further complicate sleep. The etiology of these sleep 

disturbances is therefore multifactorial but is largely influenced by the direct effects of 

demyelinating lesions in key brain regions involved in the sleep-wake cycle (G. Morris et 

al., 2018). Sleep disturbances thus may vary largely among patients, depending on the 

neuroanatomical locations of the lesions. Poor sleep may further exacerbate pre-existing 

symptoms and may also intensify immune activation, thereby potentially reducing quality 

of life and accelerating the disease process (G. Morris et al., 2018). Sleep disturbances 

are a prevalent and multifaceted issue in multiple sclerosis (MS), significantly impacting 

the quality of life and overall health of affected individuals. These disturbances 

encompass a broad spectrum of disorders, including insomnia, restless legs syndrome 

(RLS), periodic limb movement disorder (PLMD), narcolepsy, and obstructive sleep 

apnea (OSA). Insomnia, characterized by difficulty in initiating or maintaining sleep, is 

frequently reported among MS patients, often exacerbated by pain, spasticity, or nocturia. 

RLS and PLMD are also common, contributing to fragmented sleep and daytime fatigue. 

Narcolepsy, although less common, can present with excessive daytime sleepiness and 

sudden loss of muscle tone (cataplexy). OSA, associated with repeated episodes of upper 

airway obstruction during sleep, is another significant concern, potentially linked to 

brainstem lesions that impair respiratory control. The etiology of these sleep disturbances 

is multifactorial, involving the direct effects of demyelinating lesions in key brain 

regions, secondary consequences of MS symptoms, and side effects of medications. 

Demyelination and neurodegeneration within the hypothalamus, thalamus, brainstem, and 
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spinal cord can disrupt normal sleep-wake cycles and circadian rhythms, while chronic 

pain, depression, and anxiety further complicate the sleep architecture. Moreover, 

medications such as corticosteroids, often used in MS management, can have stimulant 

effects that interfere with sleep. Understanding the complex interplay of these factors is 

crucial for developing effective interventions to manage sleep disturbances in MS, 

thereby improving patient outcomes and quality of life. 

1.4. Neuroinflammation 

1.4.1. Microglia 

Microglia are a type of glial cell located throughout the brain and spinal cord, 

playing a crucial role in maintaining central nervous system (CNS) homeostasis and 

immune defense (Kettenmann & Ransom, 2013). Originating from the yolk sac during 

embryogenesis, they comprise 2.5% to 10% of the total CNS cell population depending 

on the anatomical location (Franco-Bocanegra et al., 2019; Kettenmann & Ransom, 

2013). Microglia are involved in a variety of essential functions, including phagocytosis 

of pathogens and cellular debris, synaptic pruning, and modulation of inflammatory 

responses (Kettenmann & Ransom, 2013).  

Morphologically, microglia are highly dynamic cells characterized by a small 

soma and numerous, long, and branched processes. Microglial processes are constantly 

surveying the surrounding environment, detecting any signs of infection, injury, or 

pathological changes. Upon detection of such signals, microglia undergo a rapid 

transformation from a resting (ramified) to an activated (hypertrophic) state. Microglia 

may also exhibit a dystrophic morphology, characterized by degeneration of 
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ramifications and the formation of spheroidal swellings. This senescent state is frequently 

linked to chronic inflammation and aging (Streit et al., 2014).  

Functionally, microglia are vital for the CNS immune response (Kettenmann & 

Ransom, 2013). They possess an array of surface receptors that recognize various types 

of pathogens. Upon activation, microglia secrete various cytokines and chemokines that 

recruit other immune cells to the site of injury or infection, orchestrating an effective 

immune response (Leng & Edison, 2021). These cytokines and chemokines include TNF-

α, IL-1β, and IL-6. Additionally, microglia are involved in the clearance of apoptotic 

cells, protein aggregates, and debris through phagocytosis, a process important for 

preventing secondary damage and promoting tissue repair (Kettenmann & Ransom, 

2013).  

Microglia also play an essential role in neural development and synaptic plasticity 

(Kettenmann & Ransom, 2013). During development, microglia participate in synaptic 

pruning, a process that refines neural circuits by eliminating excess synapses. This 

process involves extracellular matrix proteins, primarily thrombospondins, which are 

mainly produced by astrocytes. This is crucial for the proper formation of functional 

neural networks.  

However, dysregulation of microglial function is implicated in various 

neurodegenerative disorders (NDDs). Chronic activation of microglia related to detection 

of neuropathology associated with NDDs can lead to a sustained inflammatory response, 

contributing to the pathogenesis of conditions such as Alzheimer's disease (AD), 

dementia with Lewy bodies (DLB), Parkinson’s disease (PD), and multiple sclerosis 

(MS; Reale & Costantini, 2021). In these conditions, microglia may contribute to 
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neuronal damage through the chronic and excessive release of pro-inflammatory 

cytokines, reactive oxygen species, and other cytotoxic substances (Kettenmann & 

Ransom, 2013; Leng & Edison, 2021; Reale & Costantini, 2021). Some studies have 

additionally found that sleep deprivation can induce microglial activation, and sleep loss 

is a common symptom observed in many NDDs (Hsu et al., 2003). 

1.4.2. Astrocytes 

Astrocytes are a type of glia that play a multifaceted and vital role in maintaining 

CNS homeostasis, supporting neuronal function, and contributing to the overall 

architecture of the brain and spinal cord (Kettenmann & Ransom, 2013). Originating 

from neuroepithelium-derived radial glial cells, astrocytes are the most abundant glial cell 

in the CNS, comprising 20% to 40% of all glia depending on the anatomical location 

(Preman et al., 2021). Astrocytes are named for their stellate appearance, as their star-

shaped morphology, with numerous and long radiating processes, resembles the form of a 

star. These glia are integral to the formation and maintenance of the blood-brain barrier 

(BBB), regulation of blood flow, provision of metabolic support to neurons, are involved 

in synaptic formation and plasticity, as well as in the inflammatory response in injury or 

disease (Kettenmann & Ransom, 2013). 

One of the primary functions of astrocytes is the maintenance of the blood-brain 

barrier (BBB) (Manu et al., 2023). Astrocytes achieve this through their end-feet, which 

ensheathe blood vessels and release signaling molecules that promote tight junction 

formation in endothelial cells. This barrier is crucial for protecting the CNS from toxins 

and pathogens while regulating the passage of ions, nutrients, and waste products 

between the blood and the brain (Manu et al., 2023). Astrocytes, through this functional 
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and anatomical neurogliovascular link between vasculature and the CNS parenchyma, are 

also able to regulate local blood flow (Lia et al., 2023). 

Astrocytes are also essential in the maintenance of the extracellular space, the 

microenvironment for neurons and glia (Kettenmann & Ransom, 2013). Astrocytes help 

to regulate its chemical and biophysical properties for the proper functioning of neurons 

by regulating extracellular ion balance and neurotransmitter homeostasis. They actively 

uptake excess neurotransmitters, such as glutamate and GABA, from the synaptic cleft 

through specific transporters. This uptake prevents excitotoxicity and ensures proper 

synaptic transmission. Additionally, astrocytes regulate extracellular potassium, calcium, 

sodium, and chlorine levels, which is vital for maintaining the membrane potential of 

neurons and preventing hyperexcitability (Kettenmann & Ransom, 2013; McNeill et al., 

2021).  

Glucose is the main energy substrate for the brain, which is a highly metabolically 

active organ (Kettenmann & Ransom, 2013). Glucose is taken up from the bloodstream 

via specific transporters at the blood-brain barrier. Astrocytes metabolize glucose through 

glycolysis, producing lactate, which is shuttled to neurons for adenosine triphosphate 

(ATP) production via the astrocyte-neuron lactate shuttle. Glycogen, on the other hand, is 

stored exclusively in astrocytes and serves as an emergency energy reserve that can be 

mobilized during periods of high metabolic demand or glucose deprivation. This stored 

glycogen is converted to lactate and supplied to neurons, ensuring continuous energy 

availability and maintaining neuronal activity and synaptic function. Astrocytes also play 

a role in the synthesis and release of neurotrophic factors, such as brain-derived 
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neurotrophic factor and glial cell line-derived neurotrophic factor, which support 

neuronal survival, growth, and differentiation (Kettenmann & Ransom, 2013). 

Astrocytes are actively involved in synaptic formation and plasticity. During 

development, they secrete extracellular matrix proteins and other molecules that facilitate 

synaptogenesis. In the mature CNS, astrocytes contribute to synaptic plasticity through 

the release of gliotransmitters like ATP, D-serine, and glutamate, which modulate 

synaptic activity and strength. They also participate in the pruning of synapses, a process 

essential for the refinement of neural circuits. 

Astrocytes undergo significant morphological changes characterized by 

hypertrophy in response to pathogen or injury detection (Kettenmann & Ransom, 2013). 

In the context of NDDs like AD, the detection of Aβ plaques by astrocytes provokes an 

activated state, also known as astrogliosis (Li et al., 2011). In an activated state, 

astrocytes exhibit an enlarged cell body and an increase in the length and thickness of 

their processes. This response also involves changes in proliferation and the upregulation 

of intermediate filament proteins such as glial fibrillary acidic protein (GFAP). Like 

microglia, detection of neuropathology stimulated astrocytes to release pro-inflammatory 

cytokines and chemokines such as TNF-α, IL-1β, IL-6, and inducible nitric oxide 

synthase (NOS; Li et al., 2011). Astrocytes often localize to Aβ plaques, and is thought to 

be an attempt to protect neurons by phagocytosing and degrading Aβ aggregates (Jasiecki 

et al., 2021). While astrogliosis can be protective by forming a glial scar that limits the 

spread of damage, it can also impede axonal regeneration and contribute to chronic 

inflammation. The activated astrocytes at Aβ plaque sites chronically release pro-

inflammatory cytokines and chemokines, thereby exacerbating neuronal damage, 
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dysfunction, and contributing to neurodegeneration (Kettenmann & Ransom, 2013; Li et 

al., 2011). 

1.5. Objectives and Hypothesis 

Previous research on the roles of the cholinergic system in the sleep-wake cycle 

(e.g., Han et al., 2014; Kroeger et al., 2017; Scammell et al., 2017), its characteristic 

changes in NDDs like AD (e.g., Geula et al., 2021; Whitehouse et al., 1981), its 

purported roles in neuropathogenesis in various NDDs (e.g., Darvesh, Reid, et al., 2010; 

Geula & Mesulam, 1995; Thorne et al., 2021), and lastly its involvement in regulation of 

neuroinflammation (e.g., Hone & McIntosh, 2018; H. Wang et al., 2003) have been 

reported. However, the intricate relationship between cholinergic, neurodegenerative, 

neuropathological, and neuroinflammatory changes as potential contributors in regions 

related to sleep, the BF and BS, remains to be investigated. The objectives of this study 

were to use immunohistochemical and histochemical staining methods to examine the 

cholinergic system, neuropathology, and neuroinflammation within the BF and BS in 

post-mortem AD, DLB, MS, and CN brains. 

We hypothesized that cholinergic system changes, increased neuropathological 

load, and neuroinflammatory processes would be observed within nuclei associated with 

the regulation of the sleep-wake cycle. Specifically, we expected to observe: 1) a loss of 

cholinergic neurons, 2) increased neuropathological burden, and 3) increased presence 

and activation of immune cells indicating neuroinflammation within nuclei involved in 

sleep-wake cycle regulation. These cholinergic, neuropathological, and 

neuroinflammatory changes are likely contributors to the progression of 
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neurodegeneration and the manifestation of sleep disturbances observed in AD, DLB, and 

MS. 
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CHAPTER 2. Methods 

2.1. Brain Tissues 

 Post-mortem human brain tissues were obtained from the Maritime Brain Tissue 

Bank (Halifax, Nova Scotia, Canada) with approval to conduct experiments from the 

Nova Scotia Health Research Ethics Board. These included age- and sex-matched brains 

from 5 AD, 5 DLB, 4 MS, and 4 cognitively normal (CN) cases. In this study, AD cases 

were defined as individuals who fulfilled clinical (McKhann et al., 2011) and 

neuropathological diagnostic criteria for AD (Montine et al., 2012a), and DLB cases as 

those who fulfilled clinical and neuropathological (McKeith et al., 2005) diagnostic 

criteria for DLB, and MS cases as persons who fulfilled clinical and neuropathological 

(Bø et al., 1994; McDonald et al., 2001) criteria for MS, and CN as those with no clinical 

history of cognitive impairment. Demographic details of all cases are summarized in 

Table 2.1., and clinical information relating to sleep disturbances in Table 2.2. 

The brains were bisected sagittally at the midline during autopsy, with one 

hemisphere dedicated to neuropathological diagnosis by a neuropathologist, and the 

remaining hemisphere sent to the Maritime Brain Tissue Bank. The hemispheres 

dedicated to the Maritime Brain Tissue Bank were cut coronally into 1-2 cm slabs and 

immersion fixed in 10% formalin in 0.1 M phosphate buffer (PB; pH 7.4) at 4 ºC for 1-5 

days. The slabs were cryoprotected in increasing concentrations of sucrose (10%, 20%, 

30%, and 40%) in PB, for approximately 2 days at each concentration. Tissue was stored 

in 40% sucrose in PB with 0.6% sodium azide at 4 ºC until needed. Note, initially, the 

study aimed to include three age-matched females and three age-matched males for each  

group, for a total of 24 brains. However, due to various factors such as brain 
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Table 2.1 Case demographic details 

 Case Sex Age 
(y) 

Brain 
Weight 

(g) 
Cause of Death 

Post-
Mortem 
Interval 

(hrs) 

Time 
in Fix 

(d) 

Braak 
Stageb 

CERAD 
Scorec 

A
lz

he
im

er
’

s D
ise

as
e 

(A
D

)  

AD1 F 58 1120 Cardiorespiratory Failure 19 2 VI Frequent 

AD2 F 92 1009 Pneumonia 10 3 IV Frequent 

AD3 M 58 1470 Cardiorespiratory Failure 
& Acute Renal Failure 10.75 2.96 VI Frequent 

AD4 M 72 1344 Respiratory Failure n/aa 1.9 IV Moderate-
Frequent 

AD5 M 95 1215 Pneumonia & Congestive 
Heart Failure 35 4 V Frequent 

D
em

en
tia

 w
ith

 L
ew

y 
bo

di
es

 (D
LB

) 

DLB1 F 87 1070 Pneumonia 21 4.25 n/a Sparse 

DLB2 F 96 1200 n/a 8 3.96 III Moderate 

DLB3 M 69 1450 Pneumonia 23 2.25 I n/a 

DLB4 M 81 1317 Pneumonia n/a 2 I Sparse 

DLB5 M 89 1312 n/a 24 3 n/a Sparse 

M
ul

tip
le

 sc
le

ro
sis

 
(M

S)
 

MS1 F 63 1357 Cardiovascular Accident n/a 5 n/a n/a 

MS2 F 64 1160 Septic Shock 7 2.15 n/a n/a 

MS3 F 66 1380 n/a n/a 5 n/a n/a 

MS4 M 50 1080 n/a 10.83 2 n/a n/a 

C
og

ni
tiv

el
y 

N
or

m
al

 (C
N

)  
 

CN1 F 63 1325 Esophageal Carcinoma 15.5 2.02 0 None 

CN2 F 80 1300 Perforated Bowel & 
Peritoneal Carcinomatosis 9 2.27 1 None 

CN3 F 100 1258 Myocardial Infarct 6 6 IV Moderate 

CN4 M 104 1249 Cardiorespiratory Arrest 39 2.3 IV Sparse 
an/a = information not available 
bBraak et al. (2006) 
cMirra et al. (1991) 
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Table 2.2 Clinical information relating to sleep disturbances 

 Case Relevant Clinical Details 
A

lz
he

im
er

’
s D

is
ea

se
 

(A
D

) 
AD1 Rapid eye movement sleep behaviour disorder (REMBD) 

AD2 n/n 

AD3 Insomnia, changes to circadian rhythm, sleep-wake reversal 

AD4 n/n 

AD5 n/n 

D
em

en
tia

 w
ith

 L
ew

y 
bo

di
es

 (D
LB

) 

DLB1 Nightmares, hallucinations 

DLB2 n/a 

DLB3 REMBD 

DLB4 REMBD, possible sleep apnea, Systemic Lupus Erythematosus 

DLB5 n/n 

M
ul

tip
le

 sc
le

ro
sis

 
(M

S)
 

MS1 Possible REMBD, poor transitions between wakefulness and sleep, slow brain waves 
during wake 

MS2 n/n 

MS3 n/a 

MS4 n/n 

C
og

ni
tiv

el
y 

N
or

m
al

 (C
N

)  
 

CN1 n/n 

CN2 Difficulties with sleep initiation due to pain 

CN3 Sundowning, sleep disturbances not yet diagnosed 

CN4 n/a 

n/n = nothing noted with regards to sleep 
n/a = no information available 
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unavailability and imprecise midline bisection cuts, these figures underwent slight 

modifications, resulting in a total of 18 brains examined in this study. Among the cases 

examined, certain regions were inaccessible, such as Ch1 for AD3, AD5, DLB1, MS2, 

MS4, and CN3 due to its fragile nature and did not withstand bisection during autopsy. In 

addition to the Ch1 region being unavailable for case CN3, the Ch2 and Ch6 regions were 

additionally inaccessible. The BF, including Ch1, Ch2, Ch4a, and Ch4p regions, were 

unavailable for case MS3 due to severe freezing artifact resulting in tissue breakdown. 

It's important to mention that in certain instances, the Ch4a subsector, specifically 

Ch4am/al, was targeted due to its known projection locations but was not accessible for 

staining. In such cases, Ch4ai, the neighboring sector of the anterior Ch4, was utilized 

instead. Considering this, it is appropriate to designate the anterior sector, comprising 

both Ch4am/al and, where applicable, Ch4ai, should herein be referred to as Ch4a.  

The cryoprotected tissue blocks from the BS and BF were cut with a Leica 

SM2000R microtome (Leica Microsystems Inc., Nussloch, Germany) with a Physitemp 

freezing stage and BFS-40MPA controller (Physitemp Instruments LLC, Clifton, NJ, 

United States) in 50 µm serial coronal sections. Sections were stored in 40% sucrose with 

0.6% sodium azide in PB at -20 ºC until they were used for staining experiments. 

2.2. Immunohistochemical Staining 

Standard immunohistochemical techniques were employed using specific primary 

antibodies (Table 2.3) to detect ChAT-positive neurons, Iba1-positive microglia and 

GFAP-positive astrocytes to examine inflammation, Aβ plaques, tau NFTs and neuropil 

threads (NTs), α-synuclein Lewy bodies (LBs) and neurites (LNs), and phosphorylated 

Tar DNA binding protein 43 (pTDP-43) neuronal cytoplasmic inclusions (NCIs) and 
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dystrophic neurites (DNs) to detect neuropathology, as done previously (Hamodat et al., 

2019; Maxwell et al., 2022; McKeith et al., 2005). In addition, immunohistochemical 

staining using a primary antibody (Table 2.3) for myelin basic protein was performed to 

detect demyelinated MS lesions.  
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Table 2.3 Antibodies used for immunohistochemical staining 

Antibody 
Host 

Animal Dilution Manufacturer 
Catalogue 
Number 

Polyclonal anti-
amyloid-β-peptide Rabbit 1:400 Invitrogen 71-5800 

Polyclonal anti-
human tau 

Rabbit 1:16,000 Dako A0024 

Monoclonal anti-α-
synuclein 

Mouse 1:200 Invitrogen 18-0215 

Polyclonal anti-
choline 

acetyltransferase 
(ChAT) 

Goat 1:1000 Millipore AB144P 

Monoclonal anti-
glial fibrillary 
acidic protein 

(GFAP) 

Mouse 1:2500 New England Biolabs 3670 

Polyclonal anti-
Iba1 Rabbit 1:2000 Wako 019-19741 

Monoclonal anti-
myelin basic 

protein (MBP) 
Mouse 1:200 Millipore AB384 

Monoclonal 
antiTAR DNA-

binding protein 43, 
phosphoSer409/410 

(Clone 11-9) 

Mouse 1:48,000 Cosmo Bio 
CAC-TIP-PTD-

M01 

Tryptophan 
hydroxylase 

Sheep 1:1000 Millipore AB1541 
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All tissues were rinsed in PB for 30 mins. Sections stained for Aβ were subjected 

to antigen retrieval, starting with a 5 min rinse with 0.5 M PB, followed by a 15 min rinse 

in distilled water (dH2O), then were gently agitated in 95% formic acid for 2 mins, 

succeeded by five 1 min rinses in dH2O and a final 30 min rinse in PB. All sections were 

treated with 0.3% hydrogen peroxide (H2O2) in phosphate buffer (PB) for 30 min to 

quench endogenous peroxidase activity, followed by a 30 min rinse in PB. Sections 

designated for α-synuclein, ChAT, GFAP, and pTDP-43 staining underwent antigen 

retrieval involving a 30min incubation, while those designated for MBP and Iba1 

underwent a 20 min incubation in 0.01 M citrate buffer (pH 6.0) at 80 ºC. All sections 

were rinsed for 30 minutes in PB after tissue cooled slowly to room temperature. All 

sections were immersed overnight (16-18 h) in PB containing 0.1% Triton X-100, 1:100 

normal goat serum for α-synuclein, Aβ, GFAP, pTDP-43, Iba1, tau, and MBP or normal 

rabbit serum for ChAT, and the respective primary antibody at room temperature. After a 

30 min PB rinse, sections were incubated for 1 h at room temperature in PB containing 

0.1% Triton X-100, 1:1000 normal goat serum for α-synuclein, Aβ, GFAP, pTDP-43, 

Iba1, tau, and MBP or 1:1000 normal rabbit serum for ChAT, and the appropriate 

biotinylated secondary antibody (1:500). Following another 30 min PB rinse, sections 

were treated for 1 hour at room temperature with the Vectastain Elite ABC kit (1:182; 

PK6100, Vector Laboratories, Burlingame, CA, United States) according to the 

manufacturer’s instructions. After a final 30 min PB rinse, sections were developed in 

1.39 mM 3,3’-diazobenzidine tetrahydrochloride (DAB) in PB for 5 mins, with the 

addition of 50 μL of 0.3% H2O2 in PB per mL of DAB solution. The reaction was halted 

by rinsing sections in 0.01 M acetate buffer (pH 3.3) for 30 mins. Control experiments 
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confirmed the absence of staining when omitting the primary antibody. Finally, all 

sections were mounted on slides and coverslipped for examination using brightfield 

microscopy. 

2.3. Histochemical Staining 

 Thionin staining for Nissl substance was used to examine cytoarchitecture of the 

BF and BS as well as counterstain for immunohistochemically stained α-synuclein and 

pTDP-43. Mounted sections underwent dehydration through a sequence of ethanol 

washes (70–100%), were cleared in xylene, and subsequently rehydrated in a series of 

ethanol washes (100–70%), followed by distilled water (dH2O). The sections were 

briefly immersed in thionin dye for 3 seconds, then rinsed in dH2O, followed by a series 

of ethanol washes (70–100%), xylene, and finally coverslipped using an aqueous 

mounting medium. 

 Histochemical staining was conducted to visualize the activity of AChE and 

BChE using a modified (Maxwell et al., 2022) Karnovsky-Roots method (Karnovsky & 

Roots, 1964). All necessary reagents were procured from Sigma-Aldrich (St. Louis, MO, 

United States). Tissue sections underwent a 30 min rinsing in 0.1 M maleate buffer (MB; 

pH 7.4), followed by immersion in 0.15% H2O2 in MB for 30 mins to quench endogenous 

peroxidase activity. After another 30 min rinse in MB, the sections were treated with the 

Karnovsky-Roots solution for varying durations (between 3 and 48 h), depending on the 

fixation time of individual cases. The Karnovsky-Roots solution for BChE staining 

comprised 0.5 mM sodium citrate, 0.47 mM cupric sulphate, 0.05 mM potassium 

ferricyanide, 0.8 mM butyrylthiocholine iodide (BChE substrate), and 0.01 mM BW 284 

C 51 (an AChE-specific inhibitor) in MB at either pH 6.8 or 8.0. Visualization of 



 

102 
 

cholinesterase activity associated with neuropathological structures used a pH of 6.8, 

whereas visualization of cholinesterase activity associated with normal neural structures, 

including neurons and glia, used a pH of 8.0. Subsequently, the sections were rinsed for 

30 mins in dH2O before incubation in 0.1% cobalt chloride in dH2O for 10 mins. 

Following another 30 min rinse in PB, the sections were developed by incubation in 1.39 

mM DAB in PB for 5 mins, with the reaction initiated by adding 50 μL of 0.15% H2O2 in 

PB per mL of DAB solution. Finally, to halt the reaction, the sections were rinsed in 0.01 

M acetate buffer (pH 3.3) for 30 mins. 

 Histochemical staining protocol for the visualization of AChE activity closely 

mirrored those used for BChE, with the exception that 0.4 mM acetylthiocholine iodide 

(the substrate for AChE) was employed alongside 0.06 mM ethopropazine (a BChE-

specific inhibitor).  

Histochemical staining was performed to visualize the distribution of neurons 

containing the enzyme NADPH-d, a marker of neuronal nitric oxide synthase. NADPH-d 

activity is promoted by the catalytic activity of NOS to reduce nitro blue tetrazolium to 

diformazan, a dark blue-purple precipitate, thereby identifying a subset of neurons 

containing the enzyme (Hope et al., 1991). All necessary reagents were procured from 

Sigma-Aldrich (St. Louis, MO, United States). Tissue sections were rinsed for 30 mins in 

0.05 M Tris-buffered saline (TBS; pH 7.6), followed by another 30 min rinse in 0.05 M 

Tris HCl buffer with 0.2% Triton X-100 (pH 8.0). Sections were then incubated in 

NADPH-d staining solution containing 0.4 mg/mL nitro blue tetrazolium and 0.84 

mg/mL reduced β-NADPH-d tetrasodium salt in 0.05 M Tris HCl buffer with 0.2% 
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Triton X-100 (pH 8.0) in the dark at 37ºC for about an hour. Subsequently, the sections 

were rinsed for 30 mins in TBS (pH 7.6).  

Control experiments were conducted to confirm the specificity of staining for 

AChE and BChE, following previously performed methods (Darvesh, Reid, et al., 2010). 

Subsequently, all sections were mounted on slides and covered for examination under 

brightfield microscopy. 

2.4. Data Analysis 

Regions of interest were parcellated using sections stained for Nissl substance 

with thionin, ChAT, tyrosine hydroxylase, and cholinesterase activity at pH 8.0 to 

identify the nuclei of interest. Nuclei of interest examined within the basal forebrain (BF) 

included the medial septal nucleus (Ch1), nucleus of the vertical limb of the diagonal 

band of Broca (Ch2), and anteromedial/anterolateral (Ch4a) and posterior (Ch4p) sectors 

of nucleus basalis of Meynert (Fig. 2.1). The BF nuclei of interest were parcellated using 

Nissl, ChAT, and AChE staining, based on the methods established by Mesulam et al. 

(1983). The nuclei were subsequently named according to the 'Ch' nomenclature, also as 

designated by Mesulam et al. (1983). Brainstem (BS) nuclei examined were the 

pedunculopontine nucleus (Ch5), laterodorsal tegmental nucleus (Ch6), dorsal raphe 

(DR) nucleus, and locus coeruleus (LC). The Ch5 and Ch6 regions were delineated using 

Nissl, ChAT, and AChE staining, based on the methods by Mesulam et al. (1983). The 

DR was identified using tryptophan hydroxylase staining as done by Monti (2010), while 

the locus coeruleus (LC) was delineated using Nissl staining and recognizing its naturally 

dark brown, neuromelanin-containing neurons as done by Mesulam et al. (1989). The 
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Ch5 and Ch6 BS nuclei were also named according to the 'Ch' nomenclature designated 

by Mesulam et al. (1983).  

Analysis of the abundance of normal neural elements was performed to determine 

neuronal counts. Neuronal quantification involved employing various staining 

techniques, such as thionin for Nissl substance, and methods to visualize AChE-, BChE-, 

ChAT-, and NADPH-d-positive neurons. Glia, including microglia and astrocytes, were 

additionally quantified and morphologically characterized using immunohistochemical 

staining techniques that targeted Iba1 and GFAP proteins, respectively. Next, the 

abundance, morphology, and distribution of pathology was assessed using staining 

techniques for Aβ, α-synuclein, tau, pTDP-43, and for AChE and BChE activity at pH 6.8 

was examined in the nuclei of interest. 

2.4.1. Imaging and Microscopy 

Sections from the BF and BS were analyzed using brightfield microscopy and 

photographed with a Zeiss Axio Scan.Z1 slide scanner with Zen 3.1 Blue Edition 

software (Carl Zeiss Canada Ltd, Toronto, Canada).  

2.4.2. Analysis of Normal Neurons, Microglia, and Astrocytes 

Tissue sections stained for normal neural elements including thionin for Nissl 

substance, and AChE-, BChE-, ChAT-, and NADPH-d-positive neurons were analyzed 

using brightfield microscopy. Neurons, microglia, and astrocytes within each region of 

interest were quantified. This involved counting neurons or immune cells within a 

500x500µm box positioned within the confines of the nucleus, digitally placed onto the 

scanned slide section using the Zen 3.1 Blue Edition software. Neuron counts were 

completed using ImageJ software with the multi-point tool. 
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Counts for Nissl substance-, AChE-, BChE-, ChAT-, NADPH-d-positive, and 

lcous coeruleus pigmented neurons were compared between the CN, AD, DLB, and MS 

groups in each region of interest using Wilcoxon-Mann-Whitney tests. Significant 

differences between mean neuropathological scores were denoted as follows: *p<0.05; 

**p<0.01; ***p<0.001. 

The morphological characteristics of microglia and astrocytes were also 

described. Microglia and astrocytes were observed to exhibit various states, including 

ramified, activated (characterized by swelling of the cell body and processes), or 

dystrophic (evident as beading/fragmentation of processes, indicating senescence, 

exhaustion, and/or dysfunction), providing insights into their physiological state. 

2.4.3. Neuropathology Analysis 

Neuropathological loads for Aβ, tau, pTDP-43, and for AChE and BChE activity 

at pH 6.8 stains were analyzed using a semi-quantitative score adapted from a modified  

CERAD neuropathology diagnostic protocol where: 0 = no pathology; 1 = sparse 

pathology; 2 = moderate pathology; 3 = frequent pathology (Hamodat et al., 2019; Mirra 

et al., 1991).  

Neuropathological density staging for α-synuclein pathology followed a separate 

diagnostic protocol where: Stage 0 = no pathology; Stage 1 = mild pathology; Stage 2 = 

moderate pathology; Stage 3 = severe pathology; Stage 4 = very severe pathology 

(McKeith et al., 2005). In cases where the criteria were partially met for two stages, an 

intermediate score was assigned. For example, according to McKeith et al. (2005), stage 

1 is characterized by sparse Lewy bodies (LBs) or Lewy neurites (LNs), whereas stage 2 

is characterized by more than one LB and sparse LNs. In an example scenario where 
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there is one LB and sparse LNs present, a score of 1.5 would be assigned because the 

criteria for both stage 1 and stage 2 are partially fulfilled. 

Multiple sclerosis (MS) lesions were histologically classified into active, chronic 

active, and chronic inactive categories based on the density and distribution of microglia 

(Bø et al., 1994). Active white matter (WM) MS lesions were characterized by 

hypercellularity throughout. Chronic active WM MS lesions were identified by a 

hypercellular rim and a relatively hypocellular center. Chronic inactive WM MS lesions 

were characterized by hypocellularity throughout (Bø et al., 1994). Classification of 

microglial activity in gray matter (GM) MS lesions differed from that in WM MS lesions 

(Peterson et al., 2001). GM lesions were designated as active if they exhibited a 

hypercellular rim and a relatively hypercellular core and adjacent region compared to 

surrounding normal GM tissue. Chronic active GM MS lesions displayed a hypercellular 

rim and a core that is either hypocellular or of similar density to surrounding normal GM 

tissue. GM lesions were classified as chronic inactive if they displayed a cellular density 

comparable to surrounding normal GM tissue and lacked a hypercellular rim (Peterson et 

al., 2001). 

2.4.4. Statistical Testing 

Due to the small sample sizes in this study, where the data cannot reasonably be 

assumed to follow a normal distribution or have equal variances, a nonparametric test 

such as the Mann-Whitney rank sum test was utilized to statistically analyze the data 

(Morgan, 2017). This test was chosen for its robustness and suitability for handling data 

that do not meet the assumptions required for parametric tests. Specifically, the Mann-

Whitney rank sum test was applied to process data related to normal neural elements, 
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including neuron counts, neuropathological scores, and microglia and astrocyte counts. 

This approach ensured that the statistical analysis was both appropriate and reliable, 

given the characteristics of the dataset. 
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CHAPTER 3. Results 

3.1. Parcellation of the Basal Forebrain and Brainstem 

 Sections stained for AChE activity at pH 8.0 and ChAT immunohistochemistry 

was used to parcellate the BF (Fig. 3.1) and additionally NADPH-d histochemistry for 

the BS (Fig. 3.2). Parcellation of the BF in the context of cholinergic neuron distribution 

has been described in detail by Mesulam et al. (Geula et al., 2021; Mesulam et al., 1983, 

1986; Mesulam & Geula, 1988). Ch1, also known as the medial septal nucleus, was 

present in a small proportion of cases, typically with only the most ventral portion intact, 

as this delicate region is frequently severed during brain bisection. The Ch1 group was 

located in the medial septal region, positioned along midline of the brain, dorsal to Ch2, 

and at the rostral extent of the anterior commissure (Fig. 3.1A, D). AChE- and ChAT-

positive neurons in this nucleus were notably small and sparse. This nucleus was 

particularly challenging to identify, especially in the neurodegenerative cases examined.  

The Ch2 group (Fig. 3.1A, D), alternatively referred to as the nucleus of the 

vertical limb of the the diagonal band of Broca, was located ventral to Ch1. AChE- and 

ChAT-positive neurons in this nucleus were more easily identifiable than those in Ch1 

because they were larger and more abundant, as previously described by Mesulam et al. 

(Mesulam et al., 1983). The neuronal axes and neuropil in the Ch2 group was observed to 

align parallel to the course of the diagonal band. The Ch2 group of neurons were 

observed to merge with those found dorsally in Ch1 and ventrally with nucleus of the 

horizontal limb of the diagonal band of Broca (Ch3) and the nucleus basalis of Meynert 

(Ch4). 
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Figure 3.1 Representative basal forebrain (BF) sections immunohistochemically stained 
for choline acetyltransferase (ChAT; top row) and histochemically stained for 
acetylcholinesterase (AChE; bottom row) in corresponding regions of the medial septal 
nucleus (Ch1; A, D), nucleus of the vertical limb of the diagonal band of Broca (Ch2; A, 
D), and anterior (Ch4a; B, E) and posterior (Ch4p; C, F) sectors of the nucleus basalis of 
Meynert in a cognitively normal case. While denoted as Ch4a to encompass the anterior 
sector of the Ch4 complex, B and E depict precisely the Ch4ai subsector. Scale bar = 1 
cm. Abbreviations: ac, anterior commissure; Cd, caudate nucleus; cc, corpus callosum; cl, 
claustrum; GP, globus pallidus; GPe, globus pallidus externus; GPi, globus pallidus 
internus; ic, internal capsule; Ins, insula; MMB, mammillary body; opt, optic tract; Put, 
putamen; son, supraoptic nucleus; Thal, thalamus. 
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The neurons of the Ch4 region were easily identifiable because they were 

magnocellular, hyperchromic, had prominent nucleoli, and were isodendritic as observed 

in Nissl staining, consistent with descriptions by Mesulam et al. (1988). Additionally, 

Ch4 neurons in CN cases stained intensely for ChAT and AChE, aligning with reports by 

Mesulam et al. (1988). The most anterior portion of the Ch4 complex, comprising the 

anteromedial/anterolateral subsectors, was denoted as Ch4am/al. This subsector exhibited 

a high density of ChAT- and AChE-positive neurons, accompanied by abundant neuropil, 

positioned ventral to the anterior commissure, consistent with descriptions by Mesulam et 

al. (1988). At this level, the anterior commissure was beginning to decussate, with 

Ch4am/al persisting caudally as the lateral recession of the anterior commissure began. In 

nearly all cases, a blood vessel was observed to project vertically that delineated Ch4am 

from Ch4al subsectors. 

Just caudal to Ch4am/al, lies the anterointermediate subsector of the Ch4 

complex, denoted as Ch4ai (Fig. 3.1B, E). This subsector was demarcated by 

macroscopic anatomical landmarks of this subsector include the division of the globus 

pallidus (GP) into internal (GPi) and external (GPe) regions by the internal medullary 

lamina, and the lateral recession of the anterior commissure ventral to putamen (Put) and 

external globus pallidus (GPe; Table 1.5). This region also exhibited a high density of 

easily identifiable magnocellular and hyperchromic neurons that stained intensely for 

ChAT and AChE, accompanied by abundant neuropil. 

 The most caudal subsector of the Ch4 complex, the posterior subsector, was 

denoted as Ch4p (Fig. 3.1C, F). Anatomical landmarks of this region included the lateral 

anterior commissure positioned ventrolateral to the putamen and at the level of the 
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mammillary body (Table 1.5). This subsector also contained many AChE- and ChAT-

positive neurons and neuropil. These neurons abutted upon the putamen. 

 Parcellation of the BS in the context of cholinergic neuron distribution has also 

been described in detail by Mesulam et al. (Mesulam et al., 1989). The pedunculopontine 

nucleus (Ch5) was optimally observed around the anatomical level corresponding to that 

of the trochlear nucleus. Ch5 was delineated by the presence of intensely stained AChE-, 

ChAT-, and NADPH-d-positive neurons and neuropil. Ch5 neurons were observed to 

exhibit perikaryal heteromorphism, were isodendritic, and lacked a common orientation, 

as well as extended beyond arbitrary cytoarchitectural boundaries of its nucleus 

(Mesulam et al., 1989). Relative boundaries used to delineate the Ch5 nucleus included 

the medial longitudinal fasciculus, the decussation of the superior cerebellar peduncles, 

and the substantia nigra. A dense cluster of Ch5 neurons, referred to as the compact 

sector of Ch5 (Ch5c), was observed, with diffuse Ch5 neurons surrounding it, designated 

as the diffuse sector of Ch5 (Ch5d).  

 The laterodorsal tegmental nucleus (Ch6) was located caudal relative to Ch5 (Fig. 

3.2D, E, F). This nucleus was optimally observed at the anatomical level corresponding 

to the mid-rostral-caudal extent of the locus coeruleus (LC) and positioned within the 

rostral pontine central grey. Ch6 was bounded ventrally by the medial longitudinal 

fasciculus and dorsally by the fourth ventricle. However, this nucleus contains no clear 

delineation of boundaries, for which its AChE-, ChAT-, and NADPH-d-positive neurons 

extended into the adjacent LC and medial longitudinal fasciculus. Similar to Ch5, nearly 

all ChAT-positive neurons also exhibited NADPH-d activity staining. Though, Ch6 was 

observed to have a smaller density of neurons than Ch5. Like Ch5 neurons, Ch6 neurons 
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Figure 3.2 Representative sections containing the nuclei of interest at two rostral-caudal 
extents of the brainstem (A) in a cognitively normal case. Corresponding sections at the 
rostral extent (B, C, D) contain the pedunculopontine nucleus (Ch5) and dorsal raphe 
nucleus (DR), while the sections at the caudal extent (E, F, G) contain the laterodorsal 
tegmental nucleus (Ch6) and locus coeruleus nucleus (LC). Sections were 
immunohistochemically stained for choline acetyltransferase (ChAT; B, E) and 
histochemically stained for acetylcholinesterase (AChE; C, F) and NADPH-diaphorase 
(NADPH-d; D, G). Scale bar in (A) = 1 cm, in (B, C, D, E, F, G) = 1 mm. Abbreviations: 
IC, inferior colliculus; mlf, medial longitudinal fasciculus; scp, superior cerebellar 
peduncle; xscp, decussation of the superior cerebellar peduncles. 
  



 

115 
 

were also observed to exhibit perikaryal heteromorphism, were isodendritic, and lacked a 

common orientation, as well as extended beyond indiscriminate cytoarchitectural 

boundaries of its nucleus (Mesulam et al., 1989).  

The dorsal raphe nucleus (DR; Fig. 3.2A, B, C), predominantly containing 

serotonergic (5-HT) neurons, was situated in the ventral region of the central gray matter 

spanning the mesencephalon and rostral pons, was instead identified through tryptophan 

hydroxylase immunohistochemistry (Koutcherov et al., 2004). Although not inherently 

cholinergic, occasional presence of AChE-, ChAT-, BChE-, and NADPH-d-positive 

neurons was noted. 

Finally, the LC (Fig. 3.2D, E, F) was readily identified by its naturally dark brown 

neuromelanin-containing neurons. Neuromelanin is contained within granules inside the 

neurons, producing a characteristic granular appearance that allowed for identification 

despite the presence of brown precipitate in certain stains used in this study. This nucleus 

was located within a relatively large rostral-caudal extent of the pons and lied rostrally in 

the caudal portion of the inferior colliculus and caudally at the level of the motor nucleus 

of the trigeminal nucleus. The LC was optimally observed at the mid-lower pontine level 

and situated in the lateral portion of the central grey matter, and bordered laterally by the 

superior cerebellar peduncle, ventrally by the medial longitudinal fasciculus, and 

medially by Ch6. This optimal rostral-caudal extent was use for all analyses in this study. 

3.2. Neurodegenerative Changes 

3.2.1. Cholinergic Changes 

The loss of cholinergic neurons has long been documented across various 

neurodegenerative conditions, especially in the dementias such as Alzheimer’s disease 
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(AD) and dementia with Lewy bodies (DLB; Geula et al., 2021). Evaluating relative 

neuronal counts provides insight into the extent of cholinergic and/or cholinoceptive 

alterations. Neurons positive for the acetylcholine-synthesizing enzyme choline 

acetyltransferase (ChAT), as well as for cholinesterases such as acetylcholinesterase 

(AChE) and butyrylcholinesterase (BChE), were quantified in regions of interest within 

the BF and BS within AD (Table 3.1), DLB (Table 3.2), multiple sclerosis (MS; Table 

3.2), and cognitively normal (CN; Table 3.1) brains. A figure illustrating ChAT and 

AChE neuron differences between groups in corresponding regions of the Ch4a region in 

the BF is presented in Figure 3.3. 

The Mann-Whitney statistical analysis for ChAT neuron counts across various 

brain regions of interest in the BF and BS comparing CN and AD brains revealed 

significant differences in specific areas (Table 3.1). In the Ch4a region, the mean count 

was 69.8 (± 5.2) ChAT neurons for CN brains, which was significantly higher than a 

mean of 30.4 (± 16.3) ChAT neurons for AD brains, with a p-value of 0.016. The Ch2, 

Ch4p, Ch6, DR, and LC regions did not show significant differences for mean ChAT 

neuron counts. For AChE neurons, significant differences were observed in the Ch4p 

region, where the mean neuron count in CN brains was 27.8 (± 2.4) which was 

significantly higher than 12.2 (± 6.5) for AD brains, yielding a p-value of 0.008. Other 

regions, including Ch1, Ch2, Ch4a, Ch5, Ch6, DR, and LC, did not demonstrate 

significant differences in ChAT or AChE neurons. Analysis of BChE neuron (Fig. 3.4) 

counts indicated no significant differences between CN and AD brains across all regions 

examined. 
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Figure 3.3 Differences in choline acetyltransferase (ChAT; A, C, E, F) and acetylcholinesterase (AChE; B, D, F, H) staining in the 
Ch4a region between cognitively normal (CN; A, B), Alzheimer’s disease (AD; C, D), dementia with Lewy bodies (DLB; E, F), and 
multiple sclerosis (MS; G, H) groups. Note the loss of ChAT and AChE staining, particularly in the region containing the Ch4a 
neurons and surrounding cholinergic regions such as the putamen. Abbreviations: ac, anterior commissure; Ch4a, anterior sector of the 
nucleus basalis of Meynert; Put, putamen. Scale bar = 1mm. 
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Figure 3.4 Butyrylcholinesterase (BChE)-positive neurons (arrows) and microglia (arrowheads) in the nucleus of the vertical limb of 
the diagonal band of Broca in a cognitively normal case. Note the larger size of the soma and axons of BChE neurons as compared to 
microglia. These microglia appear to be in a resting state, based on their ramified appearance. Scale bar = 50µm.  
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Table 3.1 Mann-Whitney statistical analysis of cholinergic neuron counts in regions of interest related to sleep comparing cognitively 
normal (CN) and Alzheimer’s disease (AD) brains 

 Cognitively Normal (CN)  Alzheimer’s Disease (AD) 
 N Mean St. Dev. Median  N Mean St. Dev. Median p value 

ChAT neurons           
Region           
Ch1 2 10.5 0.7 10.5  1 3.0 n/a 3.0 n/a 
Ch2 3 47.3 18.9 39.0  4 14.8 7.0 12.0 0.057 
Ch4a 4 69.8 5.2 69.0  5 30.4 16.3 35.0 0.016* 
Ch4p 4 42.3 18.2 38.0  5 19.2 16.7 14.0 0.071 
Ch5 4 41.8 24.9 40.0  5 17.6 13.6 11.0 0.191 
Ch6 3 6.7 7.2 3.0  5 7.4 6.9 5.0 0.714 
DR 4 2.0 2.5 1.5  5 0.2 0.5 0  0.286 
LC 4 5.3 3.9 3.5  5 4.4 6.1 2.0 0.452 
AChE neurons           
Region           
Ch1 2 10.5 3.5 10.5  2 4.5 3.5 4.5 0.333 
Ch2 3 18.3 11.9 13.0  5 14.0 6.2 13.0 0.857 
Ch4a 4 30.8 12.5 29.5  5 16.6 9.9 13.0 0.111 
Ch4p 4 27.8 2.4 27.0  5 12.2 6.5 10.0 0.008** 
Ch5 4 22.8 4.5 21.5  5 14.4 8.0 11.0 0.286 
Ch6 3 8.7 6.0 8.0  5 8.4 7.3 5.0 0.839 
DR 4 1.5 1.0 2.0  5 0.2 0.5 0 0.087 
LC 4 5.5 5.2 3.5  5 1.3 1.5 1.0 0.171 
BChE neurons           
Region           
Ch1 2 0 0 0  2 0 0 0 1 
Ch2 3 2.0 1.7 1.0  5 1.8 1.3 1.0 1 
Ch4a 4 4.5 3.5 4.5  5 2.8 1.8 3.0 0.564 
Ch4p 4 2.5 3.0 1.0  5 1.4 0.6 1.0 1 
Ch5 4 4.8 2.9 5.5  5 2.0 1.9 2.0 0.214 
Ch6 3 8.0 3.5 10.0  5 1.8 2.2 1.0 0.071 
DR 4 1.0 1.4 0.5  5 0 0 0 0.167 
LC 4 5.5 4.8 4.5  5 2.2 1.9 2.0 0.262 
n/a = values not available 
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Next, the Mann-Whitney statistical analysis for ChAT neuron counts comparing 

CN and DLB brains indicated significant differences in several regions (Table 3.2). In the 

Ch2 region, the mean ChAT neuron count for DLB brains (10.6 ± 5.9) was significantly 

lower compared to CN brains (47.3 ± 18.9), with a p-value of 0.036. Ch4a region also 

showed a significant reduction in ChAT neuron count for DLB brains (24.6 ± 15.7) as 

compared to CN brains (69.8 ± 5.2), with a p-value of 0.016. Similar significant 

reductions were observed in the Ch4p region (10.2 ± 6.8 for DLB vs. 42.3 ± 18.2 for CN, 

p = 0.016). The other regions analyzed, including Ch1, Ch5, Ch6, DR, and LC, did not 

show significant differences. Significant differences were found in the Ch4p region for 

AChE neuron counts, where the mean in DLB brains (9.8 ± 6.0) was significantly lower 

compared to CN brains (27.8 ± 2.4), yielding a p-value of 0.016. The Ch5 region also 

demonstrated significant differences in AChE neuron counts, with an average of 13.0 (± 

5.2) neuron for DLB compared to 22.8 (± 4.5) neurons for CN, giving a p value of 0.024. 

The other regions, Ch6, DR, and LC, did not show significant differences. For BChE 

neuron counts, the analysis revealed significant differences only in the Ch6 region, where 

the mean neuron count in DLB brains of 1.2 (± 0.5) BChE neurons was significantly 

lower an average of 8.0 (± 3.5) BChE neurons n in CN brains, with a p-value of 0.018. 

The remaining regions of interest did not show significant differences for BChE neuron 

counts. According to Geula et al. (2021), there is evidence that BF cholinergic neurons 

are also vulnerable to degeneration in DLB, though further investigation is required. 

Consistent with this, the results from this study relating to ChAT and AChE neuron 

counts suggest that this region is particularly vulnerable to the loss of cholinergic 

neurons.
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Table 3.2 Mann-Whitney statistical testing of cholinergic neuron counts in regions of interest related to sleep comparing cognitively 
normal (CN), dementia with Lewy bodies (DLB), and multiple sclerosis (MS) brains 

 Dementia with Lewy bodies (DLB)  Multiple sclerosis (MS) 
 N Mean St. Dev. Median p value  N Mean St. Dev. Median p value 

ChAT neurons            
Region            
Ch1 3 3.0 1.7 3.0 0.437  0 n/a n/a n/a n/a 
Ch2 5 10.6 5.9 9.0 0.036*  3 27.3 24.8 23.0 0.400 
Ch4a 5 24.6 15.7 21.0 0.016*  3 53.3 8.1 52.0 0.057 
Ch4p 5 10.2 6.8 7.0 0.016*  3 71.3 43.3 81.0 0.629 
Ch5 5 10.8 7.9 8.0 0.064  4 35.3 24.0 35.0 0.343 
Ch6 5 5.0 3.1 5.0 0.893  4 9.0 10.0 6.5 0.857 
DR 5 0.4 0.6 0 0.528  4 2.0 2.8 1.0 1 
LC 5 6.0 3.3 5.0 0.573  4 9.0 3.7 8.5 0.171 
AChE neurons            
Region            
Ch1 3 1.7 1.5 2.0 0.200  0 n/a n/a n/a n/a 
Ch2 5 13.0 5.7 16.0 0.964  3 28.0 14.8 35.0 0.400 
Ch4a 5 20.0 13.6 15.0 0.127  3 29.3 12.0 30.0 0.971 
Ch4p 5 9.8 6.0 10.0 0.016*  3 28.7 7.2 25.0 0.571 
Ch5 5 13.0 5.2 11.0 0.024*  4 19.8 4.3 18.0 0.257 
Ch6 5 5.6 1.7 6.0 0.446  4 9.8 2.4 9.0 0.886 
DR 5 1.2 1.8 0 0.810  4 0.3 0.5 0 0.143 
LC 5 6.6 3.6 6.0 0.516  4 4.3 2.2 5.0 1 
BChE neurons            
Region            
Ch1 3 0.3 0.6 0 1  0 n/a n/a n/a n/a 
Ch2 5 2.6 2.1 2.0 0.750  3 3.3 2.5 3.0 0.700 
Ch4a 5 2.4 0.9 3.0 0.675  3 4.3 1.5 4.0 1 
Ch4p 5 2.2 2.7 1.0 1  3 2.0 1.0 2.0 0.657 
Ch5 5 2.0 1.4 3.0 0.143  4 3.3 1.7 3.5 0.514 
Ch6 5 1.2 0.5 1.0 0.018*  4 2.0 0.8 2.0 0.057 
DR 5 0.2 0.5 0 0.405  4 0.5 0.6 0.5 1 
LC 5 3.0 3.1 3.0 0.437  4 2.8 2.2 3.0 0.486 

n/a = values not available 
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In the analysis of MS brains, no significant differences were observed in the 

ChAT, AChE, and BChE neuron counts across all regions when compared to CN brains 

(Table 3.2). 

3.2.2. Nicotinamide Adenine Dinucleotide Phosphate-Diaphorase Neurons 

Nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d) neurons 

were identified by an intense dark blue-purple staining of the neuronal soma and axons 

(Fig. 3.5) and quantified in each region of interest across all groups (Fig. 3.6; Table 3.3). 

Overall, NADPH-d neuron counts in AD brains were generally lower than in CN brains 

across most regions (Fig. 3.6; Table 3.3). In region Ch1, there were 0 NADPH-d neurons 

on average in AD while CN brains had an average of 1.0 (p = 0.100). Region Ch2 in AD 

cases showed a mean count of 1.4 NADPH-d neurons versus 6.3 in CN cases (p = 0.143). 

For Ch4a, the mean was 3.2 compared to 5.0 in CN cases (p = 0.246), and Ch4p had a 

mean of 1.0 compared to 8.8 in CN cases (p = 0.135). The Ch5 region had a mean of 8.6 

(± 15.6) versus 36.3 (± 29.3) in CN brains (p = 0.056). The Ch5 region in both AD and 

CN cases demonstrated the highest standard deviation amongst the regions examined. 

Region Ch6 had a mean of 6.2 compared to 9.7 in CN (p = 0.375). The DR region was 

significantly different from that of CN brains and had no neurons in AD (p = 0.048), 

whereas CN had a mean of 3.0 NADPH-d neurons. The LC region showed a mean count 

of 3.0 in AD and 2.5 in CN (p = 0.714). 

Overall, NADPH-d neuron counts in DLB brains were also generally lower, 

however, none were significantly different compared to those in CN brains (Table 3.3). In 

region Ch1, the mean count was 1.3 compared to 1.0 in CN (p = 1). Ch2 displayed a 

mean of 5.4 versus 6.3 in CN (p = 0.875). For Ch4a, the mean was 5.6 compared to  
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Figure 3.5 Photomicrographs of dark blue-purple NADPH-diaphorase neurons in the 
brainstem (A) contrasted by dark brown neuromelanin-containing locus coeruleus 
neurons, and in the basal forebrain (B) within the anterior nucleus basalis of Meynert. 
Scale bar = 200µm.  
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Figure 3.6 Average NADPH-diaphorase neuron counts in cognitively normal (CN), 
Alzheimer’s disease (AD), dementia with Lewy bodies (DLB), and multiple sclerosis 
(MS) groups in the basal forebrain (BF; A) and brainstem (BS; B). Values are mean ± 
SD. 
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Table 3.3 Mann-Whitney statistical testing of average NADPH-diaphorase neurons in 
regions of interest related to sleep comparing cognitively normal (CN), Alzheimer’s 
disease (AD), dementia with Lewy bodies (DLB), and multiple sclerosis (MS) brains 

 Cognitively Normal (CN)  
 N Mean St. Dev. Median  

Region      
Ch1 2 1.0 0 1.0  
Ch2 3 6.3 4.7 8.0  
Ch4a 4 5.0 2.5 5.5  
Ch4p 4 8.8 6.4 10.5  
Ch5 4 36.3 29.3 37.5  
Ch6 3 9.7 8.0 9.0  
DR 4 3.0 2.6 3.0  
LC 4 2.5 3.0 2.0  

 Alzheimer’s disease (AD)  
 N Mean St. Dev. Median p value 

Region      
Ch1 3 0 0 0 0.100 
Ch2 5 1.4 2.2 0 0.143 
Ch4a 5 3.2 1.6 3.0 0.246 
Ch4p 5 1.0 1.4 0 0.135 
Ch5 5 8.6 15.6 0 0.056 
Ch6 5 6.2 11.8 0 0.375 
DR 5 0 0 0 0.048* 
LC 5 3.0 2.9 2.0 0.714 

 Dementia with Lewy bodies (DLB)  
 N Mean St. Dev. Median p value 

Region      
Ch1 3 1.3 0.6 1.0 1 
Ch2 5 5.4 4.3 4.0 0.875 
Ch4a 5 5.6 2.4 5.0 0.762 
Ch4p 5 2.4 1.1 2.0 0.254 
Ch5 5 9.8 8.6 5.0 0.127 
Ch6 5 7.0 3.7 6.0 0.732 
DR 5 0.8 1.3 0 0.206 
LC 5 4.6 2.3 5.0 0.278 

 Multiple sclerosis (MS)  
 N Mean St. Dev. Median p value 

Region      
Ch1 0 n/a n/a n/a n/a 
Ch2 3 14.7 19.4 4.0 1 
Ch4a 3 6.7 2.3 8.0 0.314 
Ch4p 3 3.3 3.1 4.0 0.257 
Ch5 4 18.3 17.4 16.5 0.343 
Ch6 4 3.5 4.5 2.0 0.400 
DR 4 0 0 0 0.143 
LC 4 5.8 4.1 5.5 0.257 

n/a = values not available  
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5.0 in CN (p = 0.762), and Ch4p had a mean count of 2.4 versus 8.8 in CN cases(p = 

0.254). Region Ch5 had a mean of 9.8 (± 8.6) NADPH-d neurons compared to 36.3 in 

CN (p = 0.127), and this region was also characterized by the highest standard deviation 

amongst the regions examined. Region Ch6 had a mean count of 7.0 in DLB cases  

versus 9.7 in region Ch6 in CN (p = 0.732) cases. The DR region had a mean of 0.8 in 

DLB compared to 3.0 in CN (p = 0.206), and the LC region had a mean count of 4.6 

compared to 2.5 in CN (p = 0.278). 

In MS brains, NADPH-d neuron counts were relatively comparable to those in 

CN brains (Fig. 3.6; Table 3.3). In the Ch1 region, data was not available. Ch2 had a 

mean count of 14.7 compared to 6.3 in CN (p = 1). For Ch4a, the mean NADPH-d 

neuron count was 6.7 in MS cases compared to 5.0 in CN cases (p = 0.314), while Ch4p 

showed a mean count of 3.3 NADPH-d neurons in MS cases compared to 8.8 in CN (p = 

0.257). The Ch5 region had a mean of 18.3 (± 17.4) compared to 36.3 in CN (p = 0.343), 

and once again, demonstrating the highest standard deviation in this region. Ch6 showed 

a mean count of 3.5 compared to 9.7 in CN (p = 0.400). The DR region had no neurons in 

MS (p = 0.143), whereas CN had a mean of 3.0. The LC region showed a mean count of 

5.8 NADPH-d neurons in MS compared to 2.5 in CN (p = 0.257). 

In CN brains, region Ch1 had a mean count of 1.0, Ch2 had a mean of 6.3, Ch4a 

showed a mean of 5.0, and Ch4p had a mean of 8.8 NADPH-d neurons. Region Ch5 had 

a high mean count of 36.3 (± 29.23) while Ch6 displayed a mean of 9.7 NADPH-d 

neurons. The DR region had a mean of 3.0, and the LC region showed a mean count of 

2.5 NADPH-d neurons. 
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3.2.3. Locus Coeruleus Pigmented Neurons 

Locus coeruleus (LC) pigmented neurons, distinguished by the presence of dark 

brown neuromelanin-containing granules within the neurons (Fig. 3.7), were quantified in 

several control sections from each case within every group (Fig. 3.8). AD brains showed 

a mean of 27.8 (± 24.5, p < 0.001), while DLB brains had a mean of 7.7 (± 3.3, p < 

0.001), both significantly lower than CN brains, with a of 56.8 (± 18.2). MS brains did 

not differ statistically from CN brains, with a mean of 61.8 (± 15.7, p = 0.456). Many LC 

pigmented neurons in AD and DLB cases displayed signs of degeneration, evident not 

only through reduced neuron counts but also with the observation of neuromelanin  

fragments scattered throughout the nucleus (Fig. 3.9).  
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Figure 3.7 Photomicrographs of the locus coeruleus nucleus in negative control 
immunohistochemical stain sections comparing cognitively normal (CN; first column), 
Alzheimer’s disease (AD; second column), dementia with Lewy bodies (DLB; third 
column), and multiple sclerosis (MS; fourth column) brains. The numbers in each column 
correspond to the case number (Table 2.1). Scale bar = 200µm. 
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Figure 3.8 Locus coeruleus pigmented neuron counts in cognitively normal (CN), 
Alzheimer’s disease (AD), dementia with Lewy bodies (DLB), and multiple sclerosis 
(MS) brains in control stain sections. Note the significant reductions in AD and DLB 
groups as compared to CN brains, as well as the comparable values between CN and MS 
brains. Values are mean ± SD. Statistical analysis by Mann-Whitney test, ns = not 
significant, ***p<0.001. 
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Figure 3.9 Example of degenerated locus coeruleus (LC) pigmented neurons in a 
negative control Iba1 stain section of a dementia with Lewy bodies case. Arrows indicate 
intact LC pigmented neurons. Arrowheads point to neuromelanin fragments, and the 
asterisk marks a cluster of neuromelanin fragments in the extracellular space, from 
degenerated LC pigmented neurons. Scale bar = 100µm. 
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3.3. Neuropathological Changes 

Standard immunohistochemical techniques were employed using specific primary 

antibodies to detect Aβ plaques, tau NFTs and neuropil threads (NTs), α-synuclein Lewy 

bodies and neurites, and phosphorylated Tar DNA binding protein 43 (pTDP-43) 

neuronal cytoplasmic inclusions (NCIs) and dystrophic neurites (DNs). Histochemical 

methods used to examine pathological (pH 6.8) AChE and BChE expression. 

Neuropathological loads for Aβ, tau, pTDP-43, and for AChE and BChE activity at pH 

6.8 stains were analyzed using a semi-quantitative score adapted from a modified  

CERAD neuropathology diagnostic protocol where: 0 = no pathology; 1 = sparse 

pathology; 2 = moderate pathology; 3 = frequent pathology (Hamodat et al., 2019; Mirra 

et al., 1991). Neuropathological density staging for α-synuclein pathology followed a 

separate diagnostic protocol where: Stage 0 = no pathology; Stage 1 = mild pathology; 

Stage 2 = moderate pathology; Stage 3 = severe pathology; Stage 4 = very severe 

pathology (McKeith et al., 2005). 

Overall, a frequent abundance of Aβ plaques was observed in AD cases, with the 

greatest deposition of plaques observed in the BF in Ch2, Ch4a, and Ch4p and in the BS 

in Ch5, DR, and LC regions, and a lesser deposition in Ch1 in the BF and Ch6 in the BS 

(Fig. 3.10A, B). The regions in AD brains exhibiting significantly different Aβ plaque 

abundance scores compared to CN brains were: Ch2 (p = 0.018), Ch5 (p = 0.008), Ch6 (p 

= 0.018), DR (p = 0.008), and LC (p = 0.008; Table 3.4). Other regions, such as Ch1, 

Ch4a, Ch4p, and Ch5, did not show significant differences in Aβ plaque abundance 

between the groups. Tau NFTs were observed at a moderate-to-frequent abundance 

overall in AD cases. The highest abundance was seen in the Ch4a and Ch4p regions of  
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Figure 3.10 Average amyloid-β (Aβ) plaque abundance score in the basal forebrain (BF; A) and brainstem (BS; B) and average tau 
neurofibrillary tangle (NFT) abundance score in the basal forebrain (BF; C) and brainstem (BS; D) in cognitively normal (CN), 
Alzheimer’s disease (AD), dementia with Lewy bodies (DLB), and multiple sclerosis (MS) brains. Scores: 0 = no pathology; 1 = 
sparse pathology; 2 = moderate pathology; 3 = frequent pathology (Hamodat et al., 2019; Mirra et al., 1991). Values are mean ± SD.  
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Table 3.4 Mann-Whitney statistical testing of average Aβ plaque, tau NFT, and α-synuclein pathology abundance scores in regions of 
interest related to sleep comparing cognitively normal (CN) and Alzheimer’s disease (AD) brains 

 Cognitively Normal (CN)  Alzheimer’s Disease (AD) 
 N Mean St. Dev. Median  N Mean St. Dev. Median p value 

Amyloid-β (Aβ) plaques          
Region           
Ch1 3 0.3 0.6 0  3 2.0 1.0 2.0 0.200 
Ch2 3 0.7 1.2 0  5 3.0 0 3.0 0.018* 
Ch4a 4 1.5 1.7 1.5  5 3.0 0 3.0 0.167 
Ch4p 4 1.5 1.7 1.5  5 3.0 0 3.0 0.167 
Ch5 4 0 0 0  5 3.0 0 3.0 0.008** 
Ch6 3 0 0 0  5 2.6 0.9 3.0 0.018* 
DR 4 0.5 1.0 0  5 3.0 0 3.0 0.008** 
LC 4 0.3 0.5 0  5 3.0 0 3.0 0.008** 
Tau neurofibrillary tangles (NFTs)         
Region           
Ch1 3 0.3 0.6 0  4 1.8 0.5 2.0 0.086 
Ch2 3 0.3 0.6 0  5 2.2 0.8 2.0 0.071 
Ch4a 4 1.3 1.3 1.0  5 3.0 0 3.0 0.048* 
Ch4p 4 1.8 1.0 1.5  5 2.6 0.9 3.0 0.286 
Ch5 4 0.8 0.5 1.0  5 1.6 0.6 2.0 0.119 
Ch6 3 0 0 0  5 1.4 1.1 1.0 0.107 
DR 4 1.3 0.5 1.0  5 3.0 0 3.0 0.008** 
LC 4 1.00 0 1.0  5 2.2 0.8 2.0 0.048* 
α-synuclein pathology          

Region           
Ch1 3 0 0 0  3 0.3 0.6 0 1 
Ch2 3 0 0 0  5 0.2 0.5 0 1 
Ch4a 4 0 0 0  5 0.4 0.9 0 1 
Ch4p 4 0 0 0  5 0.3 0.7 0 1 
Ch5 4 0 0 0  5 0.2 0.5 0 1 
Ch6 3 0 0 0  5 0.2 0.5 0 1 
DR 4 0 0 0  5 0.3 0.7 0 1 
LC 4 0 0 0  5 0.2 0.5 0 1 
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Table 3.5 Mann-Whitney statistical testing of average Aβ plaque, tau NFT, and α-synuclein pathology abundance scores in regions of 
interest related to sleep comparing cognitively normal (CN), dementia with Lewy bodies (DLB), and multiple sclerosis (MS) brains 

 Dementia with Lewy bodies (DLB)  Multiple sclerosis (MS) 
 N Mean St. Dev. Median p value  N Mean St. Dev. Median p value 

Amyloid-β (Aβ) plaques          
Region            
Ch1 3 1.0 1.7 0 1  0 n/a n/a n/a n/a 
Ch2 5 1.8 1.6 3.0 0.250  3 0 0 0 1 
Ch4a 5 1.8 1.6 3.0 1  3 0 0 0 0.429 
Ch4p 5 1.8 1.6 3.0 1  3 0 0 0 0.429 
Ch5 5 0.6 0.9 0 0.444  4 0 0 0 1 
Ch6 5 0.2 0.5 0 1  4 0 0 0 1 
DR 5 0.6 1.3 0 1  4 0 0 0 1 
LC 5 0.2 0.5 0 1  4 0 0 0 1 
Tau neurofibrillary tangles (NFTs)          
Region            
Ch1 3 0.3 0.5 0 1  0 n/a n/a n/a n/a 
Ch2 5 0.8 0.8 1.0 0.679  3 0.3 0.6 0 1 
Ch4a 5 1.2 0.8 1.0 1  3 0.7 0.6 1.0 0.771 
Ch4p 5 1.0 0.7 1.0 0.286  3 0.3 0.6 0 0.171 
Ch5 5 0.8 0.5 1.0 1  4 0 0 0 0.143 
Ch6 5 0.6 0.6 1.0 0.196  4 0 0 0 1 
DR 5 1.0 0.7 1.0 0.762  4 0.5 1.0 0 0.143 
LC 5 0.8 0.5 1.0 1  4 0.5 0.6 0.5 0.429 
α-synuclein pathology          
Region            
Ch1 3 1.0 0 1.0 0.029*  0 n/a n/a n/a n/a 
Ch2 5 1.1 0.2 1.0 0.018*  3 0 0 0 1 
Ch4a 5 1.1 0.2 1.0 0.008**  3 0 0 0 1 
Ch4p 5 1.5 1.1 1.0 0.048*  3 0 0 0 1 
Ch5 5 1.4 0.4 1.5 0.008**  4 0 0 0 1 
Ch6 5 1.6 0.9 1.0 0.018*  4 0 0 0 1 
DR 5 2.3 1.0 2.0 0.016*  4 0 0 0 1 
LC 5 1.9 0.2 2.0 0.016*  4 0 0 0 1 
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the BF, and the DR region of the BS, while the lowest abundance was found in the Ch1 

and Ch2 regions of the BF, as well as the Ch5, Ch6, and LC regions of the BS (Fig. 

3.10C, D). The regions in AD brains exhibiting significantly different tau NFT 

abundance scores compared to CN brains were: Ch4a (p = 0.048), DR (p = 0.008), and 

LC (p = 0.048; Table 3.4). The Ch1, Ch2, Ch4p, Ch5, and Ch6 regions did not show 

significant differences between the two groups, although there was a trend towards higher 

mean scores in AD brains. Tau neuropil threads (NTs) were also observed to have an 

average abundance of moderate-to-frequent, with a similar distribution pattern as NFTs in 

the BF but were instead observed to be consistently more frequent throughout the BS. α-

synuclein pathology was assessed using a different scoring system than the one used for 

Aβ, tau, AChE- and BChE-positive, and pTDP-43 pathology (McKeith et al., 2005). α-

synuclein pathology was detected in only one AD case (AD2) and showed an average 

stage of 1.5 (mild-to-moderate) in all regions examined (Fig. 3.11A, B). This case 

therefore demonstrated mixed neuropathology. However, AD brains did not show 

significant differences in α-synuclein staging scores compared to CN brains in any of the 

regions of interest (Table 3.4).  

DLB cases showed an overall sparse-to-moderate deposition of Aβ plaques, with 

the highest abundance in the Ch2, Ch4a, and Ch4p BF regions, and a reduced abundance 

in Ch1 in the BF and all BS nuclei of interest (Fig. 3.10A, B). However, DLB brains did 

not show significant differences in tau NFT abundance scores compared to CN brains in 

any region of interest (Table 3.5). In the analysis of tau NFTs, DLB cases had an overall 

sparse abundance of NFTs and NTs throughout the BF and BS (Fig. 3.10C, D). Though, 

DLB brains did not show significant differences in tau NFT abundance scores compared  
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Figure 3.11 Average α-synuclein pathology stage in cognitively normal (CN), 
Alzheimer’s disease (AD), dementia with Lewy bodies (DLB), and multiple sclerosis 
(MS) brains in the basal forebrain (BF; A) and brainstem (BS; B). Stage 0 = no 
pathology; Stage 1 = mild pathology; Stage 2 = moderate pathology; Stage 3 = severe 
pathology; Stage 4 = very severe pathology (McKeith et al., 2005). Values are mean ± 
SD. 
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to CN brains in any region of interest (Table 3.5). α-synuclein deposition in DLB showed 

an overall average severity stage of 1 (mild) throughout the BF and 1.5 (mild-to-

moderate) throughout the BS, with the highest severity staging of 2 (moderate) observed 

in the DR and LC BS nuclei (Fig. 3.11A, B). All regions of interest in DLB cases were 

significantly different from those in CN brains: Ch1 (p = 0.029), Ch2 (p = 0.018), Ch4a 

(p = 0.008), Ch4p (p = 0.048), Ch5 (p = 0.008), Ch6 (p = 0.018), DR (p = 0.016), and LC 

(p = 0.016; Table 3.5).  

 Analysis of MS cases showed no Aβ plaques in any BF or BS regions (Fig. 3.9A, 

B), and none of the regions examined showed significant differences in Aβ plaque 

abundance scores compared to CN brains (Table 3.5). In MS cases, NFTs showed a 

sparse abundance in Ch2, Ch4a, and Ch4p BF regions and DR and LC BS regions. 

Though, MS brains did not show significant differences in tau NFT abundance scores 

compared to CN brains in any region of interest (Table 3.5). NTs shared a similar 

BF distribution and abundance, meanwhile NTs were sparsely observed throughout all 

BF nuclei in MS brains. No α-synuclein pathology was observed in any MS case, and 

none of the regions showed significant differences in α-synuclein staging scores when 

compared (Table 3.5). 

 Analysis of CN cases showed an overall sparse-to-moderate Aβ plaques 

abundance in CN cases, with the highest abundance in Ch4a and Ch4p BF regions, and 

the sparsest abundance in Ch1 and Ch2 in the BF, and the DR and LC regions in the BS 

(Fig. 3.9A, B). It should be noted that Aβ plaques were only observed in cases CN3 and 

CN4, who were 100 and 104 years old at the time of death, respectively (Table 2.1). 

Overall, NFTs were sparsely abundant in CN cases. NFTs, however, were not observed 
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in Ch6 in the BS. NTs were observed to have a similar distribution and abundance. It 

should be noted that cases CN3 and CN4 also demonstrated a slightly higher NFT and 

NT abundance compared to the other CN cases. 

pTDP-43 pathology, observed only as sparse neuronal cytoplasmic inclusions 

(NCIs), was present in only one AD case (AD5) within the Ch4p nucleus and was not 

statistically different from CN brains. 

Cholinesterases (ChEs) have previously been known to associate with AD Aβ 

plaques and NFTs (Perry et al., 1978). ChE-positive plaque abundance was examined 

using the same scoring protocol as Aβ plaques and tau NFTs. AChE- and BChE-positive 

plaque load score throughout the BF and BS regions of interest was not remarkably 

different within the AD group (Fig. 3.12). The Ch4a region in the BF and DR in the BS 

consistently showed a frequent ChE-positive plaque score. The remaining nuclei 

demonstrated a rather consistent moderate-frequent ChE-positive plaque abundance 

score. For AChE plaques, AD brains show significant differences compared to CN brains 

in regions Ch2, Ch5, Ch6, DR, and LC with p-values of 0.036, 0.016, 0.018, 0.008, and 

0.016, respectively (Table 3.6). In the case of BChE plaques, significant differences were 

observed in AD brains compared to CN brains in regions Ch5, Ch6, DR, and LC, with p-

values of 0.016, 0.036, 0.048, and 0.008, respectively (Table 3.6). Some AD cases 

showed ChE-positive NFTs, often at a sparse abundance within some BF and BS regions 

of interest.  

DLB cases exhibited an overall sparse ChE-positive plaque abundance in the BF 

and very sparse plaque abundance in the BS (Fig. 3.12). DLB brains were not 

significantly different CN brains in AChE or BChE plaque abundance (Table 3.7)
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Figure 3.12 Average AChE- (top row) and BChE-positive (bottom row) plaque abundance score in the basal forebrain (BF; A, C) and 
brainstem (BS; B, D) in cognitively normal (CN), Alzheimer’s disease (AD), dementia with Lewy bodies (DLB), and multiple 
sclerosis (MS) groups. Values are mean ± SD. Scores: 0 = no pathology; 1 = sparse pathology; 2 = moderate pathology; 3 = frequent 
pathology.  
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Table 3.6 Mann-Whitney statistical testing of average AChE- and BChE-positive plaque abundance scores in regions of interest 
related to sleep comparing cognitively normal (CN) and Alzheimer’s disease (AD) brains 

 Cognitively Normal (CN)  Alzheimer’s Disease (AD) 
 N Mean St. Dev. Median  N Mean St. Dev. Median p value 

Acetylcholinesterase (AChE) plaques         
Region           
Ch1 3 0.3 0.6 0  3 3.0 0 3.0 0.200 
Ch2 3 0.7 1.2 0  5 2.6 0.9 3.0 0.036* 
Ch4a 4 1.5 1.7 1.5  5 3.0 0 3.0 0.167 
Ch4p 4 1.5 1.7 1.5  5 2.6 0.9 3.0 0.286 
Ch5 4 0 0 0  5 2.8 0.5 3.0 0.016* 
Ch6 3 0 0 0  5 2.2 0.8 2.0 0.018* 
DR 4 0.5 1.00 0  5 3.0 0 3.0 0.008** 
LC 4 0 0 0  5 2.4 0.9 3.0 0.016* 
Butyrylcholinesterase (BChE) plaques         
Region           
Ch1 3 0.3 0.6 0  4 2.3 1.2 3.0 0.200 
Ch2 3 1.0 1.7 0  5 2.8 0.5 3.0 0.286 
Ch4a 4 1.5 1.7 1.5  5 3.0 0 3.0 0.167 
Ch4p 4 1.5 1.7 1.5  5 3.0 0 3.0 0.167 
Ch5 4 0 0 0  5 2.8 0.5 3.0 0.016* 
Ch6 3 0.3 0.6 0  5 2.6 0.6 3.0 0.036* 
DR 4 0.8 1.5 0  5 3.0 0 3.0 0.048* 
LC 4 0.3 0.5 0  5 3.0 0 3.0 0.008** 
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Table 3.7 Mann-Whitney statistical testing of average AChE- and BChE-positive plaque abundance scores in regions of interest 
related to sleep comparing cognitively normal (CN), dementia with Lewy bodies (DLB), and multiple sclerosis (MS) brains 

 Dementia with Lewy bodies (DLB)  Multiple sclerosis (MS) 
 N Mean St. Dev. Median p value  N Mean St. Dev. Median p value 

Acetylcholinesterase (AChE) plaques         
Region            
Ch1 3 0 0 0 0.429  0 n/a n/a n/a n/a 
Ch2 5 1.2 1.3 1.0 0.750  3 0 0 0 1 
Ch4a 5 1.2 1.3 1.0 1  3 0 0 0 0.429 
Ch4p 5 1.8 1.6 3.0 1  3 0 0 0 0.429 
Ch5 5 0.2 0.5 0 1  4 0 0 0 1 
Ch6 5 0.2 0.5 0 1  4 0 0 0 1 
DR 5 0.8 1.3 0 0.841  4 0 0 0 1 
LC 5 0.2 0.5 0 1  4 0 0 0 1 
Butyrylcholinesterase (BChE) plaques         
Region            
Ch1 3 0.3 0.6 0 1  0 n/a n/a n/a n/a 
Ch2 5 1.2 1.3 1.0 0.929  3 0 0 0 1 
Ch4a 5 1.4 1.5 1.0 1  3 0 0 0 0.429 
Ch4p 5 1.8 1.6 3.0 1  3 0 0 0 0.429 
Ch5 5 0.4 0.6 0 0.444  4 0 0 0 1 
Ch6 5 0.2 0.5 0 1  4 0 0 0 1 
DR 5 0.4 0.9 0 0.722  4 0 0 0 1 
LC 5 0.2 0.5 0 1  4 0 0 0 1 
n/a = values not available          
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ChE-positive NFTs were very sparse, appearing in only two cases and positive only for 

BChE, not AChE. 

MS cases did not exhibit any ChE-positive plaques, and did no significant 

differences were identified in any regions (Table 3.7). However, one MS case showed 

sparse ChE-positive NFTs in the DR and LC regions in the BS.  

In the CN group, ChE-positive plaques were sparsely observed throughout the 

BF. AChE-positive plaques were very sparsely observed only in the DR, while BChE-

positive plaques were very sparsely observed in Ch6, DR, and LC in the BS (Fig. 3.12). 

Interestingly, NFTs associated with ChE activity were observed in three cases, showing 

positivity only for BChE, and were found in varying regions of the BF and BS including 

Ch2, Ch4a, Ch5, Ch6, and DR regions in sparse abundance. 

 MS demyelinated lesions within relevant regions were characterized for each 

individual case. In MS1, an active demyelinating lesion was observed lateral to Ch2, 

consistent with a periventricular lesion. However, Ch2 exhibited minimal demyelination 

despite the presence of activated microglia. Ch4a was largely spared of demyelination 

with the exception of three small, demyelinated lesions within the anterolateral (Ch4al) 

subsector, and an evident caudal continuation of the periventricular lesion observed in the 

Ch2 section, which abutted upon the medial anterior commissure (Fig. 1.5). No 

demyelination was observed in Ch4p, although there was evident microglial activation 

and proliferation. In the BS, a small active demyelinated lesion was found in the dorsal 

portion of the periaqueductal grey, sparing the DR. Another active demyelinated lesion 

was observed within the LC and appeared to be associated with a blood vessel. 
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In MS2, active demyelination was observed in various regions medioventral and 

dorsolateral to Ch2, with a ventral portion of Ch2 being involved, and appeared to be 

consistent with periventricular lesions. Although an active demyelinated lesion was 

located lateral to the anterolateral portion of Ch4 (Ch4al), Ch4a remained unaffected. 

Ch4p was nearly entirely involved in an active demyelinating lesion. No demyelinated 

lesions were observed in the BS, however, there were various regions marked by 

phagocytic and activated microglia, including within the DR, LC, and some areas outside 

of the nuclei of interest including the superior cerebellar peduncle and pons. 

In MS3, Only the BS was available for analysis. Partial demyelination was 

observed in the periaqueductal grey, affecting the dorsal portions of the DR and Ch6 

regions, with evidence of activated microglia in these areas. It should also be noted that 

multiple regions within the ventrolateral pons were infiltrated by activated and 

phagocytic microglia and displayed a prominent hypercellular rim.  

MS4 demonstrated scattered regions of active demyelination within and 

surrounding Ch2, particularly in the medioventral Ch2 and peri-ventricular regions. The 

Ch4 region remained unaffected by demyelination; however, a large active demyelinated 

lesion was present throughout the entire periventricular area, as well as an active 

demyelinated lesion lateral to Ch4p. The BS in this case was nearly entirely demyelinated 

(Fig. 3.13A, C) by a large lesion with regions marked by active and chronic active 

activity (Fig. 3.13B, D). This lesion affected all BS nuclei of interest, namely Ch5, Ch6, 

DR, and LC. 

In addition to its normal functions in white matter, neurons, and glial cells, as well 

as its proposed role in AD pathogenesis, BChE appears to significantly influence the 
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Figure 3.13 Example of multiple sclerosis demyelinated lesions in corresponding sections in the brainstem in case MS4, revealed with 
myelin basic protein (A, C) and iba1 (B, D) immunohistochemistry. Regions of demyelination are demarcated by asterisks. Note the 
regions of microglial infiltration in the Iba1 sections (arrows), particularly at the borders of demyelinated regions, which is indicative 
of active demyelination. Scale bar = 2 mm. Abbreviations: Ch5, pedunculopontine nucleus; Ch6, laterodorsal tegmental nucleus; DR, 
dorsal raphe nucleus; IC, inferior colliculus; LC, locus coeruleus nucleus; mlf, medial longitudinal fasciculus; scp, superior cerebellar 
peduncle; xscp, decussation of the superior cerebellar peduncles.
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pathology of MS by affecting glial cell activity in active demyelinating lesions (Darvesh, 

LeBlanc, et al., 2010; Roessmann & Friede, 1966; Thorne et al., 2021). Previous research 

by Darvesh et al. (2010) and Thorne et al. (2021) has shown that BChE staining is altered 

in MS lesions, specifically exhibiting a loss of staining within demyelinated regions, 

potentially linked to the loss of the enzyme through the loss of glial cells such as 

oligodendrocytes. Furthermore, BChE was found to stain activated microglia, but not 

astrocytes, in both active and chronic active MS lesions. These findings support the 

involvement of BChE in the neuroinflammatory and demyelinating processes that occur 

in MS (Darvesh, LeBlanc, et al., 2010; Thorne et al., 2021). However, in the cases 

examined in this study, many active and chronic active lesions within the regions of 

interest did not follow this trend. Although this study examined subcortical and deep grey 

matter regions, in contrast to the cortical and white matter regions studied by Darvesh et 

al. (2010) and Thorne et al. (2021), only a mild presence of activated microglia was 

observed in BChE stains in active and chronic active MS lesions. The results for BChE 

staining varied greatly between MS cases and often did not align with the trends 

described in previous studies. This inconsistency was observed even in cases where 

BChE staining appeared to have functioned correctly, as evidenced by the surrounding 

microglial and normal neuronal staining. Consequently, classification of MS lesions, as 

done in previous studies (Darvesh, LeBlanc, et al., 2010; Thorne et al., 2021), was not 

feasible in this project. 
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3.4. Neuroinflammatory Changes 

Microglia and astrocytes were quantified, and their morphology described to 

assess their activity. The analysis of microglia and astrocyte counts across different 

regions of the brain revealed distinct patterns when comparing cognitively normal (CN) 

individuals to those with Alzheimer’s disease (AD), dementia with Lewy bodies (DLB), 

and multiple sclerosis (MS).  

When comparing CN and AD brains, the mean microglial counts were generally 

higher in AD brains across most regions. Specifically, in the Ch2 region, AD brains had a 

mean count of 104.2 microglia compared to 58.7 microglia on average in CN brains (Fig. 

3.14). In the Ch4a region, AD brains showed a mean count of 96.0 microglia versus 72.5 

microglia in CN brains. microglia Lastly, in the Ch6 region, AD brains had a mean count 

of 123.8 microglia compared to 61.0 microglia in CN brains. However, none of these 

differences were statistically significant (Table 3.7). However, it is noteworthy that many 

microglia appeared dystrophic and highly degenerated, often presenting only the cell 

body. Microglial dystrophy was particularly pronounced in cases with the longest disease 

durations and highest neuropathological burden, which is consistent for the other NDD 

groups as well. Otherwise, microglia in AD cases exhibited an activated morphology, 

marked by swelling of the cell body and processes, and retraction of processes (Fig. 

3.15B). It should also be noted that microglial counts in both AD and CN exhibited a 

high standard deviation. When comparing astrocyte counts, the results showed less 

pronounced differences between CN and AD groups. For example, in Ch2, the mean 

count of 54.3 astrocytes was higher in the CN group compared to the AD group which 

had on average 47.6 astrocytes, but the p-value was 1, indicating no
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Figure 3.14 Comparison of average microglia counts in the basal forebrain (BF; A) and brainstem (BS; B) and average astrocyte 
counts in the basal forebrain (BF; C) and brainstem (BS; D) between cognitively normal (CN), Alzheimer’s disease (AD), dementia 
with Lewy bodies (DLB), and multiple sclerosis (MS) groups. Note the overall increase in microglial counts in AD, DLB, and MS 
groups as compared to CN (A, B). Also note the overall stability in astrocyte counts between groups (C, D). Values are mean ± SD.
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Figure 3.15 Immunohistochemical stains for Iba1-positive microglia (top row) and 
GFAP-positive astrocytes (bottom row) in a cognitively normal (A, C) versus 
Alzheimer’s disease (B, D) case. Note the ramified morphology of microglia and 
astrocytes in the cognitively normal case (A, C). Also note the activated, dystrophic, and 
degenerated microglia (B), with often only the cell body remaining. Note the activated 
and dystrophic (beaded) morphology of certain astrocytes, while the others appear 
ramified in the Alzheimer’s disease case (D). Scale bar for A and B is 50µm, and 200µm 
in C and D. 
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Table 3.8 Mann-Whitney statistical testing of average microglia and astrocyte counts in regions of interest related to sleep comparing 
cognitively normal (CN) and Alzheimer’s disease (AD) brains 

 Cognitively Normal (CN)  Alzheimer’s Disease (AD) 
 N Mean St. Dev. Median  N Mean St. Dev. Median p value 

Microglia         
Region           
Ch1 2 28.5 30.4 28.5  1 16.0 n/a 16.0 n/a 
Ch2 3 58.7 39.6 80.0  5 104.2 45.6 111.0 0.143 
Ch4a 4 72.5 41.7 83.0  5 96.0 28.9 86.0 0.730 
Ch4p 4 75.0 47.1 78.0  5 66.8 65.8 70.0 0.691 
Ch5 4 91.8 13.8 94.0  5 94.4 23.0 95.0 0.905 
Ch6 3 61.0 43.6 72.0  5 123.8 49.7 109.0 0.143 
DR 4 75.5 43.9 81.0  5 106.8 51.6 89.0 0.556 
LC 4 77.3 37.5 86.5  5 83.0 26.5 77.0 1 
Astrocytes         
Region           
Ch1 2 31.0 22.6 31.0  1 43.0 n/a 43.0 n/a 
Ch2 3 54.3 30.0 48.0  5 47.6 20.9 58.0 1 
Ch4a 4 44.0 18.3 45.0  5 36.6 12.7 42.0 0.556 
Ch4p 4 34.0 19.4 37.0  4 45.8 8.1 43.5 0.486 
Ch5 4 50.3 17.2 52.5  5 39.0 3.5 40.0 0.318 
Ch6 2 52.0 4.2 52.0  2 51.5 3.5 51.5 1 
DR 4 43.5 9.6 41.5  2 46.5 2.1 46.5 0.800 
LC 2 43.0 19.8 43.0  1 41.0 n/a 41.0 n/a 
n/a = values not available         
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Table 3.9 Mann-Whitney statistical testing of average microglia and astrocyte counts in regions of interest related to sleep comparing 
cognitively normal (CN), dementia with Lewy bodies (DLB), and multiple sclerosis (MS) brains 

 Dementia with Lewy bodies (DLB)  Multiple sclerosis (MS) 
 N Mean St. Dev. Median p value  N Mean St. Dev. Median p value 

Microglia         
Region            
Ch1 1 152.0 n/a 152.0 n/a  0 n/a n/a n/a n/a 
Ch2 5 120.0 26.1 118.0 0.036*  3 118.3 17.5 118.0 0.100 
Ch4a 5 111.6 29.2 105.0 0.191  3 105.7 34.1 109.0 0.629 
Ch4p 5 112.2 13.1 107.0 0.286  3 121.0 38.2 125.0 0.400 
Ch5 5 109.6 19.0 102.0 0.318  4 117.8 18.0 118.0 0.114 
Ch6 5 134.6 22.4 132.0 0.018*  4 129.0 29.0 135.0 0.114 
DR 5 147.0 33.5 136.0 0.040*  4 132.5 36.1 135.0 0.114 
LC 5 131.0 24.5 135.0 0.032*  4 119.0 31.7 131.0 0.200 
Astrocytes         
Region            
Ch1 1 48.0 n/a 48.0 n/a  0 n/a n/a n/a n/a 
Ch2 5 44.2 3.4 45.0 0.714  2 50.5 12.0 50.5 1 
Ch4a 5 39.6 5.3 39.0 0.556  2 48.5 3.5 48.5 0.800 
Ch4p 5 42.6 12.3 44.0 0.460  1 45.0 n/a 45.0 n/a 
Ch5 3 33.3 21.0 26.0 0.229  3 44.0 18.3 33.5 0.533 
Ch6 2 49.5 3.5 49.5 0.667  1 57.0 n/a 57.0 n/a 
DR 2 40.0 2.8 40.0 1  1 47.0 n/a 47.0 n/a 
LC 2 35.0 7.1 35.0 1  1 25.0 n/a 25.0 n/a 
n/a = values not available          
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significant difference. Across most regions, the astrocyte counts in AD brains did not 

significantly differ from those in CN brains, with p-values well above the 0.05 threshold, 

indicating a lack of statistical significance. Activated astrocytes, characterized by 

increased arborization and swelling of both cell body and processes, were observed 

consistently throughout the regions of interest in AD. 

In DLB cases, microglial counts were also elevated as compared to CN brains 

(Fig. 3.14). In DLB brains, microglial counts were significantly higher in Ch2 (p = 

0.036), Ch6 (p = 0.018), DR (p = 0.040), and LC (p = 0.032) regions as compared to CN 

brains (Table 3.10). Microglial morphology in DLB cases was predominantly activated, 

with some cases showing dystrophy. Microglial counts in DLB cases also showed high 

standard deviation, albeit lesser than that in CN cases. The astrocyte counts in DLB 

brains did not show significant differences from CN brains across most regions, like the 

patterns observed in AD brains. Activated astrocytes were observed throughout the 

regions of interest in DLB brains.  

MS cases also exhibited increased microglial counts as compared to CN cases 

(Fig. 3.14), however, none were statistically significantly different than CN cases (Table 

3.10). Microglia in active demyelinating lesions showing an activated morphology, often 

displaying a phagocytic phenotype characterized by a rounded, enlarged cell body and 

retracted processes at the active lesion borders. Some regions outside areas of 

demyelination additionally displayed microglia activation, particularly with a phagocytic 

phenotype. Astrocyte counts in MS brains did not differ significantly from CN brains 

(Table 3.9). Activated astrocytes displayed a similar distribution as microglia, distributed 
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in and around active demyelinating lesions, with scattered instances of astrocytic 

dystrophy observed (Fig. 3.15D).  

CN cases generally exhibited ramified microglia (Fig. 3.15A), although some 

cases displayed evidence of activated microglia, particularly in the oldest individuals with 

concurrent neuropathology (i.e., CN3 and CN4).  
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CHAPTER 4. Discussion 

The present study aimed to investigate the cholinergic, neuropathological, and 

neuroinflammatory changes in BF and BS nuclei that regulate the sleep-wake cycle and 

compared these changes in AD, DLB, and MS to CN brains. This comparative approach 

was undertaken to better understand the brain changes that might contribute to the sleep 

disturbances commonly observed in these conditions. Sleep problems significantly 

impact the quality of life of patients with these conditions, yet the specific brain 

mechanisms responsible for these disturbances remain poorly understood. By analyzing 

and contrasting the pathological features in key sleep-wake regulatory regions, this study 

provides valuable insights into how these changes correlate with sleep dysfunction in 

AD, DLB, and MS. The findings revealed distinct and overlapping patterns of cholinergic 

neuron loss, neuropathological, and neuroinflammatory changes, shedding light on their 

potential neuroanatomical, neuropathological, and neurochemical changes that underlie 

sleep-wake disturbances in these NDDs. 

4.1. Summary of Key Findings 

4.1.1. Summary of the Parcellation of the Basal Forebrain and Brainstem 

First, a summary of the results will be presented, followed by a discussion of their 

implications. The BF and BS was parcellated by examining the distribution of cholinergic 

neurons that were AChE- and ChAT-positive, as well as NADPH-d-positive neurons for 

BS parcellation. These results were generally consistent with previous research (e.g., 

Mesulam et al., 1983, 1989), albeit with some slight discrepancies. In the BF, the Ch1 

region exhibited very sparse and relatively small ChAT and AChE neurons in CN cases, 

aligning with literature (Mesulam et al., 1983). In contrast, the Ch2 region had ChAT and 
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AChE neurons that were slightly larger in size and were more abundant, which is in 

accordance with descriptions of this region in established studies by Mesulam et al. 

(1983). Also consistent with previous research (Mesulam & Geula, 1988), the Ch4 region 

was marked by relatively abundant numbers of ChAT and AChE neurons. Further, these 

neurons appeared magnocellular, hyperchromic, isodendritic, and had prominent nucleoli 

based on Nissl stains, and stained intensely for ChAT and AChE. Mesulam et al. (1983) 

described the presence of a blood vessel that delineated the anteromedial (Ch4am) from 

the anterolateral (Ch4al) subsectors in Ch4. This feature was observed in many cases and 

served as a reliable landmark for identifying the anterior Ch4 region. The ChAT and 

AChE neurons located in the Ch4p region exhibited similar morphology and staining 

characteristics to those observed in the Ch4a region, albeit with a slightly lower 

abundance.  

The BS was parcellated using ChAT, AChE, and NADPH-d staining. In the BS, 

the Ch5 and Ch6 regions were marked by the presence of ChAT-, AChE-, and NADPH-

d-positive magnocellular neurons. These markers for Ch5 and Ch6 neurons were 

consistent with reports by Mesulam et al. (1989). As highlighted by Mesulam et al. 

(1989), NADPH-d staining proved to be a useful tool in identifying Ch5 and Ch6 

neurons. It was noted that only Ch5 and Ch6 neurons stained positively for NADPH-d. 

Also in agreement with Mesulam et al. (1989), not all cholinergic neurons exhibited 

NADPH-d positivity. This was apparent from the absence of NADPH-d staining in the 

cholinergic neurons of the trochlear motor and parabigeminal nuclei within the same 

sections as Ch5 and Ch6. Therefore, this supports the validity of NADPH-d staining as a 

characteristic feature of Ch5 and Ch6 neurons. Another observation in this study was that 
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the DR, which is predominantly serotonergic, occasionally contained ChAT, AChE, and 

NADPH-d neurons. This could be attributed to the fact that the adjacent cholinergic 

nuclei (i.e., Ch5 and Ch6) do not have distinct boundaries, appearing to allow its neurons 

to extend into the DR. Similarly, this phenomenon was observed in the LC, which is 

predominantly noradrenergic. The LC was readily identified by its characteristic dark 

brown neuromelanin-containing neurons and did not require any staining to be visible. 

These findings underscore the complexity and variability in the distribution of ChAT, 

AChE, and NADPH-d neurons within the BF and BS, providing a detailed anatomical 

framework that aligns with and expands upon existing literature. 

4.1.2. Summary of Neurodegenerative Changes 

The findings of this study provided insights into the cholinergic deficits 

associated with NDDs and their potential contribution to sleep disturbances commonly 

experienced by patients. By comparing quantifications of ChAT-, AChE-, and BChE-

positive neurons in various nuclei in the BF and BS among AD, DLB, MS, and CN 

brains, the results revealed significant changes specific to certain types of neurons and 

regions associated with the regulation of the sleep-wake cycle. Comparative analyses 

revealed significant reductions in ChAT neuron counts in specific brain regions when 

comparing AD and CN brains. The Ch4a region exhibited a marked decrease in ChAT 

neurons in AD brains. This finding reflects the underlying feature that led to the 

cholinergic hypothesis of AD, which suggests that a decline in the levels of acetylcholine, 

a key neurotransmitter involved in learning and memory, contributes considerably to the 

cognitive deficits observed in the disease (Bartus, 2000). The Ch2, Ch4p, Ch6, DR, and 

LC regions did not show significant differences in ChAT neuron counts. Research by 
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Mesulam and Geula et al. (1988) indicated that the Ch4p region in AD cases experience 

substantial AChE neuron loss, ranging from 80% to 88%, while the Ch4a region shows 

losses between 29% and 54% compared to CN brains. In this study, the Ch4p region 

exhibited a 56% loss of AChE neurons in AD brains compared to CN brains, and the 

Ch4a region showed a 46% loss. Congruently, AChE neuron counts were significantly 

lower in the Ch4p region of AD brains compared to CN brains. These findings aligned 

with the literature, confirming the trend of greater AChE neuronal loss in the Ch4p region 

than in Ch4a, although the exact percentages observed here are lower for Ch4p but within 

the reported range for Ch4a. The other regions of interest examined did not demonstrate 

significant differences. BChE neuron counts showed no significant differences across all 

examined regions between AD and CN brains. It is important to mention that as far as we 

know, quantification of BChE-positive neurons in these BF and BS regions of human 

brain tissue has not been reported. Consequently, it becomes difficult to compare BChE 

neuron counts in the regions of interest examined in this study. 

When comparing DLB and CN brains, significant reductions in ChAT neuron 

counts were observed in the Ch2, Ch4a, and Ch4p regions of DLB brains. These regions 

also exhibited significant decreases in AChE neuron counts, with additional differences 

noted in the Ch5 region. For BChE neurons, only the Ch6 region showed significant 

reductions in DLB brains compared to CN brains. The findings suggest that BF 

cholinergic neurons are particularly vulnerable to degeneration in DLB, consistent with 

existing literature (Colloby et al., 2017; Geula et al., 2021; Tiraboschi et al., 2002). In MS 

brains, no significant differences were observed in ChAT, AChE, or BChE neuron counts 

as compared to CN brains. These results supported our hypothesis that changes in the 
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cholinergic system would be observed within nuclei associated with the regulation of the 

sleep-wake cycle, specifically with a loss of cholinergic (i.e., ChAT-, AChE-, and BChE-

positive) neurons. However, this observation was significant only in AD and DLB cases 

and specifically with ChAT- and AChE-positive neurons. 

This study also quantified NADPH-d neurons across the AD, DLB, MS, and CN 

groups within nuclei of interest in the BF and BS to examine if these neurons were also 

compromised. Consistent with literature, all BF regions exhibited relatively very sparse 

NADPH-d neurons in CN brains (Geula et al., 1993). NADPH-d counts in the BS in CN 

brains were detailed earlier, and were also in line with existing literature (Mesulam et al., 

1989). 

In AD brains, NADPH-d neuron counts were generally lower than in CN brains 

across most regions. There were significant reductions observed in the DR and Ch4p 

regions as compared to counts in corresponding regions in CN brains. These results, 

especially those in the Ch4 complex, do not align with the literature, which indicates a 

surplus of NADPH-d neurons in this region in AD cases (Benzing & Mufson, 1995). 

Other research suggests these neurons are selectively spared (Tao et al., 1999). The 

contrasting results from this study instead suggests that NADPH-d neurons in the AD 

cases examined were degenerated. Another notable finding was that the Ch5 region in 

AD brains exhibited the greatest variability in neuron counts among the regions 

examined. 

DLB brains also showed generally lower NADPH-d neuron counts compared to 

CN brains, although the differences were not statistically significant. The Ch5 region 

again showed significant variability for NADPH-d neuron counts in DLB brains. In MS 
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brains, NADPH-d neuron counts were relatively comparable to those in CN brains, with 

no significant differences observed. The Ch5 region, again, demonstrated considerable 

variances in NADPH-d neuron counts. These findings highlight the loss of NADPH-d in 

AD and DLB brains. The consistency in NADPH-d neuron counts in MS brains 

compared to CN brains suggests different underlying neuropathological mechanisms in 

MS. 

The quantification of pigmented neurons in the LC across AD, DLB, MS, and CN 

brains provides significant insights into the neuropathological changes associated with 

these conditions. Another important finding regarding the LC pigmented neurons is the 

degree of standard deviation within AD, MS, and CN groups, except for DLB. This 

finding is consistent with literature indicating that LC pigmented neurons are particularly 

vulnerable to α-synuclein pathology, and their loss is a characteristic neuropathological 

feature of DLB and other synucleinopathies, such as Parkinson’s disease (Boeve et al., 

2007; Ehrminger et al., 2016). Overall, these findings demonstrate a notable reduction 

and degeneration of LC pigmented neurons in AD and DLB brains, while MS brains 

maintain a neuron count comparable to that of CN brains. This highlights distinct patterns 

of neuronal integrity across different neurodegenerative conditions. 

4.1.3. Summary of Neuropathological Changes 

Standard immunohistochemical techniques were utilized to detect amyloid-beta 

(Aβ) plaques, tau neurofibrillary tangles (NFTs) and neuropil threads (NTs), α-synuclein 

Lewy bodies (LBs) and neurites (LNs), and phosphorylated Tar DNA binding protein 43 

(pTDP-43) neuronal cytoplasmic inclusions (NCIs) and dystrophic neurites (DNs). 

Histochemical methods were also used to examine pathological AChE and BChE 
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expression. Pathological loads for these markers were analyzed in all groups using semi-

quantitative scoring adapted from established neuropathology diagnostic protocols. 

AD cases exhibited an overall frequent abundance of Aβ plaques was observed, 

with the greatest deposition in BF Ch2, Ch4a, and Ch4p regions, and in the BS regions of 

Ch5, DR, and LC. Statistical analysis revealed significant differences in Aβ plaque 

abundance between AD and CN brains in Ch2, Ch5, Ch6, DR, and LC regions. Tau NFTs 

were observed to be moderately-to-frequently abundant, particularly in Ch4a, Ch4p, and 

DR, with NTs following a similar pattern. These results align with literature describing 

the neuropathological deposition patterns of Aβ plaques and tau NFTs in more advanced 

AD cases, which correspond to the Thal phases (Thal et al., 2002) and Braak stages 

(Braak et al., 2006) in the AD cases included in this study outlined in Table 2.1. α-

synuclein pathology was rare in AD cases, detected in only one instance, indicating 

mixed neuropathology. This reflects that while α-synuclein pathology can occur in AD, it 

is not a predominant neuropathological feature, and it did not significantly differ from 

CN brains in this study. This feature has been previously reported, with as many as 50% 

of AD cases exhibit α-synuclein pathology (Hamilton, 2000). Additionally, only one case 

examined, AD5, showed sparse pTDP-43 pathology in the Ch4p region. In fact, while 

pTDP-43 aggregates are primarily associated with frontotemporal dementia (Cairns et al., 

2007), amyotrophic lateral sclerosis (Neumann et al., 2006), and limbic-predominant age-

related pTDP-43 encephalopathy (Nelson et al., 2019), pTDP-43 aggregates may be seen 

in up to 57% of AD cases, and is often correlated with an increased severity of cognitive 

impairment (Meneses et al., 2021). AChE and BChE activities associate with a subset of 

plaques typically associated with AD (Darvesh, Reid, et al., 2010; Geula & Mesulam, 
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1989, 1995; Macdonald et al., 2017). This phenomenon highlights the potential for ChEs, 

in particular BChE, as a sensitive biomarker for AD diagnosis and management 

(Macdonald et al., 2017). This study, AChE- and BChE-positive plaque loads showed 

frequent abundance in Ch4a and DR, with overall moderate-to-frequent scores in other 

regions. Significant differences in AChE-positive plaque scores between AD and CN 

brains were observed in several regions, including Ch2, Ch5, Ch6, DR, and LC. 

Similarly, significant differences in BChE-positive plaque scores were noted in the Ch5, 

Ch6, DR, and LC regions. It has also been reported that AChE and BChE associate with 

NFTs, but for only a small fraction of NFTs (Geula & Mesulam, 1995; Hamodat et al., 

2019). In this study, some AD cases showed the presence of ChE-positive NFTs, 

although these were often sparse throughout some of the regions examined. 

Although DLB is characterized predominantly by α-synuclein pathology (McKeith et al., 

2005), mixed neuropathological presentations may occur. Many DLB cases exhibit 

concurrent AD pathology, including Aβ plaques and tau NFTs (Schumacher et al., 2021). 

DLB cases showed sparse-to-moderate Aβ plaque and sparse tau NFT deposition, but 

these values were not significantly different from those in corresponding regions in CN 

brains. α-synuclein deposition in DLB showed an overall mild-to-moderate severity, with 

the highest staging in DR and LC regions. All regions of interest in DLB cases were 

significantly different from those in CN brains regarding α-synuclein pathology. ChE-

positive plaques and NFTs were sparse, with very sparse abundance in the BS. This 

suggests that ChE-positive plaques typically associated with AD appear to also be seen in 

other NDDs like DLB. However, there were no significant differences in ChE-positive 

plaque abundance between DLB and CN brains. 
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MS cases did not exhibit any Aβ plaques or α-synuclein pathology but showed 

sparse NFTs and NTs in specific regions. ChE-positive plaques were not present, but 

sparse ChE-positive NFTs were noted in one case. This indicated that while ChE 

pathology is generally absent in MS, isolated instances may occur. This feature may be 

related to pathological changes associated with aging, such as the accumulation of tau 

NFTs (Ziontz et al., 2019), and further implies involvement of ChEs in pathology in 

NDDs outside of AD. Demyelination was observed in various BF and BS regions 

throughout the MS cases examined, with active demyelinating processes marked by 

microglial activation (Bø et al., 1994). The role of BChE in MS demyelination was also 

investigated, building on previous research that linked BChE activity with 

neuroinflammatory and demyelinating processes in MS (Darvesh, LeBlanc, et al., 2010; 

Thorne et al., 2021). The BChE staining results varied greatly between cases and did not 

consistently align with trends reported in previous research. This discrepancy was evident 

even when BChE staining appeared to function correctly, as indicated by surrounding 

microglial and normal neuronal staining. Consequently, classification of MS lesions 

based on BChE activity, as previously established, was not feasible in this project. 

In CN brains, Aβ plaques were observed in a sparse-to-moderate abundance, 

primarily in the oldest cases examined. This is consistent with findings that roughly 30% 

of CN adults over the age of 65 have Aβ plaques in their brain (Katzman et al., 1988), 

and sometimes exhibiting a burden comparable to that of AD cases (Macdonald et al., 

2017). Tau NFTs were sparsely abundant, with NTs following a similar pattern. Tau 

pathology may also be found in CN adults, where it can be found in virtually all above 

the age of 70 (Ziontz et al., 2019). ChE-positive plaques were sparsely observed 
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throughout the BF. AChE-positive plaques were very sparsely observed only in the DR, 

while BChE-positive plaques were very sparsely observed in Ch6, DR, and LC in the BS. 

The presence of ChE-positive plaques in CN brains, particularly in the centenarians 

examined, indicates that pathological changes in ChE activity may be analogous to that of 

Aβ plaques as part of the aging process. Interestingly, ChE activity associated with NFTs 

were sparsely observed in three CN cases, showing positivity only for BChE. 

These findings highlight the distinct neuropathological features across AD, DLB, 

MS, and CN brains, with variations in the distribution and abundance of Aβ plaques, tau 

NFTs, α-synuclein pathology, pTDP-43 pathology, ChE-positive plaques and NFTs, as 

well as demyelination in MS cases. This analysis provides an overview of the 

neuropathological landscape in these conditions, offering insights into the specific 

patterns of pathology. These results support our hypothesis that increased 

neuropathological load would be observed within nuclei associated with the regulation of 

the sleep-wake cycle. An increased neuropathological burden was observed in all NDD 

cases, typically corresponding to their hallmark pathology type. 

4.1.4. Summary of Neuroinflammatory Changes 

An analysis of microglial and astrocytic activity across different brain regions in 

CN individuals and those with AD, DLB, and MS, was performed. The findings reveal 

distinct patterns of microglia and astrocyte counts and morphological changes that offer 

insights into the neuroinflammatory processes associated with these conditions. 

Microglial counts were generally higher in AD brains compared to CN brains across most 

regions. Although these differences were not statistically significant, the elevated 

microglial presence suggests an ongoing neuroinflammatory response in AD. This 
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reflects the fact that AD is universally known as a neuroinflammatory condition 

(Kettenmann & Ransom, 2013; Leng & Edison, 2021). However, it is noteworthy that 

many microglia appeared dystrophic and highly degenerated, often presenting only the 

cell body, which posed challenges for accurate counting and likely resulted in lower 

counts than typically observed in AD, a condition marked by pronounced 

neuroinflammation (Leng & Edison, 2021). Microglial dystrophy is a phenomenon 

described in the literature and is typically associated with chronic inflammatory 

responses (Streit et al., 2014). This microglial dystrophy was particularly pronounced in 

cases with prolonged disease durations and higher neuropathological burden, indicating a 

potential correlation between disease progression and microglial degeneration, consistent 

with literature (Streit et al., 2014). The activated microglial morphology observed in AD, 

characterized by cell body swelling and retraction of processes, underscores the chronic 

inflammatory state in these brains.  

 In DLB cases, microglial counts were significantly higher in several regions, 

including Ch2, Ch6, DR, and LC, compared to CN brains. This suggests a pronounced 

microglial and neuroinflammatory response in DLB, with a predominant activated 

morphology. DLB is also known as condition marked by neuroinflammation (Loveland et 

al., 2023). Some dystrophic microglia were also observed, indicating that, like AD, DLB 

involves significant microglial activation and occasionally degeneration (Streit et al., 

2014). The high standard deviation in microglial counts in DLB cases, though lower than 

in CN cases, reflects the variability in neuroinflammatory response among individuals. 

 MS is universally recognized as an inflammatory condition (Kettenmann & 

Ransom, 2013; Thompson et al., 2018). MS cases exhibited increased microglial counts 
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in cases compared to CN cases, particularly in active demyelinating lesions where 

microglia showed an activated, phagocytic phenotype. This is indicative of their role in 

clearing myelin debris and mediating inflammatory responses at the lesion borders 

(Kettenmann & Ransom, 2013). Additionally, some regions outside demyelinated areas 

also displayed activated microglia, suggesting a widespread neuroinflammatory state in 

MS. The presence of phagocytic microglia in these regions further highlights their active 

involvement in the destruction of myelin in the disease process.  

 Astrocytes are also universally acknowledged in their role in the inflammatory 

process in AD (Kettenmann & Ransom, 2013). In AD, astrocytes often exhibit an 

activated morphology, characterized by increased arborization and swelling of the cell 

body and processes, as well as an upregulation of GFAP. They frequently show signs of 

hypertrophy and reactivity, indicating their response to the disease's pathological 

environment. In AD cases in this study, astrocyte counts did not significantly differ 

between AD and CN brains across most regions. However, activated astrocytes, 

characterized by increased arborization and swelling of both cell body and processes, 

were consistently observed throughout the regions of interest in AD brains. This 

activation indicates a reactive astrogliosis response to ongoing neurodegeneration and 

inflammation. 

Consistent with observations for microglia, DLB brains also show astrocyte 

activation as part of the inflammatory process (Kettenmann & Ransom, 2013; Loveland 

et al., 2023). In DLB brains, astrocyte counts were similarly not significantly different 

from CN brains. Activated astrocytes were nonetheless present throughout the regions of 

interest.  
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 Despite its inflammatory profile, astrocyte counts in MS brains also did not differ 

significantly from CN brains. However, activated astrocytes were observed in and around 

active demyelinating lesions, displaying a distribution pattern like that of activated 

microglia. Instances of astrocytic dystrophy were also noted, indicating that, like 

microglia, astrocytes can also display a senescent morphology. 

 It should be noted that counting astrocytes in NDD cases was particularly 

challenging due to several factors: the highly arborized processes obscured the cell 

bodies, background staining was often dark, and the high cell density within the nuclei 

complicated identification. These issues contributed to smaller sample sizes. 

These results support our hypothesis that increased neuroinflammatory processes 

would be observed within nuclei associated with the regulation of the sleep-wake cycle. 

An increased presence of microglia, but not astrocytes, was observed in all NDD cases, 

with all demonstrating an activated morphology indicative of neuroinflammation. This 

activated morphology was also observed in some CN cases. 

4.2. Clinicopathological Correlations 

 This study aimed to investigate the cholinergic, neuropathological, and 

neuroinflammatory changes in the BF and BS nuclei involved in the regulation of the 

sleep-wake cycle, comparing these changes across AD, DLB, MS, CN brains. The results 

provided insights into the neuropathological underpinnings of sleep disturbances 

commonly observed in these NDDs. It can be inferred that cholinergic, 

neuropathological, and neuroinflammatory changes within a given region can impact its 

normal functioning and lead to dysfunction in its corresponding roles in sleep-wake 

regulation. It should be noted that clinicopathological correlations described here are 
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inherently inferential. Therefore, these correlations are hypothesized based on available 

information and should be interpreted with caution. 

 Weakening of the cholinergic system associated a loss of cholinergic (i.e., ChAT, 

AChE, BChE) neurons, degeneration of NADPH-d and LC pigmented neurons, along 

with an abundance of neuropathology and neuroinflammation would impair the proper 

functioning of the sleep-wake cycle. Weakening of the cholinergic system results in 

impaired cholinergic neurotransmission, which disrupts communication between 

cholinergic sleep-regulating regions. This impaired communication is central to the 

cholinergic hypothesis of AD (Bartus, 2000).The loss of NADPH-d neurons, which play 

a crucial role in producing nitric oxide (NO) by associating with nitric oxide synthase, 

can lead to disrupted NO signaling pathways in sleep-related brain regions. Additionally, 

NO's role in vasodilation and neuroprotection means its deficiency could potentially 

contribute to neuroinflammation and oxidative stress, further impairing proper 

functioning of regions involved in sleep (Hope et al., 1991). The loss of LC pigmented 

neurons is understood to be a feature associated with sleep disturbances (Boeve et al., 

2007; Kelly et al., 2017; Van Egroo et al., 2022). Neuropathology disrupts the proper 

functioning of several biological neuronal processes, including synaptic communication, 

and also elicits a neuroinflammatory response (National Institute on Aging, 2024). While 

inflammation aims to protect neurons, excessive and chronic inflammation can lead to 

neuronal death (Kettenmann & Ransom, 2013), thus serving as another mechanism of 

impairment in brain regions related to the sleep-wake cycle. These findings highlight the 

potential mechanisms by which neurodegenerative changes in NDDs disrupt sleep-wake 
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regulation, contributing to the sleep disturbances commonly experienced by these 

patients. 

 Such mechanisms underlying sleep-wake cycle disturbances in the AD group can 

be linked to the cholinergic, neuropathological, and neuroinflammatory changes outlined 

in the results. These findings provide a general understanding of how sleep disturbances 

may arise from significant pathological changes observed in the AD group as a whole. 

However, specific clinicopathological correlations can be deduced based on the available 

clinical information for the AD cases. The clinical profile of AD cases revealed varying 

reports of sleep-wake disturbances. AD1 experienced REMBD, while AD3 experienced 

insomnia, circadian rhythm disturbances, and sleep-wake reversal. REMBD in AD1 can 

be associated with changes observed in several brain regions implicated in REM sleep 

regulation. Regions such as Ch4a in the BF, and multiple BS nuclei including Ch5, Ch6, 

DR, and LC, are all involved in REM sleep processes. This case exhibited significant 

losses of cholinergic neurons, NADPH-d-positive neurons, and LC pigmented neurons 

compared to both CN brains and other AD cases. Notably, AD1 had the lowest average 

count of LC pigmented neurons among all cases, averaging only 4.2 neurons in the LC. 

The LC plays a crucial role in regulating REM sleep and the skeletal muscle atonia 

associated with it. Neuropathologically, AD1 showed an overall frequent abundance of 

Aβ plaques and tau NFTs in all regions examined, consistent with severe AD pathology. 

Microglial cells in AD1 were highly fragmented and degenerated, indicating chronic 

neuroinflammation. Astrocytes also demonstrated morphologies consistent with 

activation. The duration of disease in this case was 14 years, aligning with this observed 

inflammatory profile of the brain tissue. The extensive cholinergic, NADPH-d, and LC 
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neurodegeneration, significant AD-related neuropathology, and chronic 

neuroinflammation observed in AD1 likely contributed to the severe sleep disturbances, 

particularly REMBD. Next, AD3 experienced insomnia, circadian rhythm disturbances, 

and sleep-wake reversal. Cholinergic neuron loss (i.e., ChAT, AChE, and BChE neurons) 

in AD3 was not as profound as in other AD cases; nevertheless, counts were overall 

reduced compared to CN brains. NADPH-d and LC pigmented neurons also 

demonstrated a notable loss, which is likely to impair their respective signaling pathways. 

This case exhibited a frequent burden of Aβ plaques and tau NFTs in both the BF and 

BS. Interestingly, AD3 showed elevated microglial counts compared to CN brains and 

even other AD cases. Intense neuropathological burden typically evokes an intense 

inflammatory response, and microglia in AD3 demonstrated an activated morphology 

without evidence of dystrophy, and astrocytes also appeared activated. The activated 

microglial and astrocytic morphology suggests a robust neuroinflammatory response, 

which, without the dystrophy seen in longer-duration cases, indicates ongoing but 

perhaps less chronic inflammation. This is consistent with the shorter disease duration of 

4 years of this case. This feature highlights the utility of examining microglial 

morphology to gauge the relative degree and duration of neuroinflammation. The 

widespread cholinergic, neurodegenerative, neuropathological, and inflammatory state 

observed in sleep-related regions in the BF and BS in AD3 very likely contributed to the 

sleep disturbances noted in the clinical profile. However, the circadian disturbances 

experienced by AD3 are more likely to be correlated to changes in other brain regions 

such as the SCN. In summary, the findings from AD1 and AD3 illustrate how different 

neuropathological and neuroinflammatory profiles can lead to varied sleep disturbances. 
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Comparing cases AD1 and AD3 is particularly valuable since both individuals passed 

away at the same age of 58, but their duration of living with AD differed by a decade. 

AD1's longer disease duration and extensive neuropathology and neuroinflammation 

correlate with REMBD, while AD3's shorter disease duration but significant 

neuropathology and evidence of neuroinflammation correlate with insomnia and 

circadian disturbances. This study underscores the importance of considering the 

multifaceted nature of neuropathology when addressing sleep disturbances in AD. 

 On a separate note, several important observations arise regarding case AD2. This 

case demonstrated mixed neuropathology, exhibiting both AD-related and α-synuclein 

pathology. Typically, α-synuclein pathology correlates with a loss of pigmented neurons, 

such as those in the LC (Haglund et al., 2016; Vila, 2019; S. Xu & Chan, 2015). 

However, it was unexpected to find that the LC in this case was well-preserved, with LC 

pigmented neuron counts comparable to those in CN cases. Notably, this case did not 

have any recorded sleep disturbances in the clinical information available, though this 

absence of documentation does not necessarily indicate that the patient did not experience 

any sleep issues. This observation is consistent with case AD5, which also showed mixed 

pathology, exhibiting both AD-related and pTDP-43 pathology. Similarly, AD5 had a 

well-preserved LC despite the presence of mixed neuropathology, albeit without α-

synuclein pathology.  

 The mechanisms underlying sleep-wake cycle disturbances may also be linked to 

the cholinergic, neuropathological, and neuroinflammatory changes outlined in the results 

of the DLB group. These general inferences suggest how sleep disturbances might arise 

from significant pathological changes observed in DLB brains in this study. Though, 
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specific clinicopathological correlations can be deduced based on the available clinical 

information for the DLB cases. Sleep-wake disturbances were reported in the clinical 

profile of DLB patients DLB1, DLB3, and DLB4. Sleep disturbances are very common 

in DLB, with 70-80% of patients experiencing REMBD. In fact, REMBD is a core 

clinical criterion for DLB diagnosis (McKeith et al., 2017). Therefore, it is reasonable to 

consider that despite no sleep disturbances being recorded for DLB2 and DLB5, it is 

highly likely they did experience some type of sleep disturbance, particularly REMBD. 

DLB1 experienced nightmares and hallucinations. This case demonstrated reduced 

cholinergic, NADPH-d, and pigmented LC neuron counts compared to CN brains. 

Neuropathologically, DLB1 exhibited mild-to-moderate α-synuclein pathology and 

sparse-to-moderate tau pathology. Additionally, this case had very high microglial 

counts, which were morphologically activated, indicating significant neuroinflammation. 

The findings suggest significant changes within the BF and BS nuclei involved in sleep 

regulation. Nightmares, though not fully understood, are known to occur during REM 

sleep (Stefani & Högl, 2021). The involvement of the LC, which plays a crucial role in 

regulating REM sleep and the associated atonia, is noteworthy as a possible underlying 

contributor to REMBD, given the significant degeneration observed. The reduced number 

of pigmented neurons in the LC, along with changed in other REM-related regions in the 

BF and BS, may contribute to dysregulation of REM sleep, potentially leading to 

nightmares. Hallucinations in DLB are more likely associated with changes in the 

sensory cortices and other higher-order processing areas. The presence of mild-to-

moderate α-synuclein and tau pathology in DLB1 indicates that these neurodegenerative 

changes could extend to regions beyond the BF and BS, affecting sensory and perceptual 
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pathways. Next, DLB3 experienced REMBD. This case also demonstrated overall 

reduced cholinergic, NADPH-d, and pigmented LC neuron counts compared to CN 

brains. Neuropathologically, DLB3 exhibited mild α-synuclein pathology, with no other 

types of pathology observed. This case had the highest microglial counts among all 

examined cases, with microglia showing activated morphologies. The REMBD in this 

case likely stemmed from a combination of neurodegeneration, α-synuclein pathology, 

and an intense neuroinflammatory response impeding proper functioning of the REM-

related BF and BS regions. Following, DLB4 experienced REMBD, possible sleep apnea, 

and had a history of Systemic Lupus Erythematosus (SLE). This case demonstrated 

relatively mild cholinergic neuron loss, but pronounced NADPH-d and pigmented LC 

neuron loss. Neuropathologically, DLB4 showed mixed pathology for DLB, with Aβ and 

ChE-positive plaque abundances ranging from mild to frequent abundance, and tau 

pathology being mild to moderate throughout the examined areas. Neuroinflammation 

was also notable, with high levels of microglial counts and activated morphologies. These 

findings correlate with the REMBD experienced by this case, as the significant 

neurodegeneration and neuroinflammation within sleep-regulatory regions likely 

contributed to the disturbance. The possible sleep apnea, while not specified if central or 

obstructive, would more likely be related to factors and/or brain regions not examined in 

this study. It was important to note that this patient lived with SLE because sleep 

disturbances are common in SLE (Palagini et al., 2014). SLE is a chronic autoimmune 

disease characterized by the immune system erroneously attacking healthy tissues, 

leading to widespread inflammation and damage to organs such as the skin, kidneys, and 

brain. The hypothesized neuroimmune pathways comprise the blood-brain barrier (BBB), 
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the meningeal tissues, and the glymphatic system (Ota et al., 2022). Patients with SLE 

frequently experience sleep disturbances, including insomnia, fatigue, and sleep apnea, 

which can be attributed to chronic pain, the side effects of medications, and the overall 

systemic inflammation associated with the disease (Palagini et al., 2014). This 

comorbidity may have compounded the sleep disturbances experienced by DLB4. 

 The mechanisms underlying sleep-wake cycle disturbances in MS patients do not 

appear to be associated with changes in cholinergic, NADPH-d, or LC pigmented 

neurons, as none of these were found to be close to significance. Instead, sleep 

disturbances, in the context of brain changes, are likely related to neural disconnection 

caused by demyelination and a chronic neuroinflammatory response that negatively 

impacts neuronal functioning. These inferences provide a general understanding of how 

sleep disturbances may arise from significant pathological changes observed in MS 

brains in this study. However, specific clinicopathological correlations can be deduced 

based on the available clinical information for the MS cases. 

 Sleep-wake disturbances were reported in the clinical profile of the MS case MS1. 

MS1 experienced possible REMBD, poor transitions between wakefulness and sleep, and 

slow brain waves during sleep. This case demonstrated preserved cholinergic, NADPH-d, 

and LC pigmented neurons, as indicated by average counts across all regions. However, 

demyelination was observed only in the LC region, with no evidence of demyelination 

within the other regions of interest. Tau pathology was sparsely present in the Ch4a and 

LC regions. Despite the preservation of cholinergic neurons and sparse NFT pathology, 

robust neuroinflammation was evident, characterized by high microglial counts and 

activated glial morphologies. The severe sleep disturbances observed in MS1 are likely 
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not solely attributable to the elevated neuroinflammation, the very sparse NFT pathology, 

or the partial demyelination of the LC region. It is more plausible that demyelination in 

other regions of the brain, which were not the focus of this study, underlies the sleep 

disturbances experienced by this patient. The presence of demyelination in regions 

important for sleep regulation, such as the thalamus or cortex, could disrupt normal sleep-

wake transitions and REM sleep processes due to axonal disconnection from a loss of 

myelin, leading to the observed symptoms. 

 On a related note, some of the other MS cases did have multiple demyelinated 

lesions within the regions of interest, notably MS2 and MS4. Examination of MS2 

revealed areas of demyelination including Ch2 and Ch4p regions. Ch2 projects to the 

hippocampal region, which is hypothesized to be involved in the generation of theta 

oscillations. Again, although the Ch4p region was included as an internal control to 

compare sleep-related and non-sleep-related areas within the Ch4 complex, it remains 

part of a crucial nucleus for the sleep-wake cycle and may still influence sleep-wake 

regulation. Following, case MS4 presented extensive demyelination, affecting nearly the 

entire BS which involved all BS nuclei of interest, as well as a portion of the Ch2 region. 

Notably, the LC pigmented neurons appeared relatively preserved despite the widespread 

demyelination. Given the demyelination of projecting axons from numerous BS regions, 

it is reasonable to infer that a broad range of symptoms would arise, including those 

related to sleep disturbances, based on functional disconnections. 

 CN cases were included in this study as a relative control group. Although these 

individuals exhibited normal cognitive functioning, their brains were not devoid of 

neuropathological changes like those seen in neurodegenerative diseases like AD. 
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Furthermore, their sleep patterns were not necessarily unaffected, especially considering 

that two of the CN cases were centenarians, where aging-related changes are likely to be 

observed (Katzman et al., 1988; Ziontz et al., 2019). These cases served as a baseline for 

cholinergic, NADPH-d, and LC pigmented neuron counts, as well as microglia and 

astrocyte counts. When comparing the centenarians to the younger adult CN cases, it was 

interesting to observe brain changes. No notable differences were found in neuron counts 

of any kind. However, inflammation varied greatly; one centenarian case (CN4) exhibited 

intense microglial degeneration but not astrocyte degeneration, while the other 

centenarian (CN3) showed elevated microglial counts compared to the younger CN cases, 

with no significant changes in astrocytes. Additionally, the centenarian cases had notable 

levels of AD-related neuropathology, likely related to aging-associated aggregation of Aβ 

(Jansen et al., 2015; Katzman et al., 1988) and tau (Nelson et al., 2012; Ziontz et al., 

2019) pathology can occasionally be observed in cases of natural aging. It appears that 

there are mechanism(s) that help to compensate for pathological changes that help to 

maintain normal cognitive functioning (Stern, 2002). Such mechanism(s) have yet to be 

discovered. Though, neuroprotective factors encompass several modifiable lifestyle 

factors (Santiago & Potashkin, 2023). Adherence to a Mediterranean diet, characterized 

by high consumption of fruits, vegetables, whole grains, and healthy fats, has been 

associated with a reduced risk of cognitive decline. Regular physical activity confers 

numerous beneficial effects across multiple domains, including the cardiovascular, 

immune, digestive, and the CNS. Furthermore, maintaining good sleep hygiene is crucial, 

as sufficient sleep facilitates the clearance of Aβ and other neurotoxic waste from the 

brain via the glymphatic system (Xie et al., 2013), aids in consolidating memories, and 
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preserving cognitive functions, thereby contributing to neuroprotection (Stickgold & 

Walker, 2009). Other neuroprotective factors associated with a reduced risk for 

developing a NDD include higher education and social interaction (Livingston et al., 

2020). 

Examining potential contributors to specific sleep disturbances noted in the 

available clinical information of CN cases, CN2 and CN3 were found to experience sleep 

disturbances. CN4, the second centenarian, lacked available medical information for 

correlation. CN2 had difficulties with sleep initiation due to pain, which was not 

specified but likely unrelated to any changes in the examined brain regions, as no 

pathological findings were present. In contrast, CN3 experienced "sundowning" and other 

unspecified sleep disturbances that were not diagnosed. Interestingly, "sundowning" is 

typically seen in AD patients, despite CN3 not exhibiting AD cognitive symptoms. The 

sleep disturbances in CN3 are likely related to the abundant AD-related neuropathology 

and inflammation observed in their brain. 

4.3. Limitations of the Thesis Research 

 The first major limitation is the small sample size, which resulted in large 

variances between cases within groups. This limited the ability to perform age and sex 

comparisons, reduced statistical power, and restricted the range of statistical tests 

available for analysis. Another limitation is the clinical applicability of the findings. The 

use of post-mortem brains and reliance on available documented clinical information 

posed challenges in accurately correlating the observed neuropathological changes with 

the sleep disturbances experienced by the cases. Many cases lacked detailed notes on 

sleep disturbances in their clinical information, making it difficult to determine whether 
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the absence of reported sleep disturbances was due to a lack of symptoms or a lack of 

documentation. Furthermore, not all regions of interest were available in every case. For 

instance, the Ch1 region and some medial brainstem nuclei (i.e., DR and Ch6) were not 

available due to the fragility of the tissue and issues with sectioning, respectively. This 

limitation potentially reduced the comprehensiveness of the findings.  

 Additionally, while the BF and BS are central in regulating the sleep-wake cycle, 

this study did not examine other key brain regions involved in sleep regulation, such as 

the SCN, hypothalamus, thalamus, and pineal gland. The study also did not examine 

other neurotransmitter systems, hormones, or other neuropeptides important in the sleep-

wake cycle. Therefore, the findings provided only a partial picture of the neural 

mechanisms underlying sleep disturbances. 

 The methodology also presented limitations. More comprehensive quantification 

methods, such as stereology, were not feasible for this project. Instead, quantification 

relied on a single section per stain per region, providing only relative information rather 

than an absolute count of the elements of interest. Lastly, the control group used in this 

study was not purely a control group but rather served as a reference point for relative 

comparisons. While these CN cases were, in theory, expected to represent the absence of 

neuropathological changes, some individuals within this group did exhibit pathological 

alterations. This highlights the complexity of defining truly ‘normal’ aging. These CN 

cases also varied considerably in age, adding another layer of complexity to the 

interpretations. 

4.4. Future Directions 
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 To build on the findings of this study, several future research directions should be 

considered. Future studies should aim to include a larger sample size to increase 

statistical power and reduce variances between cases. This will allow for more robust 

statistical analyses, including age and sex comparisons, and provide a clearer 

understanding of the observed trends. 

 Additionally, future research should include a broader range of brain regions 

involved in sleep regulation, such as the SCN, hypothalamus, thalamus, and pineal gland. 

Investigating these regions will offer a more comprehensive understanding of the neural 

mechanisms underlying sleep disturbances. Future studies should examine other 

neurotransmitter systems involved in sleep regulation, such as the serotonergic, 

dopaminergic, and GABAergic systems. Understanding the interplay between these 

systems and the cholinergic system could reveal new insights into sleep-wake cycle 

disruptions. 

 Utilizing multimodal approaches that combine neuropathological assessments 

with pre-mortem neuroimaging, electrophysiological recordings, and behavioral analyses 

could also provide a more integrated view of how brain changes correlate with sleep 

disturbances. Additionally, future studies should aim to include detailed sleep studies, 

polysomnography, and actigraphy in patients to directly correlate brain changes with 

sleep patterns. Establishing stronger functional correlations between neuropathological 

findings and clinical symptoms of sleep disturbances is crucial. 

 Employing more comprehensive quantification techniques, such as stereology, 

can provide more accurate and reliable counts of neurons and glial cells. This will 

enhance the precision of the data and allow for better comparisons across studies.  
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 Based on the findings of neuropathological and neuroinflammatory changes, 

future research should explore targeted interventions aimed at mitigating these changes. 

Investigating the efficacy of pharmacological and non-pharmacological treatments to 

improve sleep quality in patients with NDDs can have significant clinical implications. 

4.5. Conclusions 

 In conclusion, this thesis provided insights into the cholinergic, 

neuropathological, and neuroinflammatory changes in BF and BS nuclei implicated in 

sleep-wake cycle regulation across AD, DLB, MS, and CN brains. The findings highlight 

significant neuronal losses, varying degrees of neuropathology, and neuroinflammation, 

contributing to our understanding of the mechanisms underlying sleep disturbances in 

NDDs. These results underscore the importance of region-specific pathology and the 

need for further research with larger sample sizes, comprehensive methodologies, and 

expanded brain region analyses. Investigating the intricate mechanisms and contributors 

of sleep dysfunction in NDDs could help facilitate better understanding of these 

conditions and provide new avenues for development of novel curative and diagnostic 

approaches. 
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