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Abstract 

Introduction Lewy Body Dementias (LBD) - Dementia with Lewy Bodies (DLB) and 

Parkinson’s Disease Dementia (PDD) - are clinical diagnoses based on the one-year rule and 

varied symptom onset. Previously, degeneration of the locus coeruleus (LC) and dorsal raphe 

nucleus (DRN) in LBD has been well established. However, the precise relationship 

between underlying neuropathology and clinical presentation remains to be determined.  

 

Methods Immunohistochemical and image analysis techniques have been performed to 

examine neuronal loss and protein pathologies in the noradrenergic and serotonergic systems 

of 20 PD, 20 PD-MCI, 20 PDD, 20 DLB cases and 20 controls. RNAscope technology was 

used to decipher the role of cell-surface receptors in LBD pathophysiology. Possible 

associations between administration of pharmacological agents with LBD pathology and 

disease duration was also examined.  

 

Results The hippocampus, thalamus and cingulate cortex - crucial components of the Papez 

circuit - were most affected by the proteinopathies, particularly α-synuclein (α-syn) deposition 

that correlated with the onset of some DLB symptomatology and non-motor symptoms. LC 

noradrenergic neurons were reduced in LBD compared to PD. The 5-HT2A receptor seemed to 

be more abundant than the α2A-adrenergic receptor (AR) and serotonin transporter (SERT) in 

the frontal cortex of a PD patient than a PDD or DLB patient.  

 

Conclusion LBD phenotypes may be differentiated through their limbic involvement in the 

Papez circuit, where α-syn accumulation may contribute to non-motor symptoms. The 

behaviour of each protein type may be extremely heterogenous within each region of the 

noradrenergic and serotonergic systems, such that it correlates with the onset of different 

symptoms. There may be lower expression of receptors in LBD than PD patients, perhaps due 

to end-stage disease and more widespread degeneration. Hence, this study may have provided 

further insights into LBD pathophysiology and possibly assist clinical trials in future 

therapeutic interventions. 
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(Maletic et al., 2017). Adapted from (Matchett et al., 2021b) and created with BioRender.com.
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Figure 7.1: Disease duration in patients with and without propranolol administration. 

Statistical analysis was performed using Mann Whitney test: Mean – 18.75 (left), 10.579 
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Statistical analysis was performed using Mann Whitney test: Mean – 16.8 (left), 10.157 (right); 
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Figure 7.3: Disease modifying treatments and symptomatic treatments in the current clinical 
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passage the signal to the anterior thalamic nucleus through the mammillothalamic tract. Then, 

impulses propagate from the thalamus to the cingulate gyrus via the internal capsule, which 

returns it to the entorhinal area via the cingulum (Crumbie, 2022)......................................... 236 

Figure 8.3: Illustration to demonstrate a potential theory for cell-surface receptor loss in 

LBD. (A) Merged images of RNAscope in frontal cortex of PD patient. Hs-ADORA2A 

(green) localised to the neuronal cell bodies, with punctate Hs-SERT-C2 (red) and Hs-HTR2A-

C3 (blue). This results in (B) Receptor damage and inability of neurotransmitter-receptor 

binding disrupts downstream action potentials, and phenotypically presented as symptom 
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Abbreviations 

-syn   α-synuclein 

MIBG    Metaiodobenzylguanidine  

FDG   [fluorine-18] fluoro-D-glucose (18F-FDG)  

3R   3-Repeat (Tau) 

4R   4-Repeat (Tau) 

5-HIAA   5-Hydroxyindoleacetic Acid  

5-HT    5-Hydroxytryptamine (Serotonin)  

HMPAO  Hexamethylene-Propyleneamine Oxime 

AADC   Aromatic Amino Acid Decarboxylase 

ABF    American Brain Foundation  

ACC   Anterior Cingulate Cortex 

ACC   Anterior Cingulate Cortex 

ACD   Advanced Cell Diagnostics  

AD   Alzheimer’s Disease 

AHI    Apnea/Hypopnea Index 

AI    Artificial Intelligence  

AICD   APP Intracellular Domain 

ALP   Autophagy-Lysosomal Pathway 

AMPA   α-Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic Acid  

ANOVA   Analysis of Variance 

APOE   Apolipoprotein E 

APOEe4  Apolipoprotein e4 

APP   Amyloid Precursor Protein 

APPCNTN1  Amyloid Precursor Protein and Contactin 1 

AR    Adrenergic Receptor 

AT8   Hyperphosphorylated AT8 (Tau) 

ATP13A  Lysosomal type 5 ATPase, ATPase 13A(1) 

ATP13A   Lysosomal type 5 ATPase 

Aβ   Amyloid-Beta 

BCL7C/STX1B BAF Chromatin Remodelling Complex Subunit/ Syntaxin 1B 

BICCC Brain Research through Advancing Innovative Neurotechnologies 

(BRAIN) Initiative - Cell Census Network  
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BIN1   Bridging Integrator 1  

BNE    BrainNet Europe Consortium  

BNF   British National Formulary 

BPSD   behavioural and psychological symptoms of dementia 

CA    Cornu Ammonis 

CA1-4    Cornu Ammonis 1-4 

CAA   Cerebral Amyloid Angiopathy 

cAMP   Cyclic Adenosine Monophosphate 

CBD   Corticobasal Degeneration 

cGMP   Cyclic Guanosine Monophosphate  

CIS   Cingulate Island Sign 

CLARITY Clear Lipid-exchanged Acrylamide-hybridized Rigid 

Imaging/Immunostaining/In situ hybridization-compatible Tissue 

hYdrogel 

CNS   Central Nervous System 

CNTN1  Contactin 1 

CNTN1   Contactin 1 

COMT   Catechol-O-Methyltransferase 

CSF   Cerebrospinal Fluid 

CT   Computerised Tomography 

CT-MRI  Computed Tomography and Magnetic Resonance Imaging  

CTFα or C83  C-terminal fragments  

CTFβ or C99  C-terminal fragments β 

DAB   3,3’-Diaminobenzidine 

DAN   Dorsal Attention Network 

DAPI   4′,6-Diamidino-2-Phenylindole 

DAT   Dopamine Transporter 

dH20   Distilled Water 

DHPG   Dihroxyphenylglycol 

DLB   Dementia with Lewy Bodies 

DMN   Default Mode Network 

DMT   Disease Modifying Therapies 

dmX    Dorsal Motor Nucleus  

DNAJC6   DNAJ/HSP40 Homolog Subfamily C Member 6 
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DOPA    3,4-Dihydroxyphenylalamine 

DPX   Distrene-Plasticiser-Xylene 

DRN   Dorsal Raphe Nucleus  

DSM-4  Diagnostic and Statistical Manual of Mental Disorders-4 

DSM-5  Diagnostic and Statistical Manual of Mental Disorders-5 

DβH   Dopamine β-Hydroxylase 

EEG   Electroencephalogram 

ER   Endoplasmic Reticulum 

FASTclear  Free-of-Acrylamide SDS-based Tissue Clearing 

FBXO7   F-Box Only Protein 7 

FC   Fluctuating Cognition 

FDG-PET  Fluorodeoxyglucose-Positron Emission Tomography  

FFPE   Formalin-Fixed Paraffin-Embedded 

fMRI   Functional Magnetic Resonance Imaging  

GABRB3  GABAAR β3 subunit gene  

GBA   Glucocerebrosidase 

GBA1β  Glucocerebrosidase β-1 

GluR1   Glutamate Receptor 1  

GPCRs  G-Protein Coupled Receptors  

GR1A3   Glutamate Ionotropic Receptor AMPA Type Subunit 3 

GRIA3    Glutamate Receptor 3 

GWAS   Genome-Wide Association Study 

H&E   Haematoxylin and Eosin  

H202   Hydrogen Peroxide 

HDC   Histamine Decarboxylase 

HMPAO  Hexamethylene-Propyleneamine Oxime 

HNMT   Histamine N-methyltransferase 

HPLC   High-Performance Liquid Chromatography 

HRP   Horseradish Peroxidase 

ICD-10  International Classification of Diseases-10 

IHC   Immunohistochemistry 

IMS   Industrial Methylated Spirits 

IPL   Inferior Parietal Lobule 

ISH   In Situ Hydridisation  



 30 

L-DOPA   L-3,4-dihydroxyphenylalanine 

LB   Lewy Body 

LBD   Lewy Body Dementia 

LBDA   Lewy Body Dementia Association 

LC    Locus Coeruleus 

LC-NA  Locus Coeruleus-Noradrenergic System 

LFB    Luxol Fast Blue 

LN   Lewy Neurite 

LP   Lewy Pathology 

LPC   Lewy Pathology Consensus Criteria  

LRFN2 Leucine-Rich Repeat and Fibronectin Type-III Domain-Containing 

Protein 2 

LRRK2   Leucine Rich Repeat Kinase 2 

LTP   Long-Term Propagation 

MAO   Monoamine Oxidase 

MAP   Mitogen Activated Protein 

MAPK    Mitogen-Activated Protein Kinase 

MAPT   Microtubule Associated Protein Tau 

MCI   Mild Cognitive Impairment 

MDS   Movement Disorders Society 

MHPG   3-Methoxy-4-Hydroxyphenylglycol 

MIBG   Meta-Iodo-Benzyl-Guanidine 

MMSE   Mini-Mental State Examination  

MoCA   Montreal Cognitive Assessment  

MPTP   1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine 

MRI   Magnetic Resonance Imaging 

MRN   Median Raphe Nucleus  

mRNA   messenger RNA 

MSA   Multiple System Atrophy 

NA   Noradrenaline 

NAC    Non-Amyloid-Beta Component  

NAcc   Nucleus Accumbens 

nbM     Nucleus Basalis of Meynert 

NCD   Neurocognitive Disorder 
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NET   Noradrenergic Transporter 

NFT   Neurofibrillary Tangle 

NMDA   N-methyl-D-Aspartic Acid  

NT   Neuropil Threads 

OPTIClear  Optical Properties-Adjusting Tissue-Clearing Agent 

PAS   Periodic Acid-Schiff  

PBS   Phosphate Buffered Saline 

PBS-T   Phosphate-Buffered Saline with Tween 20 

PCR   Polymerase Chain Reaction 

PD   Parkinson’s Disease 

PD-MCI  Parkinson’s Disease with Mild Cognitive Impairment 

PDD   Parkinson’s Disease Dementia 

PDE-9   Phosphodiesterase-9 (PDE-9) 

PD w/ CI  Parkinson’s Disease with Cognitive Impairment 

PET   Positron Emission Tomography 

PIGD   Postural Instability/Gait Difficulty  

PINK   PTEN-Induced putative kinase    

PINK1   PTEN-Induced kinase 1 

PLA2G6    Phospholipase A2  

PMAH    Phosphomolybdic Acid Haematoxylin  

Polr2A   RNA polymerase II Subunit A Gene 

PPD    Para-Phenylenediamine Stain  

PPIB    Peptidylprolyl Isomerase B Gene 

PPN   Pedunculopontine Nucleus 

PPN-LDTC   Pedunculopontine Nucleus-Laterodorsal Tegmental Complex  

PRT    Progressive Resistance Training 

PSEN1   Presenilin-1 

PSEN2   Presenilin 2 

PSP   Progressive Supranuclear Palsy 

PTAH    Phosphotungstic Acid Haematoxylin  

qPCR    Quantitative Real Time Polymerase Chain Reaction  

qRT-PCR   Quantitative Reverse Transcriptase Polymerase Chain Reaction  

RBD   REM Sleep Behaviour Disorder 

RCT   Randomised Controlled Trials 
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REM   Rapid Eye Movement 

ROI   Region of Interest 

ROS   Reactive Oxygen Species  

RT   Room Temperature 

SD   Sleep Disturbance 

SDLT   Senile Dementia of the Lewy Body Type  

SDS   Sodium Dodecyl Sulphate 

SERT   Serotonin Transporter  

SN   Substantia Nigra 

SNAP-25  Synaptosome Associated Protein 25 

SNAP47  Synaptosome Associated Protein 47 

SNARE Soluble N-Ethylmaleimide-Sensitive-Factor 

Attachment Protein Receptor 

SNCA   -synuclein Gene 

SNpc   Substantia Nigra pars Compacta 

SP   Senile Plaques 

SPECT  Single Photon Emission Computerised Tomography 

SPTBN1  -spectrin   

SSC   Saline-Sodium Citrate  

SSRI   Selective Serotonin Reuptake Inhibitor  

SV2C   Synaptic Vesicle Glycoprotein 2C 

SYBU   Syntabulin 

SYNJ1    Synaptojanin 1 

TDP-43  transactive response DNA binding protein-43 

TH   Tyrosine Hydroxylase 

TMEM175  Transmembrane Protein 175 

TMN    Tuberomammillary Nucleus  

TPD-43  TAR DNA Binding Protein 43  

TPH    Tryptophan Hydroxylase  

TPH1   Tryptophan Hydroxylase-1 

TPH2   Tryptophan Hydroxylase-2 

TRAP   Tremor at rest, Rigidity, Akinesia, and Postural Instability 

UBC    Ubiquitin C 

UPS   Ubiquitin-Proteasome System 
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VAC    Visual Association Cortex 

VAMP-2   Synaptobrevin-2  

VAN   Ventral Attention Network 

VH   Visual Hallucinations 

VMAT   Vesicular Monoaminergic Transporter 

VPS13C  Vacuolar Protein Sorting 13C  

VTA   Ventral Tegmental Area 

ZN    Ziehl-Nielsen  

dapB    dihydrodipicolinate B 
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1.  Introduction 
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1.1. Parkinson’s Disease (PD)  

 

Parkinson’s disease (PD) is one of the most common neurodegenerative diseases. Described 

initially by James Parkinson in 1817 (de Lau & Breteler, 2006), PD is a neurodegenerative 

movement disorder characterised by tremor at rest, rigidity, akinesia (or bradykinesia) and 

postural instability (commonly expressed by the acronym, TRAP) (FAHN, 2006; Jankovic, 

2008). Both genetic and environmental factors can influence the disease (Gan-Or, Dion & 

Rouleau, 2015). Most PD cases are sporadic and fewer than 10% of cases are caused by genetic 

mutations (Schapira, 2008). Environmental risk factors include age, pesticides, herbicides, and 

heavy metals (Dorsey et al., 2018). 

 

The disease prevalence ranges from 1 to 2 per 1000 population, affecting 1% of citizens over 

the age of 60 (Tysnes & Storstein, 2017a). The prevalence doubled between 1990 and 2016; It 

was estimated that there were over 6 million people with PD (Dorsey et al., 2018). The 

incidence of the disease is 1.5-2.0 times greater in males than in females, with the former 

having an average age of onset at 51.3 years and the latter at 53.4 years (Tysnes & Storstein, 

2017a; Liu et al., 2016; Pringsheim et al., 2014; Hirsch et al., 2016). Generally, a tremulous 

presentation and slower progression is more predominant in females than males. However, the 

prevalence and incidence statistics vary between studies, perhaps due to methodological 

differences such as the use of different diagnostic criteria and differences in case determination 

(Tysnes & Storstein, 2017a).  

 

PD arises from the loss of dopaminergic neurons in the substantia nigra (SN) pars compacta 

(SNpc) of the midbrain (Schapira, Chaudhuri & Jenner, 2017a; Milber et al., 2012; Tong, 

Hornykiewicz & Kish, 2006), causing dysfunctions in the nigrostriatal system (Elbaz et al., 

2016; Tysnes & Storstein, 2017b; Varanese et al., 2010; FAHN, 2006; Frisina, Haroutunian & 

Libow, 2009). The major pathophysiological mechanisms are oxidative stress, mitochondrial 

dysfunction, and aberrant α-synuclein (α-syn) aggregation (Elbaz et al., 2016). With the 

progressive loss of the nigrostriatal dopaminergic neurons, there is a corresponding decrease 

of dopamine content in both the nigra and the striatum. There are compensatory changes, such 

as super sensitivity of dopamine receptors, so that symptoms of PD are first encountered only 

when there is about an 80% reduction of dopamine concentration in the putamen (or a loss of 

60% of nigral dopaminergic neurons) (FAHN, 2006). Projections between the SNpc and 

https://www.sciencedirect.com/topics/neuroscience/parkinsons-disease
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putamen degenerate earlier than projections to associative or limbic portions of the striatum 

(Galvan & Wichmann, 2008).  

 

1.2. The Symptoms of Parkinson’s Disease 

 

The two-step process of parkinsonism diagnosis, as defined by the Movement Disorders 

Society (MDS) criteria, is firstly, the presence of bradykinesia, in combination with either rest 

tremor, rigidity, or both. Once diagnosed, the criteria then define whether the parkinsonism is 

attributable to PD (Postuma et al., 2015b) through three categories of diagnostic features: (1) 

exclusion criteria which exclude PD based on cerebellar abnormalities, downward vertical 

supranuclear gaze palsy, probable behavioural variant frontotemporal dementia, dopamine 

receptor blocker treatment, unresponsiveness to high-dose levodopa, cortical sensory loss, 

normal neuroimaging results of the presynaptic dopaminergic system, and another alternative 

condition that produces parkinsonism; (2) red flags must counterbalance with additional 

supportive criteria and include symptoms such as rapid progression of gait impairment, early 

bulbar dysfunction, and severe autonomic failure; (3) supportive criteria which strengthen the 

diagnostic certainty of PD such as response to dopamine therapy, levodopa-induced dyskinesia, 

rest tremor of a limb, and hyposmia (Postuma et al., 2015b). Two levels of certainty are 

delineated thereafter: (1) clinically established PD requires absence of absolute exclusion 

criteria, at least two supportive criteria, and absence of reg flags; (2) clinically probable PD can 

be diagnosed in the absence of absolute exclusion criteria and presence of red flags 

counterbalanced with supportive criteria (Postuma et al., 2015b).  

 

1.2.1. Bradykinesia 

 

Bradykinesia, the most distinctive clinical feature, represents paucity of movement without 

weakness or paralysis (FAHN, 2006), making it difficult to perform daily activities requiring 

fine motor control (Table 1.1; Figure 1.1) (FAHN, 2006; Postuma et al., 2015c). Bradykinesia 

is interchangeably known as akinesia and hypokinesia, although they represent distinct clinical 

entities: Bradykinesia refers to the slowness of initiation of voluntary movement and decrement 

in amplitude or speed of repetitive movements, as defined by the Queen Square Brain Bank 

(Gibb & Lees, 1988), hypokinesia is reduced amplitude of voluntary movements (Ling et al., 

2012), whereas akinesia means absence of spontaneous voluntary movements accompanied by 
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slowed reaction time (Golbe & Ohman-Strickland, 2007). Bradykinesia and hypokinesia 

improve with levodopa therapy, whereas reaction time may relate to non-dopaminergic deficits 

(Velasco & Velasco, 1973; Berardelli et al., 1986; Jahanshahi, Brown & Marsden, 1992). 

 

Assessing bradykinesia usually involves patients performing rapid, repetitive, alternating hand 

movements such as finger taps, hand grips, hand pronation-supination, as well as heel taps and 

observations of decrementing amplitude and speed (Jankovic, 2008; Postuma et al., 2015c). 

The degree of dopamine deficiency strongly correlates with the cardinal PD features, which is 

supported by decreased neuronal density in the SN of elderly patients with parkinsonism (Post 

et al., 2007; Ross et al., 2004; Vingerhoets et al., 1997; Jankovic, 2008). Finger taps pattern 

can be characterised by slowness and progressive reduction in amplitude and speed, as well as 

increased speed variability (Ling et al., 2012). Micrographia, defined as small handwriting 

associated with focal cerebral lesions (McLennan et al., 1972; Scolding & Lees, 1994; 

Derkinderen et al., 2002; Kim et al., 2005), may contribute to the differential diagnosis of PD 

against other atypical forms of parkinsonism such as progressive supranuclear palsy (PSP) 

(Ling et al., 2012). Finger tap patterns in PSP patients manifests as hypokinesia without 

decrement, accompanied by the absence of criteria-defined limb bradykinesia, micrographia 

and lack of decrement in script size compared to PD patients (Ling et al., 2012). 

 

Some studies suggest that progressive resistance training (PRT) may alleviate bradykinesia, 

perhaps mediated by muscle activation and strength, as well as basal ganglia connectivity 

(David et al., 2012). Recently, it has been reported that a 9 weeks PRT program reduces 

bradykinesia in mild to moderate PD patients. Improvements in functional performance were 

also observed in daily locomotor activity (Vieira de Moraes Filho et al., 2020), potentially 

promoting similar changes to those provided by dopaminergic medication (Dickson, 2012). 

These findings are highly promising and reinforce the importance of such exercises for PD 

patients. 

 

1.2.2. Rigidity     

                       

Rigidity is defined as increased resistance to movement (Table 1.1; Figure 1.1) (Jankovic, 

2008). There are two forms of rigidity: cogwheel rigidity and lead-pipe rigidity. Lead-pipe 

rigidity is smooth rigidity present in an entire limb movement, whereas cogwheel rigidity 
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occurs in the presence of a tremor superimposed on top of the lead-pipe phenotype (Postuma 

et al., 2015d). Proximal rigidity manifests in the neck, shoulders, or hips, whereas distal rigidity 

is in the wrists and ankles (Jankovic, 2008; Postuma et al., 2015c). Axial rigidity causes 

postural deformities of the neck and trunk, as well as elbows and knees (Jankovic, 2008).  

 

Clinically, rigidity may be accompanied by pain. Painful shoulder can be a frequent 

manifestation of PD and easily misdiagnosed as arthritis, bursitis or rotator cuff injury (Riley 

et al., 1989; Stamey, Davidson & Jankovic, 2008). Patients may also complain of stiffness. 

Nevertheless, rigidity is usually detected by the clinician, rather than a symptom described by 

the patient (Baradaran et al., 2013). Passive movements of fully relaxed muscles are examined 

to detect increased resistance, occasionally with cogwheeling, as a sign of increased muscle 

tone. 

 

1.2.3. Tremor 

 

Several different tremors occur in PD that vary in frequency, distribution, amplitude, 

constancy, and provoking situations (Zach et al., 2015; Helmich et al., 2012). Tremor 

comprises of rest tremor and postural tremor, with the latter being more prominent and 

disabling than the former (Table 1.1; Figure 1.1) (Jankovic, 2002b; Jankovic, Schwartz & 

Ondo, 1999a). Rest tremor is the most common and easily distinguished symptom in the 

clinical environment, occurring in approximately 75% PD patients (Zach et al., 2015). Rest 

tremor refers to a 4‐ to 6‐Hz tremor in the resting limb, which is suppressed upon movement 

initiation (Postuma et al., 2015c). Hand tremor present as supination-pronation or ‘pill-rolling’ 

phenomenon that dissipate from one hand to the other. Rest tremors disappear upon performing 

an action and during sleep. The occurrence of rest tremor varies amongst patients and during 

the disease (Hughes et al., 1993; Martin et al., 1973; Rajput, Rozdilsky & Rajput, 1991). 

 

Postural tremor, or re-emergent tremor, is more prominent and severe than rest tremor 

(Jankovic, Schwartz & Ondo, 1999b; Jankovic, 2002a). Postural tremor is differentiated from 

essential tremor as the patient assumes an outstretch of arms in a horizontal position in which 

the tremor onset is delayed. Some patients may also have tremulous handwriting (Jankovic, 

2008).  
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The high variability of tremor means it is more challenging to manage in clinics. Clinical tremor 

assessment may be on par with objective tremor measure, such as accelerometry, to estimate 

tremor severity (Elble, 2006; Elble et al., 2013).  

 

1.2.4. Postural and Gait Instability 

 

Postural instability refers to incompetence in balance due to loss of postural reflexes (Table 

1.1; Figure 1.1) (Jankovic, 2008; Palakurthi & Burugupally, 2019). Originally described by 

Margaret Hoehn and Melvin Yahr in 1967, the Hoehn and Yahr scale is used to describe 

the severity of PD symptom progression through stages 1 to 5, enabling measurement of 

the functional disability (Table 1.2) (Hoehn & Yahr, 1967a). According to the Hoehn & Yahr 

criterion, postural instability was classified as stage III and above (Hoehn & Yahr, 1967b), 

apparent through impaired balance reaction, stooped posture and trunk rotation (Thenganatt & 

Jankovic, 2014; Hoehn & Yahr, 1967b). Earliest scholars identified gait disturbance as 

festination with a reduction in steppage distance and arm swing, along with a stooped posture, 

slowness and marked initiation difficulties (Jankovic, 2008). Currently, postural and gait 

instability are regarded as one of the paramount progressive features of PD, such that there is 

a positive correlation with its prevalence and disease duration (Evans et al., 2011). Their causes 

include dopaminergic and cholinergic neuronal deficits, and concomitant white matter disease 

(Bohnen et al., 2011; Palakurthi & Burugupally, 2019). Diagnosis is subjective and treatment 

is often unresponsive to the existing strategies such as drugs, surgery, and physiotherapy 

(Beuter et al., 2008).   

 

1.2.5. Freezing of Gait 

 

Freezing of gait is defined as a transient absence or reduced ability to move the feet during 

certain situations (Table 1.1; Figure 1.1) (Giladi & Nieuwboer, 2008; Bloem et al., 2004; Gao 

et al., 2020; Jankovic, 2008). Freezing of gait commonly affects the legs where patients feel a 

sudden sense of ‘glued’ feet to the ground (Gao et al., 2020). It can last from a few seconds to 

occasionally exceeding 30 seconds or even several minutes (Schaafsma et al., 2003; Gao et al., 

2020). It leads to falls in PD patients that profoundly hampers patient independence and 

mobility, drastically impairing their quality of life (Okuma et al., 2018; Walton et al., 2015). 
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Table 1.1: Summary of the motor and non-motor symptoms of Parkinson’s Disease (PD), their time of onset and associated 

brain regions and neurotransmitters. Adapted from Schapira, Chaudhuri and Jenner (2017). 

Symptoms Motor or 

Non-Motor 

Time of 

Onset 

Brain Region/s Neurotransmitter/s 

     

Bradykinesia Motor Early Stage-

Mid Stage 

Substantia Nigra Dopamine 

Rigidity Motor Early Stage-

Mid Stage 

Substantia Nigra Dopamine 

Tremor Motor Early Stage-

Mid Stage 

Substantia Nigra Dopamine 

Postural and 

Gait 

Instability 

Motor Early Stage-

Mid Stage 

Substantia Nigra, 

Basal Ganglia 

Dopamine and 

Acetylcholine 

Freezing of 

Gait 

Motor Early Stage-

Mid Stage 

Substantia Nigra, 

Basal Ganglia, 

Cortical Regions 

Dopamine and 

Acetylcholine 

Hyposmia Non-Motor Prodromal 

Stage 

Olfactory Bulb 

and Amygdala 

Substance P and 

Acetylcholine 

Depression Non-Motor Prodromal 

Stage 

Limbic and 

Cortical Regions 

Dopamine, Serotonin, 

and Noradrenalin 

Dementia Non-Motor Prodromal 

Stage 

Temporal, 

Parietal and 

Occipital Lobes 

Acetylcholine 

Pain Non-Motor Early Motor 

Stage 

Basal Ganglia, 

Locus Coeruleus, 

Raphe Nucleus, 

Amygdala and 

Thalamus 

Dopamine, Serotonin, 

and Noradrenalin 

Anxiety Non-Motor Early Stage-

Mid Stage 

Basal Ganglia Dopamine and 

Noradrenalin 

Sleep 

disturbance 

Non-Motor Early Stage-

Mid Stage 

Hypothalamus 

and Reticular 

Formation 

Hypocretin, 

Dopamine and 

Serotonin 

Hallucinations Non-Motor Late Stage Occipital Cortex Dopamine 
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Table 1.2: Hoehn and Yahr stages (de Assis, da Silva & Dantas, 2018). 

 

 

  

Cognitive 

Dysfunction 

Non-Motor Late Stage Frontal Cortex Dopamine and 

Acetylcholine 

Stage  

1.0 Unilateral involvement only 

1.5 Unilateral and axial involvement 

2.0 Bilateral involvement without impairment of balance 

2.5 Mild bilateral involvement with recovery on pull test 

3.0 Mild to moderate bilateral involvement, some postural instability but physically 

independent 

4.0 Severe disability, still able to walk and to stand unassisted 

5.0 Wheelchair bound or bedridden unless aided 

Bradykinesia: slowed 

voluntary movements  

Tremor: 4‐ to 6‐

Hz tremor at rest 

Rigidity: increased 

movement resistance 

Postural and Gait 

Instability: impaired 

balance reaction, 

stooped posture and 

trunk rotation, loss of 

postural reflexes, 

reduced steppage 

distance and arm 

swing 

Freezing of Gait: 

transient inability of 

movements   

Figure 1.1: Summary of the parkinsonian motor syndrome. Adapted from Corbacı (2022) (Corbacı, 2022). 
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1.3. PD Genetics 

 

Several genes are involved in the development of the disease, suggesting that they are a vital 

component in understanding its molecular pathogenesis (Table 1.3) (Spillantini et al., 1997a; 

FAHN, 2006). Approximately 5-10% of PD is considered familial - 3-5% of those cases present 

as Mendelian inheritance with a known monogenic cause (Toffoli, Vieira & Schapira, 2020; 

Kumar, Djarmati-Westenberger & Grünewald, 2011). PARK numbers have been assigned to 

genes associated with familial monogenic forms of PD, according to their order of discovery. 

Monogenic forms can be further classified based on their Mendelian inheritance pattern: 

autosomal dominant or autosomal recessive (Toffoli, Vieira & Schapira, 2020). 

 

In the 1980s, studies demonstrated low concordance in twin siblings of PD cases (Eldridge & 

Ince, 1984; Ward et al., 1983), which supported the idea that there were no genetic associations 

with PD. Hence, it was considered to be driven by environmental factors such as toxins and 

infectious agents. In 1997, a mutation in the α-syn gene (SNCA), associated with 2 of the 23 

PARK genes (Table 1.3), was proposed as the first causal agent of α-syn protein pathology in 

autosomal dominantly inherited PD - a single base pair change at position 209 from G to A 

(G209A) resulted in an alanine to threonine substitution at position 53 (Ala53Thr) 

(Polymeropoulos et al., 1997). Subsequently, other missense mutations including A30P 

(Krüger et al., 1998), E46K (Zarranz et al., 2004), and H50Q (Appel-Cresswell et al., 2013) 

were identified. The α-syn genomic multiplications can also contribute to autosomal dominant 

PD (Ross et al., 2008). Leucine-rich repeat kinase 2 (LRRK2) gene mutations, a series of 

missense and nonsense mutations, are the most common cause of familial monogenic PD 

(Paisán-Ruı́z et al., 2004; Zimprich et al., 2004; Toffoli, Vieira & Schapira, 2020; Rubio et al., 

2012) - especially G2019S (Ozelius et al., 2006; Lesage et al., 2006; Healy et al., 2008; Correia 

Guedes et al., 2010). LRRK2 gene mutations account for around 10% of all autosomal dominant 

PD cases (Guerreiro et al., 2016).    

 

Mutations in the following genes - PARK2 (encoding Parkin), PINK1 (PARK6; PTEN-induced 

kinase 1), DJ-1 (PARK7), ATP13A (PARK9; Lysosomal type 5 ATPase), PLA2G6 (PARK14; 

phospholipase A2) and FBXO7 (PARK15; F-box only protein 7), DNAJC6 (PARK19; 

DNAJ/HSP40 homolog subfamily C member 6), SYNJ1 (PARK20; synaptojanin 1) and 

VPS13C (PARK23; vacuolar protein sorting 13C) - cause autosomal recessive PD.  

 



 43 

Parkin is one of the largest genes in the human genome (Hernandez, Reed & Singleton, 2016) 

and encodes a 465-amino acid E3 ubiquitin ligase (Scuderi et al., 2014). Missense mutation, 

T240R, disrupt interactions with specific E2 ubiquitin-conjugating enzyme (Shimura et al., 

2000). PINK1 encodes a 581 amino acid mitochondrial-targeted serine/threonine kinase 

(Valente, 2004; Moore et al., 2005). PINK phosphorylates Parkin to enable ubiquitination of 

mitochondrial membrane proteins, which acts as a signal for mitophagy thereafter (Narendra 

et al., 2010, 2008; Kane et al., 2014). Valente and colleagues identified two homozygous 

mutations, G309D missense mutation and a W437X truncating mutation (Valente, 2004). Now, 

over ten different mutations in PINK have been associated with early-onset PD (Hernandez, 

Reed & Singleton, 2016). 

 

Another Parkinson’s-associated protein, DJ1, provides protection against oxidative stress and 

maintains normal dopaminergic function in the nigrostriatal pathway (Taira et al., 2004; 

Menzies, Yenisetti & Min, 2005; Takahashi-Niki et al., 2004). It also functions as a 

transcriptional regulator, which localises to the mitochondria for clearance of endogenous 

reactive oxygen species (ROS) (Hague et al., 2003; Canet-Avilés et al., 2004; Zondler et al., 

2014). Therefore, DJ1 deficiency in a rare autosomal recessive form of PD reduces brain 

consumption of hydrogen peroxide, which increases oxidative stress and eventually leads to 

dopaminergic neuronal cell death (Hague et al., 2003; Andres-Mateos et al., 2007; Lopert & 

Patel, 2014). The direct interaction of DJ1 with α-syn also means that PARK7 gene mutations 

exacerbate the accumulation of misfolded α-syn aggregates in dopaminergic neurons (Zondler 

et al., 2014; Gao et al., 2017). DJ1 has also been linked to the Parkin-PINK1 through 

transcriptional regulation of PINK1 (Requejo-Aguilar et al., 2015). 

 

Some genes can also contribute to sporadic forms of PD. For example, glucocerebrosidase 

(GBA) gene mutation is single largest genetic risk factor (O’Regan et al., 2017) that causes PD 

in Gaucher disease, which encodes a lysosomal enzyme that degrades sphingolipids (Sidransky 

et al., 2009; Lesage et al., 2011). Multicentre studies demonstrate that GBA variants are the 

most common genetic risk factor of PD (Davis et al., 2016; Mata et al., 2016), as patients have 

an earlier onset age, more rapid disease progression, higher incidence of non-motor symptoms 

(e.g. REM sleep behaviour disorder (RBD), visual hallucinations (VH), cognitive impairment, 

and autonomic disorders), and at greater risk of developing dementia within PD (Gan-Or, Liong 

& Alcalay, 2018; Mata et al., 2016; Davis et al., 2016; Riboldi & di Fonzo, 2019; Liu et al., 

2022).  



 

  

Table 1.3: Genetics of Parkinson’s Disease (PD).  LB = Lewy Body, SN = Substantia Nigra, LC = Locus Coeruleus, NFTs = Neurofibrillary Tangles, nbM = nucleus basalis of Meynert, TDP-43 

= tar-DNA binding protein-43. Adapted from the PhD thesis of Dr. Bension Tilley (Tilley, 2019). 
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1.4. Subtypes of Parkinson’s Disease 

 

1.4.1. Motor Subtypes  

 

The PD motor syndrome consists of distinct motor subtypes such as tremor-dominant and 

akinetic rigid syndromes (Jankovic et al., 1990; Paulus & Jellinger, 1991; Jellinger & Paulus, 

1992; Selikhova et al., 2009a). The diagnostic criterion for PD involves the presentation of two 

motor symptoms – bradykinesia and one of rest tremor or rigidity. These motor phenotypes 

also vary in their onset of non-motor symptoms, where patients with the akinetic rigid subtype 

are more prominent in their expression of cognitive, psychologic, and autonomic dysfunctions 

(Selikhova et al., 2009a; van Rooden et al., 2010; Lawton et al., 2015). PD patients are 

heterogenous in their presentation in a clinical setting and these motor subtypes are unlikely to 

remain consistent over time. Therefore, one patient may present heterogeneously over the 

disease course, which further complicates assessment of clinical subtype. 

 

1.4.2. Cognitive Subtypes - PD Dementia Syndrome - Lewy Body Dementia (LBD)  

 

Cognitive impairment develops in 80% of PD patients during their disease course ranging from 

mild cognitive impairment (MCI) to Lewy body dementia (LBD) (Figure 1.3; Figure 1.4). The 

dementia syndrome manifests as prominent early visuo-spatial, executive, and attentional 

deficits, and memory dysfunctions on some occasions (Friedman, 2018a; Emre et al., 2007a). 

LBD are the second most common cause of dementia after Alzheimer’s disease (AD) (Vann 

Jones & O’Brien, 2014a; Hogan et al., 2016a; Kane et al., 2018), and comprise of two 

phenotypes: Parkinson’s disease dementia (PDD) and dementia with Lewy bodies (DLB) 

(Gomperts, 2016). Consensus clinical diagnostic criteria for these two diseases have been 

proposed (Emre et al., 2007b), yet the association between them remains unclarified; the two 

disorders plausibly represent separate phases of the Lewy body disease continuum, with 

variations in onset of motor and cognitive symptoms (Figure 1.3).  

      

LBD phenotypes can be clinically distinguished via the arbitrary ‘one-year rule’ (McKeith et 

al., 2005; McKeith, 2007; Onofrj et al., 2010; Huang & Halliday, 2013; Boeve et al., 2016; 

Jellinger & Korczyn, 2018). Hence, dementia occurs within a year of or before the onset of 
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motor symptoms in DLB, whereas dementia in PDD occurs at least one-year after onset of the 

motor symptoms (Sabbagh et al., 2009; Gomperts, 2014a; Petrou et al., 2015). Although some 

authors argue that these phenotypes are similar conditions (Friedman, 2018b), there are critical 

differences in their diagnostic criteria (Emre et al., 2007b; McKeith et al., 2017).   

 

Furthermore, the caregivers of LBD patients have a fundamental role in the disease course, 

especially due to greater patient physical dependence, rapid rate of decline and severe 

neuropsychiatric disturbances than other dementia subtypes (Foley et al., 2020a). A web-based 

survey conducted by the Lewy Body Dementia Association (LBDA) reported that the majority 

of caregivers were women such as wives or daughters, which is also reflected by the male-sex 

bias in LBD. Caregivers report that patients have greater dependence for daily living activities 

(Galvin et al., 2010). Inadequate support from family, friends or healthcare providers can lead 

to a sense of social isolation and caregiver ‘burnout’ due to stress and depression (Yılmaz, 

Turan & Gundogar, 2009; Galvin et al., 2010).  

 

In 2014, when actor Robin Williams died of LBD, his wife, Susan Schneider set out to spread 

awareness about the disease. The diagnosis was made following autopsy, after which Schneider 

has become a prominent advocate for LBD research (Figure 1.2). She is the Vice Chair at the 

American Brain Foundation (ABF). Schneider also participated in the release of the 

documentary film ‘Robin’s Wish’, which was based around the final years and experiences of 

Williams. An educational version of the film, SPARK, has also been released. Schneider has 

collaborated with the America Academy of Neurology journal, Michael J. Fox Foundation, 

along with others to improve LBD diagnosis, increase funding, and provide support to 

researchers and clinicians (Schneider, 2022; The NINDS 2022 Non-Profit Forum, 2022). 
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Robin Williams  

(July 21, 1951 – August 11, 2014) 

 

International Lewy Body Dementia  

Conference 2022 

Susan Schneider – ‘Lewy Body  

Dementia - The Invisible Monster’ 

 

“Robin had cardiac problems, delusions, insomnia, 

 and couldn’t find words. Robin lost interest in  

things he loved to do. There was no break between 

 our days and nights. 

 

He was sensitive to medications. Antipsychotics increased confusion and so he was put off 

them a few days later. Robin kept the worst symptom to himself – hallucinations. He didn’t 

want to go on stage because of anxiety and paranoia. This was reflected by increased -

synuclein protein in the amygdala…Robin’s brainstem and every other brain region were 

also covered with proteins. 

 

We both felt alone. We started spending more time together through activities like walking 

the dog or sharing a meal. Robin couldn’t drive. He couldn’t read. I drove and read to him. 

 

Doctors could not get to the bottom of what was going on. He had a whole team of medical 

professionals, but they weren’t from the same hospital. LBD seemed not to be on the menu – 

it was an invisible monster.” 

Exploring LBD through the life of Robin Williams. Susan Schneider describes 

the many symptoms experienced by Robin Williams prior to his death in August 

2014. Scan the QR code. 

Figure 1.2: Summary of a presentation by Susan Schneider at the International Lewy Body Dementia Conference 2022, who 

described the LBD features in her husband, Robin Williams. 
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1.5. Subtypes of LBD 

 

1.5.1. Parkinson’s Disease Dementia 

 

PDD is a late-stage complication of PD (Garcia-Ptacek & Kramberger, 2016; Fenelon, 2000), 

commonly manifesting around the age of 70 years (Reid et al., 2011). Some studies, such as 

the CampPaIGN study, reported 46% of patients developed dementia after 10 years of PD 

diagnosis (Williams-Gray et al., 2013), whereas the Sydney Multicentre study found 48% of 

patients developed dementia after 15 years of PD onset (Hely et al., 2005) and 83% were 

affected after 20 years (Hely et al., 2008). There have also been suggestions that PDD may be 

more common in patients with akinetic rigid phenotype than those with tremor-dominant or 

mixed phenotypes (Selikhova et al., 2009b; Svenningsson et al., 2012).  

 

Neuropsychiatric symptoms, such as apathy, anxiety, depression, and hallucinations, are 

common in PDD (Aarsland et al., 2007). VH are complex, well-formed and similar to that in 

DLB (Ballard et al., 2013), where patients complain of persistent images of people, animals or 

objects, particularly in the evening or night. Hallucinations may become more disturbing to 

patients with severe forms of dementia or those experiencing delusions (false beliefs) (Ballard 

et al., 2013). Delusions are less common than hallucinations (Emre et al., 2007b) and apparent 

in around 17% of PDD patients (Pagonabarraga et al., 2008). Risk factors include advanced 

age (Schrag et al., 2017), MCI at baseline, and severe onset of parkinsonism (Aarsland & Kurz, 

2010; Emre et al., 2007b). Other features include colour vision defects, hypertension at 

baseline, freezing gait and falls (Anang et al., 2014), postural instability and gait disturbance 

(Emre et al., 2007b), reduced sense of smell and RBD (Anang et al., 2014, 2017). A previous 

study demonstrated that 48% of patients with RBD developed dementia post 4 years of initial 

evaluation (Postuma et al., 2012). Early stages of PDD can be characterised by impairments in 

planning, abstract thinking, attention, visuospatial function, episodic memory, along with 

relatively well-preserved core language functions (Emre et al., 2007b; Hanagasi, Tufekcioglu 

& Emre, 2017).  

 

Early cognitive impairment may be detected through a combination of features including age, 

non-motor symptoms, cerebrospinal fluid (CSF) biomarkers and dopamine transporter (DAT) 

scans in newly diagnosed PD patients (Schrag et al., 2017). DAT imaging with asymmetry and 
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reduced caudate uptake, as well as low CSF amyloid-beta (Aβ)-42 levels to t-tau ratio, 

correlates with changes in Montreal Cognitive Assessment (MoCA) scores (Schrag et al., 

2017). Patients with MCI prior to PDD can be characterised by insidious decline in cognitive 

abilities (Litvan et al., 2012), usually progressing to dementia later in the disease course. 

Fluctuations in attention are less frequent in PDD than DLB (Goetz, Emre & Dubois, 2009).  

 

1.5.2. Dementia with Lewy Bodies  

 

DLB refers to the onset of dementia that occurs before or concurrently with parkinsonism, or 

within one year of onset of motor symptoms (Walker et al., 2015). DLB accounts for 5% of all 

dementia cases in those over the age of 75 years (Hogan et al., 2016b) and 4.2% of total 

dementia patients (Vann Jones & O’Brien, 2014b). Core clinical features of DLB include a 

tetrad of: (1) fluctuating cognition (FC) with prominent discrepancies in attention and alertness, 

(2) RBD that may precede cognitive decline, (3) persistent VH, and (4) at least one spontaneous 

cardinal feature of Parkinsonism from bradykinesia, rest tremor or rigidity (Table 1.4) (Gomez-

Tortosa et al., 1999; Emre et al., 2007b; Schulz-Schaeffer, 2010; Auning et al., 2011; 

Armstrong, 2012; Postuma et al., 2013; Seidel et al., 2015; Bras et al., 2014; Guerreiro et al., 

2016; Postuma et al., 2016; Weil et al., 2017; McKeith et al., 2017). DLB risk factors are similar 

to that of both PD and AD, and include advanced age, gender (male), family history of PD, 

APOE ε4 allele, depression, and anxiety (Boot et al., 2013). Mild DLB patients have greater 

prevalence of non-motor symptoms from olfactory dysfunction, constipation, hypersalivation 

and orthostatic dizziness (Chiba et al., 2012). The primary clinical requirement for DLB 

diagnosis is dementia – a progressive cognitive decline severe enough to interfere with daily 

activities.   

 

DLB diagnosis can be further classified as ‘probable DLB’ or ‘possible DLB’ according to the 

fourth consensus DLB report that describes a recent diagnostic criterion, distinguishing 

between clinical symptoms and diagnostic biomarkers (Table 1.4) (McKeith et al., 2017).  

Probable DLB refers to the presence of two core clinical features with dementia, despite 

indicative biomarkers. Possible DLB comprises of one core clinical feature only, without 

indicative biomarkers, or if one or more biomarkers are present in the absence of core clinical 

features (McKeith et al., 2017). Clinical features are classified as two categories: core and 

supportive. Core clinical features include FC, RBD, recurrent VH, and one key cardinal feature 
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of parkinsonism. Supportive clinical features include the following: hypersomnia, hyposmia, 

postural instability, repeated falls, neuroleptic sensitivity, severe autonomic dysfunction (e.g. 

orthostatic hypotension, constipation, urinary incontinence), and hallucinations in other 

modalities (e.g. auditory hallucinations (McKeith et al., 1992), delusions, apathy, anxiety and 

depression (McKeith et al., 2017). Diagnostic biomarkers are divided into two other categories: 

indicative and supportive. Indicative biomarkers include reduced uptake of dopamine 

transporter on single-photon emission computerized tomography (SPECT) or positron 

emission tomography (PET) imaging, reduced uptake on iodine-123 metaiodobenzylguanidine 

(123iodine-MIBG) myocardial scintigraphy and polysomnographic conformation of RBD 

without atonia. Supportive biomarkers comprise of relative preservation of medial temporal 

lobe structures on computerised tomography/magnetic resonance imaging (CT/MRI), reduced 

uptake on SPECT/PET perfusion/metabolism scan with diminished occipital activity +/- the 

cingulate island sign (CIS) on fluoro-D-glucose-PET (FDG-PET) and brain perfusion SPECT 

(Imabayashi et al., 2017; McKeith et al., 2017) and prominent posterior slow-wave 

electroencephalogram (EEG) activity with periodic fluctuations in the pre-alpha theta range 

(Table 1.4) (McKeith et al., 2017). 

 

Fluctuations refer to spontaneous changes in cognition, attention and arousal. They are 

episodes of behavioural inconsistency, incoherent speech, inconstant attention, altered 

consciousness in the form of staring or zoning out (McKeith et al., 2017, 2005). FC may 

underlie thalamic atrophy and accelerate disease progression (Watson et al., 2017). VH is 

predominant in 80% of DLB patients and manifests early in the disease course (McKeith, 

2004). In comparison, RBD may precede several years before DLB onset (Boeve, 2012). A 

study of autopsy-confirmed cases reported that RBD arises more frequently in DLB than non-

DLB dementia patients (Ferman et al., 2011). Parkinsonism of increasing severity can also 

develop overtime with prevalence between 60-92% (Ferman et al., 2011). Compared to PDD, 

rest tremor is less frequent (Fritz et al., 2016; Takemoto et al., 2016; Hansen et al., 2019a), 

milder and more symmetrical (Del Ser et al., 2000) in DLB compared to PDD. Language skills, 

confirmation naming for example, are often preserved, while learning and memory abilities are 

more variable (Ferman et al., 2006b). Patients may present with amnestic or non-amnestic 

cognitive impairment, with the latter more like to progress to DLB (Ferman et al., 2013b). 

Severe hyposmia may be able to distinguish DLB from AD, suggesting its potential role in a 

differential diagnosis (Beach et al., 2020).  
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DLB patients have a poorer prognosis than those with AD. Initial presentation and follow-up 

of DLB patients show more neuropsychiatric features than AD. There is also a greater risk of 

hospitalisation or death from adverse events such as falls or respiratory infections in DLB. 

Median age of death is similar in both conditions, but the disease duration is shorter in DLB, 

partially due to delayed diagnosis, thus emphasising the need for a more accurate diagnostic 

criterion. Mortality risks for DLB patients are greater in a care home environment (Zweig & 

Galvin, 2014), and these patients also experience limited mobility and greater dependence on 

their caregiver. Neuroleptic sensitivity, higher hospitalisation rates (due to 

delirium/encephalopathy) and higher rates of autonomic dysfunction can accelerate mortality 

in DLB (Capouch, Farlow & Brosch, 2018). 

 

DLB has a poorer prognosis, shorter survival, faster rate of cognitive decline and more 

admissions into residential care compared to AD. Hence, there remains a greater need to 

identify precise clinical and pathological substrates to distinguish cognitive phenotypes and 

tailor treatments to specific therapeutic targets according to patient requirements. 

 

 

 

 

 

 

 

 

Table 1.4: Revised criteria for the clinical diagnosis of Dementia with Lewy Bodies (DLB). Adapted from McKeith et al., 

2017. 

Core Clinical Features 1. Fluctuating cognition (FC) with prominent discrepancies 

in attention and alertness 

2. REM sleep behavior disorder (RBD) that may precede 

cognitive decline 

3. persistent, well-formed and detailed visual hallucinations 

(VH)  

4. At least one spontaneous cardinal feature of 

Parkinsonism from bradykinesia, rest tremor or rigidity 

Supportive Clinical Features Severe sensitivity to antipsychotic agents, postural instability, 

repeated falls, syncope or other transient episodes of 

unresponsiveness, severe autonomic dysfunction, e.g. 

constipation, orthostatic hypotension, urinary incontinence, 

hypersomnia, hyposomnia, hallucinations in other modalities, 

systemized delusions, apathy, anxiety, and depression 

Established in June 2006, the Lewy Body Society aims to raise awareness 

of LBD and provide fundamental support to patients and their carers. The 

society created a short video to provide a glimpse into the life of a patient 

living with the condition. Scan the QR code to view the video presentation. 
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1.6. Summary of Clinical Similarities and Differences between LBD 

Phenotypes - PDD vs DLB  

 

Differences between PDD and DLB occur in motor and cognitive domains. PDD occurs after 

one year of motor symptom onset whereas DLB occurs within one year of motor symptoms 

onset. PDD has been associated with more severe parkinsonism than DLB (Petrova et al., 

2015), supported by greater dopaminergic neuronal loss in the SN has been found in PD and 

PDD than in DLB (Tsuboi & Dickson, 2005). DLB cases have increased α-syn pathology in 

the limbic system and neocortex, as well as the CA2/3 subregion of the hippocampus (Jellinger, 

2009b). DLB cases also have greater Aβ plaques load in the cortex than PDD (Weil et al., 

2017). There is also greater cholinergic neuronal loss and depletion in choline acetyltransferase 

activity than PD (Francis & Perry, 2007). Rest tremor is less frequent in DLB (Fritz et al., 2016; 

Takemoto et al., 2016; Hansen et al., 2019a). DLB present with greater impairments in 

semantic fluency, visual recognition memory, ideomotor praxis (Lee et al., 2010), episodic 

verbal memory (Takemoto et al., 2016; Park et al., 2011), attention, and executive function 

(Petrova et al., 2015; Takemoto et al., 2016; Park et al., 2011), whereas relative memory 

impairments are less affected (McKeith et al., 2017; Kao et al., 2009; Yoshizawa, Vonsattel & 

Honig, 2013). The rate of cognitive decline is faster in DLB than PDD, as evident by the 

average annual decline in Mini-Mental State Eexamination (MMSE) scores in the former 

Indicative Biomarkers 1. Reduced uptake of dopamine transporter on SPECT or 

PET imaging 

2. Reduced uptake on 123iodine-MIBG myocardial 

scintigraphy  

3. Polysomnographic conformation of RBD without atonia 

Supportive Biomarkers 1. Relative preservation of medial temporal lobe structures 

on CT/MRI 

2. Reduced uptake on SPECT/PET perfusion/metabolism 

scan with diminished occipital activity +/- the cingulate 

island sign on FDG-PET and brain perfusion SPECT  

3. Prominent posterior slow-wave EEG activity with periodic 

fluctuations in the pre-alpha theta range 

Probable DLB 1. Presence of two core clinical features of DLB is present, 

despite the presence of indicative biomarkers 

2. Only one core clinical feature is present, but with one or 

more indicative biomarkers 

Possible DLB 1. Only one core clinical feature of DLB is present, without 

indicative biomarkers 

2. One or more indicative biomarkers are present in the 

absence of core clinical features 
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(Blanc et al., 2017; Kramberger et al., 2017a). VH presentations can be complex but similar in 

both phenotypes (Ballard et al., 2013; Frei & Truong, 2017), although they are more frequent 

in DLB. Early autonomic dysfunctions, such as orthostatic hypotension, constipation and 

urinary incontinence, result in poorer prognosis and shorter survival in both phenotypes (Figure 

1.3) (Stubendorff et al., 2012). 

 

Similarities between these phenotypes include cognitive fluctuations, hallucinations, and 

dementia with parkinsonism (Gomperts, 2016). Cognitive domains, including executive 

dysfunction, visual-spatial abnormalities and memory impairments overlap extensively (Lippa 

et al., 2007). 

 

 



 

 

Figure 1.3: Venn diagram of the similarities and differences between LBD phenotypes. 
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1.7. LBD Genetics 

 

Genetics play a role in LBD pathology, but it is not well understood. Genome-wide association 

studies identified five independent genome-wide significant loci - GBA, BIN1, TMEM175, 

SNCA-AS1, APOE – that influence LBD susceptibility, whereas genome-wide gene-based 

aggregation analysis reported GBA gene mutations as a crucial contributor to LBD 

pathogenesis (Chia et al., 2021). GBA gene variants have been shown to be significantly higher 

in DLB patients than controls with an earlier onset age, more severe cognitive impairment 

(evidenced by lower MoCA score than the GBA non-variant group in DLB patients), and rapid 

symptom progression (Liu et al., 2022). GBA gene variants N370S, E326K, and L444P were 

strongly associated with DLB. One of the major contributors to abnormal α-syn accumulation 

is the lysosomal enzyme GBA, encoded by the GBA1β gene on chromosome 1(1q21) (Winfield 

et al., 1997; Horowitz et al., 1989). GBA functions in α-syn synthesis, lysosomal dysfunction, 

endoplasmic reticulum stress, and ceramide metabolism (Sidransky & Lopez, 2012; Lim et al., 

2011; DePaolo et al., 2009; Gan-Or, Liong & Alcalay, 2018).  

 

DLB heterogeneity may be attributed to its underlying genetics. DLB heritability is estimated 

to be 60% (Guerreiro et al., 2019). Genetic factors associated with DLB are important 

contributors to the pathological and clinical heterogeneity (van der Lee et al., 2021). 

Fluctuations were associated with APOE ɛ4 which in turn have high correlations with cognitive 

function (van der Lee et al., 2021). APOE ɛ4 allele has been associated with Alzheimer-type 

pathology in Lewy body disorders and is the strongest genetic risk factor for DLB (Wider et 

al., 2012; Guerreiro et al., 2018). APOE ɛ4 and APOE ɛ2 correlate with increased dementia 

risk and increased susceptibility to PDD (Kramberger et al., 2017b) (Garcia-Ptacek & 

Kramberger, 2016; de Lau et al., 2005; Hansen et al., 2020). Duplication and triplication of the 

SNCA gene have a strong connection to cognitive impairment in PD (Hanagasi, Tufekcioglu & 

Emre, 2017; Farrer et al., 2004), including PDD and DLB. Heterozygous mutations (N370S, 

L444P or E326K) in the GBA gene, encoding glucocerebrosidase, increase susceptibility to 

PDD and DLB (Nalls et al., 2013; Mata et al., 2008). These mutations may also contribute to 

some neuropsychiatric phenotypes, but the underlying mechanism remains unclear (Hansen et 

al., 2019a). This has been evidenced by a previous meta-analysis that reported GBA mutations 

may cause a 2.4-fold increased risk of cognitive impairment and 1.8-2.2-fold greater risk of 

psychosis and depression (Creese et al., 2018). Dementia in PD has been associated with 
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variations in the microtubule-associated protein tau (MAPT) gene, with the H1/H1 haplotype 

being linked to greater risk of cognitive decline (Goris et al., 2007; Healy, 2004). There may 

also be variants in other genes associated with DLB, such as those linked to PD (SNCA, LRRK2 

and GBA) or AD (PSEN1, PSEN2, APP, APOE), which may potentially explain genetic overlap 

between these diseases. The first large-scale genome-wide association study (GWAS) in DLB 

introduced a novel candidate locus, CNTN1, encoding protein contactin 1 (Guerreiro et al., 

2018). SPTBN1, encoding an α-syn binding protein, β-spectrin, and a component of LBs 

(Peuralinna et al., 2015), is another suggested novel risk factor for neocortical Lewy related 

pathology. 

 

1.8. LBD Diagnosis 

 

LBD diagnosis is based on a combination of various factors including neuropathology, 

biomarkers and clinical characteristics. 

 

1.8.1. History of Neuropathology 

 

Histological staining methods have evolved drastically overtime through chemical, molecular 

biological assays, and immunological techniques. Antonie van Leeuwenhoek was instrumental 

in the development of histology using substances such as Madder, indigo, and saffron to stain 

tissues in the seventeenth century (Titford, 2009a; Javaeed et al., 2021). Later in 1858, Joseph 

Von Gerlach was a pioneer of tissue staining who used ammoniacal carmine to stain cerebellum 

tissue (Costa et al., 2010). Advanced technologic advancements of microscopes lead to the 

development of histological stains such as aniline dye in 1856 in Germany, and further insight 

into new histological techniques for the study of diseased tissue (Titford, 2009a; Alturkistani, 

Tashkandi & Mohammedsaleh, 2015). Pathologists devised intraoperative staining techniques 

for frozen tissues sections and paraffin infiltration staining technique in the nineteenth century 

(Titford & Bowman, 2012; Alturkistani, Tashkandi & Mohammedsaleh, 2015). Over the years, 

various staining techniques have been developed including silver nitrate, carmine, Giemsa, 

Trichrome Stains, Gram Stain and hematoxylin, as well as others (Alturkistani, Tashkandi & 

Mohammedsaleh, 2015). Some of the most recently developed histological stains comprise of 

haematoxylin and eosin (H&E), Ziehl-Nielsen (ZN) stain, periodic acid-Schiff (PAS) stain, 

and Grocott-Gomori methenamine silver stain. Current histological stains are economical, 
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rapid, and reliable for the interpretation, documentation, and delivery of essential diagnoses 

(Javaeed et al., 2021). Some of these stains are described below. 

 

Developed by Wilhelm von Waldeyer in 1863, haematoxylin is a weak stain that is combined 

with other reagents in oxidised form (Alturkistani, Tashkandi & Mohammedsaleh, 2015). It is 

a standard staining reagent that has been modified on several occasions. There are numerous 

subsets of haematoxylin. H&E is the most prominent haematoxylin staining method. This 

classical haematoxylin variant involves a combination of an acidic dye, eosin, and a basic dye, 

haematoxylin. Haematoxylin stains the nucleus blue and eosin stains connective tissue, 

cytoplasm, and other extracellular components red (Javaeed et al., 2021). Böhmer’s 

haematoxylin is a method that comprises of haematoxylin crystals, potassium alum, and other 

chemicals. In 1892, Howell used Böhmer’s haematoxylin with picric acid for staining of the 

axons of peripheral nerves (Howell & Huber, 1892). Picric acid is a strong acid coagulant that 

alters charges on the proteins sidechains to disrupt hydrogen and electrostatic bonding, which 

results in protein degradation. This contributes to the breakdown of the myelin sheath, which 

is composed of proteins, exposing axonal structures for staining by Böhmer’s hematoxylin 

(Eltoum et al., 2001).  

 

Other researchers continued to improve staining methods, including the discovery of Frank 

Burr Mallory of phosphomolybdic acid haematoxylin (PMAH; 1914) and phosphotungstic acid 

haematoxylin (PTAH). The PMAH method was more specific and expansive than the 

Böhmer’s method, staining discrete granules in the axons, an end bulb of a sciatic nerve and a 

cross-section of lumbo-sacral cord fibres (Clark, 1914). The PTAH method became more 

popular than the former and one of its first uses was by Masson in 1932 to selectively stain 

fibrils of Schwann cells and neurinomas (Clark, 1914).  

 

Masson’s Trichrome Stain (Weigert’s Haematoxylin) was first used in 1929. The Trichrome 

stain incorporates hemalum to stain nuclei blue-violet, cytoplasm red, elastin pink and collagen 

golden-yellow (Rosario, Howell & Bhattacharya, 2022). The Trichome stain was used to stain 

hypertrophied “Remak” bands, cytoplasmic nucleated cords, and axis cylinders and tumours.    

 

Furthermore, the aniline family of dyes have been extensively studied over the decades 

(Alturkistani, Tashkandi & Mohammedsaleh, 2015; Titford, 2009b; Goss, 2009). For example, 

scientists such as Paul Ehrlich studied anilines and successfully identified different white blood 
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cells using methylene blue (Alturkistani, Tashkandi & Mohammedsaleh, 2015). Aniline blue 

reagent is produced from methyl blue, water blue, or a mixture of both and used to stain 

components of the nervous system. One of its first uses was in 1932 by Masson to stain 

longitudinal fibrils in the myelin sheaths.  

 

The para-phenylenediamine stain (PPD) and Nissl staining were introduced over a century ago. 

Maud Menten used PPD with alpha-naphthol in 1919 to stain the medullary sheath of central 

nervous system (CNS) neurons (Menten, 1919), and used it alone in 1968 to stain CNS cells 

for electron microscopy (BERKOWITZ et al., 1968). Today, PPD continues to be used as a 

neuronal stain, including sections of human cranial nerves (Engelmann et al., 2020). The Nissl 

stain, still used today, was initially introduced by Franz Nissl (1860–1919) (Bentivoglio et al., 

2019). The Nissl stain comprise of a series of dyes - thionin or toluidine blue or Cresyl violet 

acetate – which have binding affinity to basophilic cell components. This enables more 

effective visualisation of cell bodies and neuropil than carmine, however complete 

ramifications in the nervous tissue cannot be revealed (Bentivoglio et al., 2019; GRAYZEL, 

1934; Fang et al., 2018). 

 

Joseph von Erlach introduced alternative processing techniques that led the development of 

carmine (Titford, 2009b; Goss, 2009). Carmine is a versatile reagent used to study tissue 

structures in ammoniacal solution form and it is widely used today in histological studies 

(Alturkistani, Tashkandi & Mohammedsaleh, 2015; Musumeci, 2014).  In the early 1910s, 

carmine was used to highlight the nuclei within degenerating neurons and localisation of 

Schwann cells (Clark, 1914). Combining carmine with gelatin formed a gel that could be 

inserted into blood vessels to enhance visualisation of the cardiovascular system and explore 

its relationship with the nervous system (Nóblega et al., 2003). Overtime, new carmine staining 

techniques evolved to stain elements of the nervous system such as alum carmine, mucicarmine 

and indigo carmine. 

 

Camillo Golgi (1843–1926) invented Golgi impregnation method to enable microscopic studies 

to visualise neurons and glial cells and was the first to lay the foundations of neurohistology 

and neuroanatomy (Bentivoglio et al., 2019) – the silver staining method. This technique 

involves the fixation of nervous tissue blocks in 2–2.5% potassium dichromate for 1-50 days 

or longer, which was followed by silver nitrate immersion that resulted in crystallisation within 

cell membranes and precipitation of silver chromate to fully impregnate cells in the nervous 
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tissue (Bentivoglio et al., 2019). This coated the cell membrane with a black sheath, commonly 

known as the “dark reaction.” The impregnated cells were black with the remaining tissue 

sample turning a light-yellow colour. However, there were limitations associated with the silver 

staining technique: dark tissue samples, intensity of metallic properties and specificity for 

juvenile and embryonic human brain (Levine & Marcillo, 2008). Thereafter, Santiago Ramon 

y Cajal proposed two modifications to the Golgi method: (1) reduce silver impregnation, which 

made it suitable to study neurofibrils, and (2) gold chloride-sublimate impregnation, which 

enabled the study of astrocytes (Andriezen, 1894). The Golgi method used approximately 

200m tissue thickness, whereas modification by Cajal reduced the tissue thickness to 100m 

to produce clearer results. In 1906, Santiago Ramón y Cajal and Camillo Golgi were awarded 

the Nobel prize for their contributions to neuroanatomy of silver-staining methods, especially 

Golgi-silver technique (Uchihara, 2007; Boullerne & Feinstein, 2020).  Silver staining was also 

fundamental in neuroanatomy at the time to study neuronal regeneration and degeneration, 

enhance visualisation of endoneurium fibers surrounding neurons (Laidlaw, 1930), as well as 

the visualisation of senile plaques (SP), neurofibrillary tangles (NFT) and Pick bodies 

(Alzheimer, 1991).   

 

Significant improvements in histology have been evident through the implementation of 

immunohistochemistry (IHC), antibody binding and electron microscopy (Titford, 2009a). IHC 

is a fundamental component of diagnostic pathology and refers to the notion of antigen-

antibody binding for the identification of protein pathologies specific to certain diseases. This 

method uses immunoperoxidase and immunofluorescence antibodies (Torlakovic et al., 2015; 

Javaeed et al., 2021). 

 

Overtime, there have been many augmentations in histopathology, with more efficient, 

accurate, safe, and easier staining procedures. Some staining techniques are still used today, 

whereas some have been replaced with new advanced stains, and others have been abandoned 

due to chemical toxicity. Histological stains have been modified, improved, and combined with 

other reagents to enhance their effectiveness (Alturkistani, Tashkandi & Mohammedsaleh, 

2015). Prompt diagnosis and early management are crucial for a cost-effective healthcare 

system. The advent of medical technology and introduction of new staining reagents will 

facilitate further improvements in histological techniques to revolutionise neuropathological 

research and diagnosis. 
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1.8.2. Neuropathology of LBD 

 

LBD are heterogenous in underlying neuropathology with minor neuropathological differences 

between the two phenotypes (Kövari, Horvath & Bouras, 2009). The hallmark of LBD is the 

presence of cortical and subcortical Lewy body (LB) pathology, that is, aggregations of the α-

syn protein (Figure 1.4). LBs are predominantly localised to dopaminergic neurons in the SN 

in PD, whereas a more diffuse cortical pattern of LBs pathology is apparent in LBD (Capouch, 

Farlow & Brosch, 2018; Tsuboi, Uchikado & Dickson, 2007). The development of Lewy 

pathology can be divided into six stages, as stated by the Braak hypothesis ranging from stages 

1-6, with ascending dissemination from medullary and olfactory nuclei to the cortex (Figure 

1.5) (Braak et al., 2005, 2003). The Braak hypothesis states that the initial appearance of LBs 

occurs in the lower medulla and olfactory bulbs, which disseminates to the midbrain of the 

brain stem, and eventually the frontal and occipital cortices thereafter (Schapira, Chaudhuri 

& Jenner, 2017b). Stages 1 and 2 are presymptomatic and are associated with prodromal LB 

disease, whereas stages 3 and 4 present with motor symptoms and stages 5 and 6 are frequently 

related to cognitive impairment (Figure 1.5) (Braak et al., 2003; Jellinger, 2009a; Surmeier, 

Obeso & Halliday, 2017). 

 

The Braak hypothesis states two initiation sites for Lewy pathology (LP, i.e., LBs and Lewy 

Neurites (LNs) – the dorsal motor nucleus (dmX) of the vagus nerve and olfactory bulb (Braak 

et al., 2003). Both regions are in contact with the external environment, thus suggesting their 

interactions with environmental factors to cause sporadic PD. It can also be assumed that the 

initial affected nuclei would be most severely affected by the last stage of the disease, although 

it is not necessarily the case (Alafuzoff et al., 2009a). Alternative PD pathology staging 

schemes have been proposed. For example, McKeith and colleagues generated a novel staging 

system based on pathology in brainstem, limbic (transitional) and neocortical regions (Figure 

1.5) (McKeith et al., 2005). 

 

Following the identification of α-syn in LB (Spillantini et al., 1997b), various 

neuropathological staging systems have been implemented for the classification of LP  

(Alafuzoff et al., 2009b; Beach et al., 2009; Braak et al., 2003; Leverenz et al., 2008; McKeith 

et al., 2005). Classification systems include the Braak LB stages (Braak et al., 2003), the 
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consensus criteria by McKeith and colleagues (McKeith et al., 2017), the modified McKeith 

system by Leverenz and colleagues (Leverenz et al., 2008), and the Unified Staging System by 

Beach and colleagues (Beach et al., 2009). These systems use a semi-quantitative scoring 

method to grade the severity of Lewy pathology in defined cortical and subcortical regions 

(e.g. particularly dmX, locus coeruleus, SN, transentorhinal cortex, amygdala, cingulate cortex, 

temporal cortex, frontal cortex, and parietal cortex). The BrainNet Europe Consortium (BNE) 

found mean inter-rater agreement rates of 65% for the Braak system and 81% for the McKeith 

system (assessment of 31 cases by 22 experts) (Alafuzoff et al., 2009b). BNE devised a new 

protocol, simply based on the presence or absence of LBs and/or LNs, along with a “amygdala 

predominant” category for those cases with severe amygdala pathology and less pronounced 

brainstem pathology. This protocol had an 83% inter-rater reliability for the Braak system and 

84% for the McKeith system (Alafuzoff et al., 2009b). Similarly, Müller and colleagues applied 

the Braak system in an inter-rater study, where stage 6 was assigned using a semi-quantitative 

score, while stages 1–5 was assessed based on the presence of Lewy pathology in relevant brain 

regions and achieved an inter-rater agreement at a minimum of 76% (Müller et al., 2005). 

However, although these systems are widely used, they have low inter-rater reliability and often 

cases cannot be diagnostically classified. More recently, a new system has been devised 

designated as the Lewy pathology consensus criteria (LPC) (Attems et al., 2021). This novel 

criterion is based on the McKeith system, but its novelty lies in its application of a dichotomous 

approach for the scoring of LP, that is, categories of ‘absent’ versus ‘present’, and includes 

amygdala-predominant and olfactory-only stages. The LPC system demonstrated similar inter-

rater reliability to McKeith and Leverenz systems, and considerably stronger agreement than 

Braak and Beach systems. Most raters were able to successfully use the LPC system to classify 

all cases, in comparison to the other classification systems (around 5% of cases could not be 

classified using Beach, over 10% could not be categorised using Leverenz, over 25% using 

McKeith and nearly 30% using Braak systems, respectively). Therefore, the LPC system may 

prove to be reliable and useful in routine diagnostic practice and post-mortem evaluation of 

Lewy pathology.  

 

LBs, LNs, nigral dopamine neuronal loss, and the loss of basal forebrain cholinergic neurons 

are features common to both PDD and DLB (Tsuboi, Uchikado & Dickson, 2007; Seidel et al., 

2015; Gomperts, 2014a). Cognitive impairment is determined by a combination of pathologies, 

including Lewy pathology and AD neuropathology, namely fibrillary Aβ plaques and 

intraneuronal NFTs (Gomez-Isla et al., 1999; Obi et al., 2008; Clinton et al., 2010; Weil et al., 
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2017). Previously, LBD have reflected a later pathologic stage compared to PD without 

cognitive impairment (Braak et al., 2005; Compta et al., 2011). This denotes increased 

accumulation of cortical pathology following that in subcortical structures such as the dmX, 

locus coeruleus (LC), SN and nucleus basalis of Meynert (nbM) (Braak et al., 2003). Therefore, 

multi-system degenerations and a collective deficit in more than one neurotransmitter system 

may underlie clinical outcomes that characterise LBD (Whitwell et al., 2007; Bohnen & Albin, 

2011a). However, the precise LBD pathological substrates and their correlation to LBD 

symptomatology in these regions have remained controversial. 
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  Fritz Jakob Heinrich Lewy (1885–1950) 

studied the neuropathology of Parkinson’s 

disease at the laboratory of Alois Alzheimer 

(Munich, Germany), where he described the 

presence of eosinophilic intraneuronal 

inclusion bodies in dorsal vagal nuclei and 

substantia innominata (Goedert et al., 2013; 

Mueller et al., 2017). 

1919 
Russian neuropathologist Konstantin 

Tretiakroff named the inclusions as “Lewy 

body” (Yue & Ji, 2015). 

Neuropsychiatric symptoms and cognitive 

decline reported in 27 patients with Lewy body 

disease by neuropathologist John Woodard. 

Only around 25% had parkinsonian symptoms 

(WOODARD, 1962; Mueller et al., 2017). 

1962 

Introduction of the first Consortium on DLB 

International Workshop, which established 

consensus guidelines for clinical and 

pathological diagnosis (Yue & Ji, 2015). 

1980 
Kenji Kosaka proposed the term “Lewy 

body disease” for the first time (Yue & 

Ji, 2015).  

1995 

2003 
Revision of diagnostic criteria (Yue & Ji, 2015) 

Introduction of Braak stage 

1900 

1912 

1998 
a-syn constitute Lewy bodies 

Figure 1.4: Timeline of LBD history 
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1.8.3. Alpha-Synuclein (α-syn)  

 

Initially identified by Maroteaux in 1988, α-syn is a 140 amino acid presynaptic neuronal 

protein encoded by the SNCA gene, and the primary component of LBs and LNs – the hallmarks 

of PD and LBD (Stefanis, 2012; Maroteaux, Campanelli & Scheller, 1988; Chen et al., 2020). 

α-syn is composed of three domains: (1) an N-terminal lipid-binding α-helix, (2) a non-Aβ 

component (NAC) domain, and (3) a C-terminal acidic tail (Chiba-Falek, 2017; Bernal-Conde 

et al., 2020). The N-terminal domain is positively charged with four regions of 11 repeats of 

the KTKGEV consensus sequence, enabling an alpha helix formation and interaction with lipid 

molecules (Sode et al., 2007; Bussell & Eliezer, 2003; Jao et al., 2008; Martial et al., 2019). 

The C-terminal domain is an acidic tail that consists of 43 amino acid residues (Oueslati, 

Fournier & Lashuel, 2010; Wu et al., 2008). The central NAC domain has a hydrophobic 

composition and permits oligomerisation of α-syn (Ulmer et al., 2005; George et al., 1995; 

Bernal-Conde et al., 2020). The native monomeric α-syn (~14kDa) is in the cytosol and 

acquires an α-helical structure upon binding to phospholipids, which indicates that the 

functions of α-syn are dependent on its cellular locations (Figure1.6A) (Ahn et al., 2002). 

a b 

c 

d 

e 

Figure 1.5: The Braak α-synuclein (α-syn) staging system.  Progression of intraneuronal α-syn pathology (e) from the lower medulla and 

olfactory nerves to the midbrain of the brain stem (a), followed by the frontal and occipital cortices (b-d). dm = dorsal motor nucleus of the 

Vagus nerve, co = locus coeruleus, sn = substantia nigra, mc = temporal mesocortex, hc = higher cortical regions, fc = frontal cortex. Image 

from Braak, Del Tredici, et al., 2003. 
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The precise functions of α-syn have remained controversial, although there is a strong evidence 

base to suggest its involvement in the regulation of synaptic transmission (Villar-Piqué, Lopes 

da Fonseca & Outeiro, 2016; Maroteaux, Campanelli & Scheller, 1988; Lee, Jeon & Kandror, 

2008; Zhang et al., 2008), through its interactions with synaptobrevin-2 (VAMP2) (Schoch, 

2001; Burre et al., 2010). This is apparent through its regulation of the soluble N-

ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex (Garcia-

Reitboeck et al., 2013). Assembly of the SNARE proteins into a four-helix structure facilitates 

the exocytosis of neurotransmitters into the synaptic cleft, accompanied by interactions of 

various proteins including α-syn, synaptobrevin, syntaxin, SNAP-25 and synaptotagmin (Burre 

et al., 2010; Sharma, Burré & Südhof, 2011). The α-syn protein may assist in the cycling of 

synaptic vesicles, modulating vesicle pool size, movement, and endocytosis (Bendor, Logan & 

Edwards, 2013; Vargas et al., 2014). It also has a putative role in the nucleus, where nuclear 

translocation could enable transcription regulation (Villar-Piqué, Lopes da Fonseca & Outeiro, 

2016).  

 

The unstructured, soluble α-syn has the propensity to form LBs (Figure 1.6B) (Spillantini et 

al., 1997c). The α-syn toxic soluble oligomeric conformations – protofibrils - disrupt cellular 

homeostasis via damage to the ubiquitin-proteasome system (UPS) (Emmanouilidou et al., 

2010), mitochondrial dysfunction (Elkon et al., 2002) and ROS (Junn & Mouradian, 2002), 

ultimately mediating neuronal death, primarily contributing to PD pathogenesis (Stefanis, 

2012). Toxicity of α-syn can occur in several other ways. For example, a good hypothesis to 

explain disruption of cell homeostasis involves altered structural components of the cell to 

cause membrane permeabilisation. This alters plasma and intracellular membranes, increases 

intracellular calcium levels and calpain activation, and dysregulates synaptic transmission 

(Ronzitti et al., 2014; Pacheco et al., 2015). The α-syn oligomers may hinder cell cytoskeletal 

components by inhibiting tubulin polymersation (Chen et al., 2007) and impairing neurite 

network morphology (Prots et al., 2013) and axonal transport (Prots et al., 2013; Lee et al., 

2006). Consistently, PD brains exhibit a decrease in axonal transport motor proteins, especially 

in neurons with α-syn inclusions (Chu et al., 2012). Overexpression of α-syn may also act in 

synergy with tau hyperphosphorylation to cause microtubule destabilisation and neurotic 

degeneration (Lee et al., 2006; Gąssowska et al., 2014). Endoplasmic reticulum (ER) stress in 

dopaminergic neurons of the SN in PD brains (Hoozemans et al., 2007) has also been 

implicated. For instance, α-syn oligomers have been reported in the ER of PD brains, 
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suggesting that these species may induce ER stress (Colla et al., 2012), which may in turn 

impede ER-Golgi trafficking and cause Golgi fragmentation (Fujita et al., 2006; Cooper, 2006). 

Protein degradation systems such as the autophagy-lysosomal pathway (ALP) and the UPS can 

be affected in synucleinopathies (Melachroinou et al., 2013), potentially through reduced 

proteasome enzymatic activities and structural defects of the proteasomes (McNaught & 

Jenner, 2001; McNaught et al., 2002). The α-syn protein can hinder mitochondrial activity 

through disruption of mitochondria morphology and dynamics, altered mitochondrial 

membrane permeability, increased mitochondrial ROS levels and aberrant mitochondria 

macroautophagy (Plotegher, Gratton & Bubacco, 2014; Chen et al., 2015). The aggregation 

process of α-syn occurs in a nucleation-dependent manner, whereby monomers accumulate to 

form an aggregation nucleus, then oligomers and fibrils which eventually expand into LBs 

(Jones, Moussaud & McLean, 2014). Intermediate oligomers could be the most potent 

neurotoxic α-syn species (Karpinar et al., 2009; Winner et al., 2011), whereas other authors 

have shown that α-syn fibrils are also able to induce toxicity (Volpicelli-Daley et al., 2011). 

Mutations in the SNCA gene accelerate α-syn aggregation, particularly missense mutations of 

A53T (Polymeropoulos et al., 1997), A30P (Krüger et al., 1998), and E46K (Zarranz et al., 

2004), or even post-translational modifications such as phosphorylation of Ser-129 (Anderson 

et al., 2006). 
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1.8.4. Lewy body- and Alzheimer-type Neuropathology – a pool of co-pathologies   

 

Limbic and neocortical LB pathology have been found to be the main pathological correlates 

of PDD and DLB (Aarsland et al., 2005; Hurtig et al., 2000; Mattila et al., 2000). It has been 

well established that AD-type pathologies are also synergistically present in LBD (Gomperts, 

2016; McKeith et al., 2017). Amyloid PET imaging has revealed large amounts of amyloid 

deposition in DLB and moderate accumulation in PDD (Gomperts, 2014b). The fourth 

consensus report of the DLB consortium (McKeith et al., 2017) recommends AD-type 

pathology for considerations in pathological assessment or diagnosis of DLB. Considering both 

LB- and AD-type pathology enhances the prediction of cognitive impairment in LBD patients 

(Zhang et al., 2020), suggesting opportunities to combine therapeutic approaches that target 

co-pathologies in LBD (Zhang et al., 2020). 

A 

B 

Figure 1.6: Schematic representation of α-syn protein in physiological and pathological conditions. (A) α-syn consists of a 140 

amino acid chain divided into three domains: (1) the amphipathic N -terminal lipid-binding domain with point mutations A30P, E46K, 

G51D, H50Q and A53T (amino acids 1–60), (2) the central non-Aβ component (NAC) hydrophobic domain (amino acids 61-95), and 

(3) the C-terminal acidic domain with phosphorylation sites at tyrosine (Y) 125, 133, 136 and serine (S) 87 and 129 (amino acids 96–

140).  (B) Under physiological conditions, α-syn manifests as an unstructured soluble cytosolic monomer or bound to the membrane 

in its secondary structure of two α -helices. Under pathological conditions, soluble α-syn monomers dimerise and then polymerise into 

oligomers and fibrils to ultimately form large, insoluble aggregates, designated as LBs or LNs (Jones, Moussaud & McLean, 2014; 

Stephens, Zacharopoulou & Kaminski Schierle, 2019; Patterson et al., 2019). 
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1.8.5. Alzheimer-type Neuropathology - Amyloid-Beta (Aβ) Plaques and 

Hyperphosphorylated Tau Tangles  

 

Approximately 50-80% of DLB patients have concomitant AD-type neuropathology, that is, 

NFTs and Aβ plaques, accelerating the rate of cognitive decline (Howlett et al., 2015). 

 

Tau is a crucial component of many neurodegenerative diseases, but its importance has been 

underestimated in PD and LBD. Tau is synthesised from a single human gene located on 

chromosome 17q21 named MAPT, which encodes a cytoskeletal protein that stabilises 

microtubules (Shaw-Smith et al., 2006; Goedert et al., 1988). Hence, tau proteins function in 

stabilising microtubules, binding to membrane, and regulating axonal transport (Chen et al., 

1992; Brandt, Léger & Lee, 1995; Zhang et al., 2018). Phosphorylation or mutations may 

perturb soluble, unfolded tau to become insoluble and misfolded, resulting in conformational 

changes to microtubules that impedes axonal transport (Alonso et al., 2001; Zhang et al., 2018; 

King et al., 2002) and aggregation of NFTs (Zhang et al., 2018). It has been previously reported 

that tau protein, especially hyperphosphorylated tau, has been found in LBs concomitant with 

α-syn, and NFTs can exist around LBs (Arima et al., 1999; Yamaguchi et al., 2005; Duda et 

al., 2002). This suggests that both proteins may act synergistically to contribute to tauopathy 

in PD and LBD. 

 

According to the Braak staging criterion, tau pathology spreads from transentorhinal cortex 

(stages I-II) to the entorhinal cortex and hippocampus (stages III-IV), and neocortex thereafter. 

Aβ pathology dissemination is described in five Thal phases from the neocortex to the 

entorhinal cortex and subcortical nuclei, followed by brainstem and cerebellum (Smith et al., 

2019). 

 

There are several underlying mechanisms contributing to tau misfolding, accumulation and 

aggregation. For instance, MAPT gene mutations underly tau aggregation which causes 

dominantly inherited frontotemporal dementia and Parkinsonism linked to chromosome 17 

(Goedert & Spillantini, 2000). Mutations also influence the binding affinity of tau to 

microtubules (Lee, Goedert & Trojanowski, 2001). It has been previously reported that there 

are significantly lower levels of soluble tau and a lower 3R-tau to 4R-tau ratio in the SN of PD 

patients (Lei et al., 2012), which resembles tauopathy in AD. There has also been evidence to 

demonstrate that misfolded tau can migrate from neuron to neuron in a prion-like manner 
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(Clavaguera, Tolnay & Goedert, 2017; Lasagna-Reeves et al., 2012). PD patients who had 

undergone cell-replacement therapy had hyperphosphorylated tau present in grafted neurons 

many years after transplantation (Cisbani et al., 2017). Tau hyperphosphorylation impedes 

binding to microtubules, causing them to degenerate, impairing axonal transport and leading 

to the production of NFTs (Chohan et al., 2005; Alonso, Grundke-Iqbal & Iqbal, 1996). 

Antibodies, specific for phosphorylated tau, detected tau isoforms in brain tissue from patients 

with sporadic PD or DLB, indicating the presence of hyperphosphorylated tau protein in NFTs 

(Arima et al., 1999). Hyperphosphorylated tau may also impede synaptic function by 

interfering with synaptic vesicles in presynaptic terminals, which obstructs vesicle trafficking 

and presynaptic activity (Zhou et al., 2017; Zhang et al., 2018).  

 

The Aβ peptide (approximately 4 kDa) is derived from the proteolytic cleavage of a larger type 

1 glycoprotein - amyloid precursor protein (APP) (Chen et al., 2017). APP functions in various 

biological process including maintenance of neuronal homeostasis through neuronal 

development, signalling, and intracellular transport.  

 

Human APP can be processed via two alternative pathways: (1) amyloidogenic pathway and 

(2) non-amyloidogenic pathway. In the amyloidogenic pathway, APP is cleaved by β-secretase 

into the membrane-bound C-terminal fragments β (CTFβ or C99) and N-terminal sAPPβ. 

sAPPβ functions in axonal pruning and neuronal cell death. CTFβ is cleaved further by γ-

secretases to generate extracellular Aβ and APP intracellular domain (AICD). Aβ exhibits as 

soluble Aβ, Aβ oligomer and Aβ within amyloid plaques. In the non-amyloidogenic pathway, 

APPβ is cleaved by α-secretases to produce membrane-bound C-terminal fragments  (CTFα 

or C83) and N-terminal fragment sAPPα. The latter functions in neuronal plasticity/ survival, 

protective against excitotoxicity, regulates neural stem cell proliferation and important for early 

CNS development. CTFα is then cleaved by γ-secretases to produce extracellular P3 and the 

AICD. The p83 fragment is rapidly degraded and widely believed to possess no important 

function. γ-cleavage can yield both Aβ40, the majority species, and Aβ42, the more 

amyloidogenic species, as well as release the intracellular domain of APP (AICD), which has 

an unclear transcriptional role at nuclear level. The soluble forms of Aβ (mainly those isoforms 

ending at residue 42, Aβ42) initiate and contribute to AD pathogenesis (Zhang et al., 2012; 

Chen et al., 2017). 

 



 71 

The deposition of Aβ plaques is more prevalent in the entorhinal cortex, amygdala and putamen 

in DLB compared to PDD (Hepp et al., 2016). NFTs and Aβ plaques result in a worse prognosis 

in nearly 50% PDD patients and are thought to act synergistically with α-syn to further 

exacerbate the neurodegenerative process (Irwin, Lee & Trojanowski, 2013; Lashley et al., 

2008). 

 

Aβ deposition in AD occurs through a five-stage process, whereby basal temporal and 

orbitofrontal neocortex are affected in phase 1, followed by hippocampus, amygdala, 

diencephalon, basal ganglia and neocortex in phases 2 and 3, and mesencephalon, cerebellum 

and brainstem nuclei in phase 5 of severe AD cases (Thal et al., 2002; Goedert, 2015).  

 

Other comorbid pathologies, such as cerebrovascular disease or limbic transactive response 

DNA binding protein-43 (TDP-43) pathology, can contribute to dementia in PDD and DLB 

(Irwin et al., 2017). Overall, current findings accentuate the deposition of cortical LBs as the 

main neuropathological feature of dementia in PDD and DLB. The presence of both cortical 

LBs and Aβ plaques accelerate disease progression to dementia. A shorter latency to dementia 

has also been related to the APOE ε4 allele (Ruffmann et al., 2016), exacerbated with 

concomitant AD neuropathology and thus associated with older age of motor symptoms onset, 

dementia and death (Irwin et al., 2017). 

 

1.9. Biomarkers  

 

Biomarkers are contributors to the diagnosis of LBD, especially in the diagnosis of DLB. 

Diagnostic biomarkers are divided into two other categories: indicative and supportive. 

Indicative biomarkers include reduced uptake of dopamine transporter on SPECT or PET 

imaging, reduced uptake on 123iodine-MIBG myocardial scintigraphy and polysomnographic 

conformation of RBD without atonia. Probable DLB is diagnosed upon the presence of two 

aforementioned core clinical features with dementia, despite indicative biomarkers. Possible 

DLB is diagnosed if dementia is present with one core clinical feature only, without indicative 

biomarkers, or if one or more biomarkers are present in the absence of core clinical features 

(McKeith et al., 2017). A widely accepted biomarker for probable DLB is the reduced 

dopamine transported reuptake in the basal ganglia by SPECT or PET, as evidenced with 78% 

sensitivity and 90% specificity in the exclusion of non-DLB dementia (McKeith et al., 2007; 
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Capouch, Farlow & Brosch, 2018). Another widely accepted indicative biomarker for DLB is 

the reduced uptake of 123iodine-MIBG on myocardial scintigraphy. There is a further negative 

correlation between uptake of 123iodine-MIBG and severity of cognitive impairment  (Chung 

& Kim, 2015), and 123iodine-MIBG on myocardial scintigraphy may have the potential to 

predict conversion from possible DLB to probable DLB (Oda et al., 2013). Polysomnographic 

conformation of RBD without atonia, another indicative biomarker, has previously shown 96% 

DLB patients experienced REM sleep without atonia (Pao et al., 2013). 

 

The diagnostic specificity of supportive biomarkers for DLB remains unclear, thus they are 

excluded in the diagnosis of probable or possible DLB (McKeith et al., 2017; Capouch, Farlow 

& Brosch, 2018). Supportive biomarkers comprise of relative preservation of medial temporal 

lobe structures on CT/MRI, reduced uptake on SPECT/PET perfusion/metabolism scan with 

diminished occipital activity +/- the cingulate island sign on FDG-PET and brain perfusion 

SPECT (Imabayashi et al., 2017; McKeith et al., 2017) and prominent posterior slow-wave 

EEG activity with periodic fluctuations in the pre-alpha theta range (McKeith et al., 2017). 

Structural neuroimaging demonstrates minimal atrophy of medical temporal lobes in DLB 

compared to AD. Temporal lobe atrophy has been consistent with neuropathological findings 

of AD-type pathology than LB histopathology (Burton et al., 2009). Cerebral blood flow 

measurement through SPECT perfusion using 99mTc-hexamethylpropyleneamine oxime 

(99mTc-HMPAO) has 65% sensitivity and 87% specificity for DLB diagnosis against AD 

(Lobotesis et al., 2001), enabling a differential diagnosis between the two cognitive 

phenotypes. Further accurate distinction between DLB and AD can be made using brain 

imaging of metabolic function with glucose (18F-FDG) PET scans (O’Brien et al., 2014). 

Genome-wide association studies of DLB patients demonstrate associations amongst the 

following loci: APOE, SNCA, GBA, BCL7C/STX1B, and GABRB3 (Guerreiro et al., 2018). 

Furthermore, CSF may be useful in distinguishing DLB from other cognitive phenotypes. For 

example, a higher concentrations of tau corelate with premature mortality amongst DLB 

patients (Mayo & Bordelon, 2014), whereas Aβ1-42 concentrations decreased in DLB patients 

than non-demented controls (Kanemaru, Kameda & Yamanouchi, 2000). 
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1.10. Clinical Characteristics of LBD 

 

DLB and PDD are not only separable by the arbitrary ‘one-year rule’, but their patterns of 

symptoms also differ. For example, DLB shows more sleep pathology and FC than PDD. 

However, the two phenotypes may not be distinguished easily in a clinical environment. 

Dementia and parkinsonism generally occur concurrently in DLB, whereas the PD symptoms 

occur on average ten years before the onset of dementia in PDD (Aarsland & Kurz, 2010). LBD 

patients also manifest with non-motor symptoms, such as cognitive impairment, 

neuropsychiatric, as well as autonomic dysfunction and sleep abnormalities (Figure 1.7). 

 

In recent years, the non-motor symptoms have become a matter of considerable interest, as 

reflected in a survey conducted by Parkinson’s UK. Healthcare professionals, along with 

patients and their caregivers identified five non-motor symptoms, that is, sleep disturbances, 

stress/anxiety, MCI, dementia and urinary problems, in the top ten priorities for research 

considerations (Deane et al., 2014; Bogosian, Rixon & Hurt, 2020). Recent studies have also 

reported that at least one non-motor symptom was present in nearly all patients (Krishnan et 

al., 2011). This emphasises the importance of better understanding the pathology and molecular 

mechanisms of non-motor symptoms, as they hinder patient quality of life and shorten life 

expectancy (Chaudhuri, Healy & Schapira, 2006; Kwok, Auyeung & Chan, 2020). 

 

1.10.1. Cognitive Impairment – a Spectrum from MCI to Dementia 

 

Cognitive impairment is a common clinical feature of PD, which may occur even at the time 

of diagnosis. Typically, dementia precedes ten years after the onset of PD, although there are 

considerable variations since some patients develop dementia earlier in the disease course 

(Aarsland & Kurz, 2010). The point prevalence of PD dementia is approximately 30% and the 

cumulative prevalence is elevated to at least 75% in PD patients that survive more than ten 

years (Aarsland & Kurz, 2010).  Risk factors for early onset dementia in PD include old age, 

motor symptoms severity, particularly postural and gait disturbances, MCI, and visual 

hallucinations (Aarsland & Kurz, 2010). 

 

Dementia is defined by a substantial impairment in one or more cognitive domains, enough to 

impede independence in daily activities (Chagas, Pessoa & Almeida, 2018; Hugo & Ganguli, 
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2014). Recently, dementia has been renamed as 'major neurocognitive disorder' (NCD) in the 

fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), published 

by the American Psychiatric Association (Hugo & Ganguli, 2014; Chagas, Pessoa & Almeida, 

2018). The criterion defines dementia by a substantial impairment in one or more cognitive 

domains (Hugo & Ganguli, 2014). These cognitive domains consist of attention, executive, and 

visuoperceptual functions (Taylor et al., 2019; Capouch, Farlow & Brosch, 2018; Švob Štrac, 

Pivac & Mück-Šeler, 2016a). DLB patients have attention and visual perceptual disturbances 

to a much greater extent than AD patients (Ferman et al., 2006a; Kawai et al., 2013), whereas 

memory impairments appear later in the disease course (McKeith et al., 2017; Mrak & Griffin, 

2007).  

 

FC is a core clinical feature of DLB, enabling differentiation of the condition early in the 

disease course. FC is a more frequent phenomenon in DLB than AD patients, presenting as 

episodes of disengagement confusion, decreased executive and perceptual performance, and 

communication difficulties in DLB, in comparison to memory impairments and episodic 

confusion in the form of repeating conversations or task-based confusion in AD (Bradshaw, 

2004; Walker et al., 2000). FC may arise from functional instability of neural networks 

including cholinergic abnormalities (Taylor et al., 2013; Perry, 1994). 

 

Another subtler form of cognitive impairment, MCI, refers to significant cognitive decline from 

age-matched individuals without reaching the dementia threshold, such that it is not sufficient 

to interfere with activities of daily living. Features of MCI include visuospatial and executive 

impairments, along with relative preservation of memory compared to AD (Aarsland, 2016). 

MCI and cognitive dysfunction have been reported in approximately 15-23% of PD patients 

upon diagnosis, preceding the onset of motor symptoms (Aarsland, 2016; Hansen et al., 2019a).  

The MDS Task Force found that the mean prevalence of MCI in non-demented PD patients 

was 26.7% (Litvan et al., 2011), and PD with MCI (PD-MCI) was concomitant with the 

progression to dementia (Litvan et al., 2011; Goldman et al., 2014).  

 

1.10.2. Neuropsychiatric Symptoms  

 

There are a heterogeneous group of non-cognitive symptoms and behaviours in patients with 

dementia (Finkel et al., 1997) including apathy, aggression, delusions, anxiety, depression, VH 
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and hallucinations in other sensory modalities, along with many other manifestations (Carson, 

McDonagh & Peterson, 2006; Hashimoto et al., 2015; Ballard et al., 2013). Neuropsychiatric 

symptoms are extremely variable amongst LBD patients with the vast majority presenting 

rarely as a stable course but rather as a single episode or relapse (Vik-Mo et al., 2020). These 

symptoms can fall under an umbrella term known as behavioural and psychological symptoms 

of dementia (BPSD), some of which are reviewed below. 

 

Possible relationships between these symptoms and dementia have been proposed (Lopez et 

al., 2003; Srikanth, Nagaraja & Ratnavalli, 2005; Thompson et al., 2010; Harwood et al., 2000). 

The majority of dementia patients experience BPSD at some point in their disease course. One 

of the largest studies to date followed dementia patients for up to nine years, revealing 

persistent aggressive behaviour and single discrete episodes of other neuropsychiatric 

symptoms (Hope et al., 1999). AD patients have mood symptoms early on, and psychotic 

symptoms and agitation usually manifest in the middle to late stages of dementia (Lopez et al., 

2003). LBD patients experience greater severity of neuropsychiatric symptoms, comorbidity, 

frailty, and functional impairment more frequently than AD patients (Rongve et al., 2014; 

Borda et al., 2019; Scarmeas et al., 2005; Borda et al., 2020), making them more prone to 

dependency and have a worse prognosis than other dementias (Borda et al., 2019; Rongve et 

al., 2014). PDD patients have a neuropsychiatric profile more similar to those with AD than 

DLB (Vik-Mo et al., 2020; Chiu et al., 2016). DLB patients have shown to manifest with 

greater impairments on a constructional praxis test, more functional deficits, and more 

psychiatric symptoms than AD patients (Stavitsky et al., 2006). This is consistent with previous 

studies that found greater impairments in spatial cognition in DLB (Shimomura et al., 1998; 

Galasko et al., 1996; Mori et al., 2000) and more neuropsychiatric dysfunctions (Perry et al., 

1990; Hansen et al., 1990; Noe et al., 2004). It has also been shown that DLB is only associated 

with more frequent hallucinations, delusions, and apathy when the rate of cognitive decline and 

time have been controlled (Vik-Mo et al., 2018). More recently, the same group have shown 

that hallucinations are more stable in DLB, whereas anxiety, irritability and aberrant motor 

behaviour are less stable in DLB than AD, although perhaps biased by shorter survival in the 

DLB group who may have slightly longer symptom duration before inclusion (Vik-Mo et al., 

2020). However, the impact of the neuropsychiatric burden on the functional trajectories 

remains to be determined. These symptoms correlate with faster cognitive decline (Stern, 

1997), heightened functional impairments in daily living (Lyketsos et al., 1997), reduced 

quality of life for patients and caregivers (Gonzalez-Salvador et al., 2000), and premature 
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institutionalisation (Steele et al., 1990), resulting in worse prognosis, increased morbidity, and 

mortality (Scarmeas et al., 2005; Inouye et al., 2007; Sato et al., 2012). 

 

Furthermore, depression is the most common prodromal symptom and precedes the onset of 

motor symptoms (McKeith & Cummings, 2005; Pont-Sunyer et al., 2015; Shiba et al., 2000) 

and accelerates cognitive deterioration amongst LBD patients (Boot et al., 2013; Fritze et al., 

2011; Patterson et al., 2019b). Monoaminergic deficits may underlie depression including 

serotonin, noradrenaline and dopamine (Stahl et al., 2003), along with increased serotonin 

transporter binding in the raphe and limbic regions (Politis et al., 2010), as well as decreased 

5‐HT1A receptor densities in the insula, hippocampus and orbitofrontal cortex (Ballanger et al., 

2012).  

 

VH have a strong positive predictive value for a diagnosis of DLB (Tiraboschi et al., 2006), 

especially in patients with visuospatial deficit during the early course of the disease (Hamilton 

et al., 2012). Minor VH can be associated with early PD, as early non-motor symptoms 

predating parkinsonism onset, such as visual illusions, ‘passage’ and ‘sense of presence’ 

hallucinations, also referred to as ‘extracampine hallucinations’ – a vague sense of somebody 

in close proximity (ffytche et al., 2017; Hansen et al., 2019a; Sato & Berrios, 2003). These 

hallucinations may reoccur, although accompanied with self-recognition. PD progression 

causes patients to experience delusions and hallucinations in other sensory modalities (ffytche 

et al., 2017; Hansen et al., 2019a). The onset of VH may correlate with the presence of LBs in 

limbic and temporal regions (Ferman et al., 2013a; Papapetropoulos et al., 2006; Kalaitzakis et 

al., 2009), along with AD-related pathology in the neocortex and limbic regions (Jacobson et 

al., 2014). The presence of LBs in the pulvinar has also been a matter of great interest, with the 

medial pulvinar most affected. The lateral pulvinar demonstratered greater neuronal loss in 

DLB than AD (Erskine et al., 2017). Interestingly, neuronal densities remain preserved in the 

primary visual cortex of DLB patients, and there is a relative absence of α-syn or NFTs 

pathology. Modificiations in GABAergic transmission, as demonstrated by microarray 

analysis, may underlie VH in DLB (Khundakar et al., 2016). Increased AD-type pathology, 

particularly Aβ plaques rather than tau pathology, can disguise the onset of LB symptoms such 

as VH and extrapyramidal symptoms (Thomas et al., 2018; Hansen et al., 2019a). 
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1.10.3. Sleep Disturbances   

 

Sleep disturbances arise in various forms in LBD including insomnia, RBD, motor-related 

sleep disturbances, restless leg syndrome, periodic limb movements, obstructive sleep apnea, 

excessive daytime sleepiness (McKeith et al., 2017), and circadian dysrhythmia (Ferman & 

Boeve, 2012). Sleep disturbances are a more common phenomenon amongst DLB patients than 

those with AD and are associated with greater clinical impairments. Sleep disturbances in DLB 

are accompanied by more neuropsychiatric symptoms, parkinsonian symptoms, higher 

morbidity and excessive daytime somnolence (Chwiszczuk et al., 2016). 

 

Insomnia describes difficulty initiating or maintaining sleep. Insomnia has been previously 

reported in 47% of a sample of 39 DLB and PD dementia cases (Rongve, Boeve & Aarsland, 

2010). Insomnia can be caused by changes in mood, female gender, disease duration, vivid 

dreams, trouble turning in bed and nocturia (Gjerstad et al., 2006; Porter, Macfarlane & Walker, 

2007). Non-PD related factors can also affect insomnia such as motor, respiratory or circadian 

disturbance (Ferman & Boeve, 2012). 

 

Restless leg syndrome is another sleep disturbance. There are four features required for the 

diagnosis of restless leg syndrome: (1) urge to move the legs, usually with uncomfortable 

sensations, (2) onset or exacerbation of symptoms during rest or inactivity, (3) partial or total 

relief upon leg movement, and (4) symptoms worsen in the evening or at night (Allen et al., 

2003). Restless leg syndrome can cause insomnia and has a prevalence of 8-10% in the general 

elderly population of individuals over 65 years of age (BJORVATN et al., 2005). Many patients 

with restless leg syndrome also have periodic limb movements of sleep, which refers to 

repetitive, semi-rhythmic (up to 5 seconds in duration), stereotypic flexion movements of the 

legs that are separated by 20-40 second intervals. They may cause fragmented sleep that results 

in daytime somnolence. Sleep fragmentation due to periodic limb movements of sleep in PD 

does not correlate with daytime sleepiness, which suggests that it is unlikely to be the primary 

source of daytime somnolence in PD (Arnulf et al., 2002; Ferman & Boeve, 2012). 

 

Furthermore, obstructive sleep apnea is a sleep-related breathing disturbance, which may cause 

sleep fragmentation, oxygen desaturation and associated somnolence. Obstructive sleep apnea 

can be measured using the apnea/hypopnea index (AHI) - the number of times the patient 
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undergoes breathing cessation or partial obstruction per hour (Ferman & Boeve, 2012). 

Previous studies report 36% of PD cases and 37% of DLB cases (Boeve et al., 2010) had an 

AHI >10 (Compta et al., 2009), and 21% of PD cases (Cochen De Cock et al., 2010) and 15% 

of DLB cases (Boeve et al., 2010) had an AHI >15. Hence, it is important to screen and treat 

sleep apnea in PD and DLB to improve daytime alertness. 

 

Excessive daytime sleepiness, or somnolence, is defined by the tendency to fall asleep when 

one is expected to maintain wakefulness (Ferman & Boeve, 2012). Excessive somnolence in 

PD is coupled to cognitive impairment, dementia and interferes with activities of daily living 

(Ferman & Boeve, 2012; Gjerstad, Aarsland & Larsen, 2002; Hobson et al., 2002). Excessive 

daytime sleepiness is a component of the proposed criteria for PDD (Emre et al., 2007b), and 

arousal disturbances are a common feature of DLB (Ferman et al., 2004; Walker et al., 2000). 

There are inconsistencies in PD and DLB in terms of the onset of disrupted sleep architecture 

with reduced time spent in slow wave sleep (deep sleep) or altered circadian rhythm (associated 

with nocturnal melatonin peak) (Shpirer et al., 2006; Bordet et al., 2003; Harper et al., 2004). 

Circadian dysrhythmia is more common in patients with hallucinations and cognitive 

impairment compared to controls, exclusive of daytime somnolence in DLB (Whitehead et al., 

2008). 

 

Initially described by Schenck et al. (Schenck, Bundlie & Mahowald, 1996) RBD - another 

core clinical feature of DLB - is a form of parasomnia characterised by coordinated limb 

movements from a loss of normal muscle atonia during REM sleep, which results in increased 

violent dreams, as well as talking, screaming, swearing, grabbing, punching, and other 

dramatic, aggressive, and potentially injurious motor behaviour (Ferman & Boeve, 2012). 

Actions can be fairly vigorous, usually mirror dream content and are occasionally centred 

around self-defence or defending others (Iranzo & Aparicio, 2009), and may even cause 

injuries. RBD may occur several years or even decades prior to DLB diagnosis (Boeve et al., 

2007; Ferman et al., 2002). Greater amounts of α-syn pathology have been found in PD patients 

with probable RBD, as demonstrated by a previous histological study that reported greater 

freqeuncy of LB pathology in cases with probable RBD (79.2%) than those without probable 

RBD (39.5%) (Postuma et al., 2015a; Shprecher et al., 2018). Such sleep abnormalities may 

possibly be linked to a 50% loss of orexin neurons, and more importantly the death of 

noradrenergic neurons in the LC (Thannickal, Lai & Siegel, 2007). The proposed pathological 

mechanism of RBD consists of damage to the descending pontine-medullary reticular 
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formation and gigantocellular medullary nuclei, which impedes physiological REM sleep 

inhibition of the spinal -motor neurons. Here, small lesions cause REM sleep without atonia, 

whereas large lesions manifest as more elaborate motor phenotype (Hendricks, Morrison & 

Mann, 1982).   

 

1.10.4. Parkinsonian Motor Symptoms 

 

Parkinsonian motor symptoms are prevalent in up to 85% of DLB patients (McKeith et al., 

2017), although rest tremor is less prevalent than those with idiopathic PD (Onofrj et al., 2013). 

In comparison, another study reported a greater prevalence of bradykinesia, tremor and rigidity 

than idiopathic PD patients (Aarsland & Kurz, 2010), suggesting a multifactorial phenomenon 

may be responsible for symptoms onset. There are subtle differences in the onset of motor 

symptoms between PD and DLB patients. For instance, parkinsonism in DLB patients 

predominantly presents as gait and postural difficulties, with occasional resting tremor (Burn 

& O’Brien, 2003). On the other hand, PDD patients often present with more severe motor 

features than DLB, with extrapyramidal symptoms preceding cognitive dysfunctions (McKeith 

et al., 2005).  

 

Dopaminergic neuronal loss in the SN is more detrimental in PDD than DLB, thus the 

predominance of parkinsonism in the former (Colloby et al., 2012; Tsuboi & Dickson, 2005; 

Hansen et al., 2019a). Buchman et al. found that neuronal loss in other brainstem nuclei, 

especially the LC, also correlates with parkinsonism severity (Buchman et al., 2012), with 

significant LC degeneration in PD, PDD and DLB, compared to AD (Brunnström et al., 2011; 

German et al., 1992a). Neuropathology in patients with continuing parkinsonism before 

dementia onset differed from that in DLB, comprising of a threefold decrease in Aβ plaques 

deposition, 20% reduction in cortical LBs pathology, and 30% greater reduction of neocortical 

choline acetyltransferase (Ballard et al., 2006). 

 

Falls are a common occurrence in LBD and often associated with morbidity and mortality 

(Fasano et al., 2017). Falls can be caused by parkinsonism, frailty and dysautonomia (Fasano 

et al., 2017). Physiotherapy can alleviate balance, flexibility and enhance mobility, thus 

improving functional independence (Fasano et al., 2017; Shen, Wong-Yu & Mak, 2016). 
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1.10.5. Autonomic Symptoms   

 

There are a wide range of autonomic dysfunctions that support the diagnosis of LBD, which 

accelerate disease progression and shorten survival (De Pablo-Fernandez et al., 2017). 

Autonomic dysfunctions can present as orthostatic hypotension, urinary incontinence, 

gastrointestinal dysfunction, (dysphagia, gastroparesis, constipation), excessing sweating, 

tachycardia (Mukherjee, Biswas & Das, 2016; Fasano et al., 2015; McKeith et al., 2017; 

Stubendorff et al., 2012).  

 

1.10.6. Sensory Symptoms 

 

Sensory symptoms, such as olfactory dysfunction, pain, akathisia, paraesthesia, and pain are 

frequent (Jankovic, 2008; Harding et al., 2002). The most common sensory disturbance is that 

of anosmia. Recently, it has been shown that olfactory dysfunction correlates with cognitive 

dysfunction (Domellöf et al., 2017; Fullard et al., 2016; Baba et al., 2012; Camargo et al., 

2018), possibly in the frontotemporal region, as well as rapid LB pathology propagation (Yoo 

et al., 2020). 

 

1.10.7. Miscellaneous Characteristics of LBD: Synaptic Pathology, TDP-43 

Pathology, Molecular Pathology and Seeding of α-syn Pathology 

 

A recent study has reported a relationship between depletion in synaptic proteins (SNAP47, 

SYBU, LRFN2, SV2C and GRIA3) and the rate of cognitive decline (Bereczki et al., 2018). 

This was supported by another study that found an association between synaptic changes and 

astrogliosis in the DLB-pulvinar compared to controls, further emphasising their contribution 

to cognitive impairment (Erskine et al., 2018). Small phosphorylated α-syn fragments were 

previously visualised by array tomography, supporting the notion that DLB may be a primary 

synaptopathy (Colom-Cadena et al., 2017). 

 

There have been implications of TDP-43 in DLB. Higher incidence of TDP-43 pathology in 

AD and mixed AD/DLB cases denoted that AD-type pathology may induce and exacerbate 

TDP-43 pathology (McAleese et al., 2017).  
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A fundamental principle of α-synucleinopathies is the conversion of soluble α-syn into its 

insoluble form, which produce self-sustained seeds that disseminate between cells in a prion-

like manner (Hansen et al., 2019a). Different α-syn strains may have varied tropism depending 

on cell populations due to the heterogeneity in membrane protein expression patterns on 

neurons and astrocytes (Peelaerts et al., 2018). Hence, a wide range of strains may initiate the 

development of different symptoms in LBD. For example, α-syn pathology can spread from 

the olfactory bulb to the amygdala and neocortex, hence the olfactory bulb is likely to be 

involved in the development of dementia in PD and DLB (Cersosimo, 2018).  

 

Rapidly progressive DLB may also comprise of dysfunctions in metabolic pathways in the 

frontal cortex. For example, modifications in deregulated expression of some mRNAs and 

mitochondrial subunit proteins, reduced efficiency of mitochondrial respiratory chain 

complexes or decreased expression of molecules involved in energy metabolism, may also 

contribute to the onset of dementia in DLB.  

 

Cerebral amyloid angiopathy (CAA) is a condition referring to Aβ deposition in the walls of 

small or medium cerebral blood vessels, mainly arteries and capillaries in leptomeninges and 

brain parenchyma (Thal et al., 2008; Hansen et al., 2019a, 2020). There is increasing evidence 

that CAA is more frequently observed in patients with dementia than those without dementia 

(Viswanathan & Greenberg, 2011; Attems et al., 2011, Anon, 2001). CAA has a prevalence of 

up to 97% in AD (Attems, 2005), and is also apparent in LBD. Associations between CAA and 

cognitive decline in PDD and DLB have been demonstrated, especially in those cases with AD-

type pathology (Jellinger & Attems, 2008). The severity of CAA is greater in DLB than PDD, 

with significantly higher CAA scores in the parietal lobe and the occipital lobe in DLB than in 

PDD (Hansen et al., 2020). Greater Aβ load in DLB correlates with higher incidence of cerebral 

microbleeds (Kim et al., 2015), as well as more severe CAA in meningeal and parenchymal 

vessels (Wu, Lipton & Dickson, 1992). Greater cerebral microbleeds and lobar predominance 

occur in DLB than PDD (Kim et al., 2015). Nevertheless, more severe CAA neuropathology 

has been recently reported in a subgroup of DLB cases with low degree AD neuropathology 

compared to PDD, which potentially suggests an alternative mechanism of CAA pathogenesis 

in DLB (Hansen et al., 2020).  

 

 



 
Fluctuating cognition (FC) 

Presents as disengagement in DLB 

and episodic confusion in the form of 

repeating conversations or task-based 

confusion in AD. 

Visual hallucinations (VH) 

Visual hallucinations of people, animals, 

as well as flashing lights, patterns, and 

shadows. 

Rapid eye movement (REM) sleep 

behaviour disorder (RBD) 

Increased violent dreams, as well as 

talking, screaming, swearing, 

grabbing, punching, and other 

dramatic, aggressive, and potentially 

injurious motor behaviour. 

One or more spontaneous cardinal 

features of parkinsonism 

Tremor at rest, rigidity, akinesia (or 

bradykinesia) and postural instability 

(TRAP). 

Autonomic dysfunctions 

Orthostatic hypotension, gastrointestinal 

dysfunction, (dysphagia, gastroparesis, 

constipation), excessing sweating, 

tachycardia. 

Sensory symptoms 

Olfactory dysfunction, pain, akathisia, 

paresthesia, and pain are frequent. 

Figure 1.7: Summary of the clinical features in LBD 



1.11. Overview of the Limbic System and Papez Circuit  

 

The limbic system refers to the collection of subcortical structures lateral to the thalamus, 

underneath the cerebral cortex and above the brainstem (Figure 8.1A) (RajMohan and 

Mohandas, 2007; Pessoa and Hof, 2015). In 1949, Paul D. MacLean, an American physician 

and neuroscientist, designated it as the limbic lobe (RajMohan and Mohandas, 2007; Pessoa 

and Hof, 2015). Initially in 1878, Paul Broca named this region of the brain le grand lobe 

limbique. The limbic system includes the hippocampus, amygdala, thalamus, hypothalamus, 

parahippocampal and cingulate gyri, functioning in emotion processing and memory 

(RajMohan & Mohandas, 2007b). Although a complete understanding of the limbic system 

remains to be determined, developments in neuroscience provide a comprehensive insight into 

the functions and connections of each limbic component (Torrico and Abdijadid, 2021). The 

limbic system regulates a wide range of processes including emotion, visceral, autonomic 

processes, as well as cognitive functions such as spatial memory, learning, emotional 

processing, social processing, and motivation (Hariri, Bookheimer and Mazziotta, 2000). 

Interestingly, these features are hindered in LBD, thus it may be plausible that dysfunctions in 

the limbic system may underlie the phenotypic characteristics observed within patients. 

Advances in neuroscience meant that the definition of limbic system components evolved. 

Embryological demarcations separate the major structures of the limbic system intro three 

domains: (1) mesencephalic components that include visual, auditory, and somatosensory 

inputs processed in the region, (2) the diencephalic components contain the hypothalamus, 

anterior thalamic nuclei, and habenular commissure, (3) the telencephalic components 

comprise of cortical and subcortical regions including the olfactory bulbs, amygdala, 

hippocampus, parahippocampal gyrus, mammillary body, fornix, columns of the fornix, 

septum pellucidum, cingulate gyrus, entorhinal cortex (Catani, Dell’Acqua and Thiebaut de 

Schotten, 2013). 

 

In 1937, James Papez proposed interactions between the cerebral cortex and the hypothalamus 

for regulation of emotional behaviour, which laid the framework of the Papez circuit (Figure 

1.8B). The Papez circuit consists of connections between the entorhinal cortex, cingulate gyrus, 

mammillary nuclei, hippocampus, and anterior thalamic nucleus. The entorhinal cortex 

connects to the hippocampal formation via the perforant and alvear tracts. Signals transmit from 

the hippocampus formation to the mammillary bodies through the fornix and fimbria, after 
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which the mammillary bodies passage the signal to the anterior thalamic nucleus through 

the mammillothalamic tract. Then, impulses propagate from the thalamus to the cingulate gyrus 

via the internal capsule, which returns it to the entorhinal area via the cingulum (Crumbie, 2022). 
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Figure 1.8: The Papez Circuit. The Papez circuit, situated within the (A) limbic system, consists of connections between (B) the 

entorhinal cortex, cingulate gyrus, mammillary nuclei, hippocampus, and anterior thalamic nucleus. The entorhinal cortex connects to 

the hippocampal formation via the perforant and alvear tracts. Signals transmit from the hippocampus formation to the mammillary 

bodies through the fornix and fimbria, after which the mammillary bodies passage the signal to the anterior thalamic nucleus through 

the mammillothalamic tract. Then, impulses propagate from the thalamus to the cingulate gyrus via the internal capsule, which returns it 

to the entorhinal area via the cingulum (Crumbie, 2022). 
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1.12. Management Strategies and Clinical Trials for LBD 

 

Treatment of any one symptom should not be considered in isolation since benefit in one 

domain may result at the cost of another domain. Hence, a multi-specialist or interdisciplinary 

approach should be considered for greatest therapeutic benefits, which may incur practical and 

logistical challenges for health-care services.  

 

The UK National Institute for Health and Care Excellence, UK, recommends cholinesterase 

inhibitors, donepezil and rivastigmine, as first-line treatments for cognitive impairment 

(National Institute for Health and Care Excellence, 2018). Both drugs improve cognition in 

DLB and PDD patients (Stinton et al., 2015; Wang et al., 2015), contributing to effective 

completion of daily activities and reduced caregiver burden. Donepezil is licensed in Japan for 

its use in DLB patients and rivastigmine is licensed for the treatment of PDD in the UK and 

USA.  Efficacy of another cholinesterase inhibitor, galantamine, remains uncertain since only 

open-label trials support its use (Stinton et al., 2015; Wang et al., 2015). Galantamine can be 

used if other cholinesterase inhibitors are not well tolerated. It may improve cognitive 

fluctuations, sleep, and psychiatric symptoms in DLB patients, as evidenced by an open-label 

trial (Edwards et al., 2007), as well as ameliorating anxiety, apathy, hallucinations, and sleep 

in PDD (Litvinenko et al., 2008). Administration of cholinesterase inhibitors depends on 

several factors including the ease of administration, comorbidities, side-effects, caregiver 

preference, previous clinical experience, dose titration regime and cost (Cummings et al., 

2015). Memantine, a N-methyl-D-aspartic acid (NMDA) receptor antagonist, is also well-

tolerated in LBD patients, although its efficacy remains to be determined (Stinton et al., 2015; 

Wang et al., 2015; Taylor et al., 2019). 

 

Donepezil and rivastigmine may also improve neuropsychiatric symptoms in LBD patients, as 

shown by studies leading to improvements in composite scores (Wang et al., 2015). A system 

review proposed that donepezil may ameliorate delusions, hallucinations, and cognitive 

fluctuations in DLB patients (Stinton et al., 2015). However, donepezil may not improve 

hallucinations, hostility, suspiciousness, or unusual thought content in PDD patients (Ravina, 

2005).  
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Antipsychotics may also be administered to LBD patients. Examples include quetiapine, 

clozapine, or a more recent antipsychotic drug, pimavanserin, an inverse 5-HT2A receptor 

agonist. However, their safety and efficacy are yet to be evaluated. 

 

Depression is prevalent in about one third of LBD patients (Cummings et al., 2014; Kuring, 

Mathias & Ward, 2018) and often patients experience anxiety simultaneously, although 

investigations into effective pharmacological therapies remained to be determined. Previously, 

a selective serotonin reuptake inhibitor (SSRI), citalopram, has been evaluated with risperidone 

in 14 DLB patients that showed no effectiveness and patients experienced more side-effects 

(Culo et al., 2010).  Studies provide variations in results for SSRIs and tricyclics (Seppi et al., 

2019). This increases the difficulty in determining which drugs are most effective in treating 

depression in LBD patients, and antidepressants may also hinder sleep and exacerbate RBD 

symptoms (St Louis & Boeve, 2017).  

 

Brain stimulation such as transcranial magnetic stimulation (TAKAHASHI et al., 2009) and 

deep brain stimulation (Gratwicke et al., 2018) may ameliorate neuropsychiatric symptoms, 

although findings remain tentative, and some studies use a small sample size on which to base 

any firm conclusions. Other non-pharmacological interventions may also be considered such 

as musical therapy, although there is minimal evidence to support its efficacy in LBD (Morrin 

et al., 2018; Connors et al., 2018). Future studies are required to examine non-pharmacological 

management of neuropsychiatric symptoms. 

 

Sleep disturbances can be initially managed with sufficient education and knowledge base on 

good sleep hygiene and avoidance of exacerbating pharmacological agents (Taylor et al., 

2019). Melatonin is well-tolerated to treat insomnia and improves sleep quality (Zhang et al., 

2016). Short term treatment of insomnia in LBD patients could be performed using non-

benzodiazepines (Z-drugs), such as eszopiclone, zopiclone, and zolpidem, provided there is an 

absence of sleep apnea. Nevertheless, there remains the caveat that they may incur negative 

effects on cognition, daytime sleepiness, and increase the risk of fractures and falls (Treves et 

al., 2018). Approximately one third of LBD patients may experience obstructive sleep apnea 

(Terzaghi et al., 2013), where patients may undergo excessive daytime somnolence, 

exacerbated cognitive function and early morning headaches (Mery et al., 2017). Patients may 

also pause between breaths during sleep and snore regularly. RBD manifests as recurrent dream 

enactment behaviour, where patients create movements to mimic dream content. RBD is 



 87 

prevalent in half to three-quarters of patients (Zhang et al., 2017). It can emerge several years 

before the onset of PD and LBD or can manifest during the dementia phase (St Louis, Boeve 

& Boeve, 2017). Non-pharmacological approaches can include reducing bed height and 

removal of potentially dangerous objects from the bedroom. Some pharmacological 

interventions can worsen RBD such as antidepressants, whereas use of clonazepam may be 

supported, although care must be taken when prescribing to patients susceptible to gait 

disturbance, sleep apnea, cognitive impairment, and those at high risk of falls (Jung & St. 

Louis, 2016). RBD can also be treated using melatonin, or potentially memantine. Further 

studies are required to future address specific management strategies for each sleep disturbance 

in LBD patients.   

 

Motor abnormalities are seen in up to 85% DLB patients (Taylor et al., 2019), with rest tremor 

less prevalent than those in PD (Onofrj et al., 2013). In contrast, motor deficits in PDD patients 

can be moderate to severe, and patients take long-term and high-dose anti-parkinsonian 

medications with side effects such as motor fluctuations and psychosis (Factor, McDonald & 

Goldstein, 2017; Ray Chaudhuri, Poewe & Brooks, 2018). Therefore, managing motor 

symptoms can vary between patients with DLB and PDD. There have been no double-blind 

randomised controlled trials to investigate levodopa therapy in DLB patients hitherto. But 

open-label studies suggest both acute and chronic levodopa monotherapy to improve motor 

function and reduce tremor in DLB and PDD patients (Molloy, 2005; Goldman et al., 2008).     

 

More recently, randomised controlled trials (RCT) for DLB have been initiated. Greater 

number of trials now focus on DLB patients alone rather than a combined assessment of PDD 

and DLB patients. Current pharmacological management strategies for DLB prioritise 

symptomatic relief, possibly using re-purposed medications, but most pharmacological agents 

have not been well-studied in DLB patients. There are no disease modifying therapies (DMT) 

(Lee et al., 2019), and there is limited evidence on the long-term safety and efficacy of current 

pharmacological agents. There are 8 ongoing DLB trials (Table 1.5; Table 1.6) (Lee et al., 

2019), out of which 5 have been completed, 1 has been terminated and 2 are ongoing trials, 

and 6 new trials have commenced (Table 1.6; Table 1.7) (Aarsland, 2022).  

 

Priority compounds include, although not limited to, nilotinib/bosutinib, nelfamapimod, E2027, 

LY3154207 (Lee et al., 2019), along with ambroxol, liraglutide/exenatide, metformin, 

candesartan/telmisartan, fasudil, etanercept, rasagline, salbutamol (Ballard, 2022). 
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Three out of the eight agents in the current pipeline are tyrosine kinase inhibitors: bosutinib, 

K0706, and nilotinib. These agents are being studied by the investigators at Georgetown 

University. Tyrosine kinase inhibitors induce the mechanism of autophagy, whereby cells 

participate in the degradation of their own contents (Lee et al., 2019). Autophagy can be 

impaired in neurodegenerative diseases, which prevents degradation of neurotoxic proteins 

such as α-synuclein, tau, and Aβ (Lonskaya et al., 2013; Nixon, 2013). Therefore, tyrosine 

kinase inhibitors are neuroprotective for DLB patients through clearance of neurotoxic 

proteins. Nilotinib is a c-Abelson tyrosine kinase inhibitor that has facilitated autophagic 

clearance of α-synuclein in animal studies, by reducing c-Abelson tyrosine kinase activity and 

dopaminergic neuronal loss (Hebron, Lonskaya & Moussa, 2013). Bosutinib targets c-Abelson 

and Src tyrosine kinases and induces autophagy of neurotoxic proteins in DLB patients. A 

novel tyrosine kinase inhibitor, K0706, is being developed by Sun Pharma. In animal models, 

K0706 decreased dopaminergic cell death and improved behavioural outcomes (Goldfine et 

al., 2019).  

  

Neflamapimod (VX-745), by EIP Pharma, is a selective inhibitor of the p38 mitogen-

activated protein kinase (MAPK) enzyme. This intracellular enzyme functions in inflammation 

and synaptic dysfunction, which may underly learning and memory dysfunctions (Scheltens et 

al., 2018; Tong et al., 2012).  

 

E2027 is a selective phosphodiesterase-9 (PDE-9) inhibitor developed by Eisai. PDE inhibitors 

can be neuroprotective and improve neuronal plasticity in neurodegenerative diseases (Medina, 

2011). PDE-9 is an enzyme that degrades cyclic guanosine monophosphate (cGMP) (Ando et 

al., 2017). A crucial component of cell signalling, cGMP functions in synaptic plasticity and 

cognitive function. In animal models, E2027 inhibits the cGMP degradation and increases CSF 

cGMP levels whilst ameliorating cognitive dysfunctions (Ando et al., 2017).  

 

LY3154207 is being developed by Eli Lilly and is a selective positive allosteric modulator of 

the dopamine D1 receptor subtype. D1 receptors contribute to attention, memory, and executive 

function, thus being studied to improve cognition in PDD and DLB participants. The 

LY3154207 may increase dopamine D1 receptor affinity, which increases dopamine D1 

receptor tone and amplifies dopamine response (Svensson et al., 2019).  
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Table 1.5: Summary of the current clinical trials in PD and DLB (McFarthing et al., 2021; Lee et al., 2019; Aarsland, 2022). 

 

 

Table 1.6: Summary of the ongoing and proposed DLB clinical trials (Aarsland, 2022). 

 

 

Table 1.7: Summary of the recently completed PD and DLB clinical trials (Aarsland, 2022). 

 

 

 PD DLB (2019) DLB (2022) 

Trials 156 8 8 

Agents 134 8 8 

Symptomatic 83/156 3 5 

Disease Modifying  59/156 (38%) 5 3 

Phase 1 49 0 0 

Phase 2 65 7 7 

Phase 3 28 1 1 

Drug Sponsor Name Mechanism DLB/PD Phase Status 

Ambroxol Heise 

Fonna 

ANEED GCase 

enhancer 

DLB/PD 2 Ongoing 

Memantine Newcastle COBALT NMDA r DLB/PDD 3 Proposed 

CT1812 Cognition Therapeutics -2 rec, 

autophagy  

DLB 2 Ongoing 

NYX-458 Aptinyx  NMDA rec mod MCI-LBD 2 Ongoing 

ATH-1017 Athira 

Pharma 

SHAPE-

trial 

HGF/MET 

activator 

DLB/PDD 2 Ongoing 

CST-103/107 CuraSen Therapeutics  2 agonist LBD 2 Proposed 

Terazosin 

HC 

Qiang 

Zhang 

TZ-DLB -blocker DLB 2 Proposed 

Nilotinib Georgetown University TK inhibitor DLB 2 Ongoing 

K0706 Georgetown University TK inhibitor DLB 2 Ongoing 

Ondansetron UCL TOPHAT 5-HT3 

antagonist 

PD/LBD 2 Ongoing 
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1.13. Multi-System Neurotransmitter Deficits in LBD 

 

LBD are associated with reduced concentrations of other neurotransmitters, aside from 

dopamine, such as serotonin, noradrenaline, and acetylcholine which contribute to the motor, 

as well as non-motor symptoms of the disease. These neurotransmitter systems originate 

from brainstem nuclei, that is, SNpc, ventral tegmental area (VTA), LC, dorsal raphe nuclei 

(DRN), and pedunculopontine nucleus (PPN), respectively (Table 1.8) (Buddhala et al., 2015; 

Beliveau et al., 2015a).  

 

This thesis focuses on better understanding the underlying neuropathology in the noradrenergic 

(Figure 1.9A) and serotonergic systems (Figure 1.9B), which may underly sleep dysfunctions 

and neuropsychiatric manifestations respectively. However, the precise relationship 

between underlying neuropathology and clinical presentation remains to be determined. 

 

1.13.1. Dopaminergic System 

 

The dopaminergic system functions in various physiological and behavioural processes 

including reward, motivation, cognition, movement, executive functions and neuroendocrine 

Drug Sponsor Name Mechanism DLB/PD Phase Results 

E2027 Eisal E2027 Pde inhibi DLB/PD 2 July 11, 2022 

Venglusant Sanofi MOVE-PD Gcase PD-GBA 2 Failed 

LY3154027 

(Mevidalen) 

Eli Lily PRESENCE D1 

Modulator  

LBD 2 Failed 

primary, effect 

secondaries 

Intepirdine 

(RVT-101) 

Axovant HEADWAY 5-HT6 

receptor 

antagonist 

DLB 2 Failed 

Nelotanserin Axovant  5-HT2a inv 

agonist 

DLB/PD+ 

VH/RBD 

2 Failed 

Neflamapimod EIP Pharma Inc p38 MAPK 

inhibitors  

DLB 2 Positive  

Bosutinib Georgetown University TK inhibitor DLB 2 Target inv 
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regulation (Alcaro, Huber & Panksepp, 2007). The dopaminergic system is divided into three 

pathways: mesolimbic pathway, mesocortical pathway, nigrostriatal pathway. Nigrostriatal 

dopamine pathway degeneration stems from progressive α‐syn accumulation and loss of 

dopaminergic neurons in the SNpc. This causes dopamine depletion in the dorsal striatum and 

onset of motor symptoms in LBD (Nelson & Kreitzer, 2014). The mesolimbic dopamine 

pathway projects from the VTA of the midbrain to numerous cortical and subcortical regions 

including the nucleus accumbens (NAcc) of the ventral striatum (Patterson et al., 2019). The 

VTA contributes to the pathophysiology of mood disorders and cognitive dysfunctions (Choi, 

Yeo & Buckner, 2012; Root et al., 2015; Schmidt, Famous & Pierce, 2009), which can be 

ameliorated following levodopa therapy (Mattis et al., 2011). Dense interconnections of the 

insular cortex with basal ganglia and limbic system supports emotional processing and 

cognition (Blanc et al., 2014; Ghaziri et al., 2017). Deficits in dopaminergic projections are 

associated with severe motor, cognitive and psychiatric deficits in LBD. Dopaminergic α‐syn 

pathology seems to drive depression in LBD patients, where a greater α‐syn burden was 

observed in the SN, VTA, and NAcc of LBD patients with depression (Patterson et al., 2019). 

Reduction in cell density correlated with higher LB Braak stage in the SN and VTA, as well as 

higher NFT Braak stage in the VTA (Patterson et al., 2019). 

 

1.13.2. Cholinergic System 

 

The three largest brain cholinergic systems include the following: (1) basal forebrain complex 

(including the nbM) that provides cholinergic input to the cortex, (2) pedunculopontine 

nucleus-laterodorsal tegmental complex (PPN-LDTC) projects to thalamus, cerebellum, basal 

ganglia, several brainstem nuclei, some striatal fibres, and the spinal cord (Heckers, Geula & 

Mesulam, 1992; Martinez-Gonzalez, Bolam & Mena-Segovia, 2011), and (3) striatum contains 

cholinergic interneurons, a small fraction 1-2% of striatal neurons (Whitwell et al., 2007; 

Bohnen et al., 2014).  

 

Deficits in the cholinergic system has a significant influence on motor and non-motor 

symptoms of PD and LBD (Bohnen & Albin, 2011b; Bohnen et al., 2014). Atrophy was 

observed on MRI of the substantia innominata, dorsal midbrain, and hypothalamus in DLB 

(Whitwell et al., 2007), which suggests that cholinergic dysfunction is a predominant aspect of 

DLB. There is degeneration of the PPN neurons in PD that project to the thalamus but remain 
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relatively spared in AD  (Kotagal et al., 2012b), which may act as a substrate of RBD (Kotagal 

et al., 2012a; Postuma et al., 2012), VH (McKeith et al., 2000; Mori et al., 2006; O’Brien et 

al., 2005) and fluctuations in attention (Piggott et al., 2007; Pimlott et al., 2006; O’Brien et al., 

2005; Whitwell et al., 2007). In comparison, it has also been reported that DLB patients with 

VH did not have a significant reduction in their cholinergic PPNc neurons compared to controls 

(Hepp et al., 2013a). A previous study also found that PDD patients had a reduction in their 

PPN cholinergic neurons by approximately 41% versus controls, which supports earlier reports 

on PPN degeneration in PDD patients (Dugger et al., 2012; Hirsch et al., 1987; Rinne et al., 

2008). This may indicate that the mechanism of cholinergic output degeneration varies between 

PD and LBD patients, and that cholinergic deficits derived from the PPN are affected to a 

greater extent in PDD than DLB. 

Nevertheless, it is important to note that the noradrenaline neurons in the LC may also 

contribute to arousal, attention (Benarroch, 2006), and fluctuations (Ferman et al., 2004). This 

suggests that multi-system degenerations and a collective deficit in more than one 

neurotransmitter may underlie clinical outcomes that characterise LBD (Whitwell et al., 2007; 

Bohnen & Albin, 2011a). 

 

1.13.3. Noradrenergic System 

 

The noradrenergic system originates from the LC and provides innervation to a wide range of 

brain regions including the cortex, amygdala, hippocampus, thalamus, and hypothalamus 

(Chamberlain & Robbins, 2013).  The LC is a noradrenergic nucleus of the upper dorsolateral 

pontine tegmentum, which functions in the regulation of the sleep-wake cycle, arousal 

maintenance and control of steady cognitive state (Berridge and Waterhouse, 2003; Lu et al., 

2006; Whitwell et al., 2007; Benarroch, 2009). This is achieved through the innervation of 

several cortical regions, including the frontal cortex and the cingulate cortex, as well as 

subcortical regions, such as the hypothalamus, amygdala and hippocampus. Other functions 

include sensory processing, synaptic plasticity, decision making, and memory formation and 

retrieval (Sara, 2009; O’Donnell et al., 2012). 

 

The axons of its neurons are extensively branched, and it receives supramedullary limbic input 

from the central subnucleus of the amygdala and somatomotor input from the PPN, as well as 
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innervations from the gigantocellular nucleus of the pontine reticular formation and the lower 

raphe group nuclei (Del Tredici & Braak, 2013).  

 

Progressive degeneration of the LC has been previously reported on several occasions in AD, 

occurring early-on in the disease course (e.g. LC-derived tau pathology), with positive 

correlations between the disease duration and magnitude of LC neuronal loss (German et al., 

1992b). Significant reductions in LC volume, noradrenaline neuronal count (which exceeds 

cholinergic neuronal loss in the nbM (Zarow et al., 2003)) and fibre density were associated 

with other degenerative markers. Cognitive impairment in AD has been predominantly driven 

by cholinergic dysfunctions in the nucleus basalis, yet considerable evidence proposes LC-

mediated dysfunction as a crucial contributor of disease pathogenesis. The mean noradrenaline 

concentrations across the brain are reduced in AD compared to healthy controls (Hoogendijk 

et al., 1999), which may induce a neurotoxic proinflammatory condition and impede Aβ 

degradation to exacerbate cognitive impairment (Lambert et al., 2009; Chen, Chen & Hou, 

2022). 

 

Additionally, pathological changes in the LC occur in the early and pre-clinical stage of PD, 

suggesting that it may enable differentiation between PDD and DLB patients in terms of their 

susceptibility to sleep-wake-cycle disorders and FC (Wang et al., 2018). Postmortem analysis 

of advanced PD with dementia revealed that noradrenaline levels were reduced in several 

regions including the anterior cingulate cortex, hippocampus, amygdala, and middle frontal 

gyrus (Del Tredici & Braak, 2013). This implies that there is an abnormality in the function of 

the LC, possibly through reduced noradrenaline synthesis or fewer projections to these regions 

due to neuronal cell death. Hence, LC-derived neuronal loss relates to PD-related dementia, 

which may be associated with the loss of LC neurons in the circuitry that underlies executive 

functions (Mavridis et al., 1991; Marien, Colpaert & Rosenquist, 2004; Cummings, 2004; Szot, 

2006; Samuels & Szabadi, 2008; Dugger & Dickson, 2010; Power, Barnes & Chegini, 2017) 

 

Noradrenaline is a neurotransmitter released at synapses and non-synaptic release sites, where 

the extra-synaptic noradrenaline facilitates paracrine effects on neurons, glial cells, and 

microvessels (O’Donnell et al., 2012). Noradrenaline regulates the migration, proliferation, and 

phagocytosis of microglia via β2-adrenergic receptor (AR) activation, priming them for an 

optimum response to pathogens (O’Donnell et al., 2012). Noradrenaline also has a 

neuromodulatory role on synaptic transmission, where it affects the membrane potential, 
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neuronal excitability, and synaptic plasticity throughout the neuraxis. Primarily, noradrenaline 

reduces the baseline activity of its target neurons and enhances their sensitivity to novel 

synaptic stimuli, thus increasing the signal-to-noise ratio and the effectiveness of excitatory 

and inhibitory synaptic transmission (Benarroch, 2009). 

 

1.13.4. Serotonergic System 

 

Serotonergic neurons are predominant in the DRN, located in the ventral part of the central 

grey matter of the mesencephalon and rostral pons (Beliveau et al., 2015b). Consisting of 

approximately 165 000 serotonergic neurons (Charnay & Léger, 2010), the DRN projects 

across the entire brain to secrete a small indolamine neurotransmitter, serotonin, also known as 

5-hydroxytryptamine (5-HT) (Charnay & Léger, 2010; ABRAMS et al., 2004a).  

 

Serotonergic neurons can be divided into the rostral group and caudal group. Containing 

approximately 85% of the neurons, the rostral group is in the mesencephalic and rostral pons 

and project to the forebrain, medulla oblongata, and a caudal group within the rostral pons, as 

well as the spinal cord (Charnay & Léger, 2010). These neurons are in the following four 

nuclei: the DRN (165 000 neurons) and the median raphe (MRN, 64 000 neurons), the 

interpeduncular, and the caudal linear nuclei (Charnay & Léger, 2010). On the other hand, the 

caudal group comprises of 15% of the serotonergic neurons that are localised to three raphe 

nuclei: raphe magnus (30 000 neurons), and the raphe pallidus (1000 neurons) and the raphe 

obscurus (Charnay & Léger, 2010). 

 

Serotonergic neurons regulate a wide range of physiological functions, such as appetite, 

vomiting, body temperature, sleep-wake cycle, sexual behaviour, memory, emotional state and 

cognition (Charnay & Léger, 2010; Glikmann-Johnston et al., 2015a; Lucki, 1998; MückSeler 

& Pivac, 2011; ABRAMS et al., 2004b). The serotonergic neurons in the hippocampus function 

in various memory processes, spatial navigation, decision making and social relationships 

(Glikmann-Johnston et al., 2015a; Rubin et al., 2014; Švob Štrac, Pivac & Mück-Šeler, 2016a; 

Harvey, 2003), whereas in the prefrontal cortex it is involved with decision-making, reversal 

learning, working memory, and attention (Robbins, 2000; Clark, Cools & Robbins, 2004). The 

serotonergic system may be affected in DLB via damage to the DRN (Whitwell et al., 2007), 

resulting in comparable reductions of both serotonin and serotonin transporter (SERT) in the 
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caudate, middle frontal gyrus, inferior parietal lobule (IPL), and visual association cortex 

(VAC) in PD participants  (Buddhala et al., 2015), as well as cognitive deficits thereafter (Švob 

Štrac, Pivac & Mück-Šeler, 2016b). 

 

 

Table 1.8: Current understanding around neurotransmitter deficits in PD and PD-related cognitive subtypes. SNpc, substantia 

nigra pars compacta; VTA, ventral tegmental area; LC, locus coeruleus; DRN, dorsal raphe nuclei; PPN, pedunculopontine 

nucleus; nbM, nucleus basalis of Meynert. 

Neurotransmitters Brainstem 

Nuclei 

Function Current Knowledge References 

Dopamine SNpc Reward, 

pleasure, fine 

tuning motor 

functions, 

compulsion 

and 

preservation. 

Loss of dopaminergic 

neurons in the 

mesocortical pathway that 

project to limbic and 

cortical regions in PDD. 

 

Neuronal loss in SNpc in 

DLB and greater deficits in 

dopamine concentrations 

than AD. 

 

Greater dopaminergic loss 

in basal ganglia in DLB 

than AD. 

(Ince, Perry and 

Morris, 2006; 

O’BRIEN, 2007; 

Latoo and Jan, 

2008; Halliday et 

al., 2014; Jellinger 

and Korczyn, 2018) 

Acetylcholine PPN/nbM Normal gait 

and posture in 

the upper 

brainstem. 

 

Regulates 

consciousness 

and motor 

functions 

including sleep 

and gait and 

posture. 

Atrophy was observed on 

MRI of the substantia 

innominata, dorsal 

midbrain, and 

hypothalamus in DLB that 

contain cholinergic 

neurons.  

 

PPN-derived neurons in 

the thalamus degenerate in 

PD but remain relatively 

spared in AD, and may act 

as a substrate of RBD, 

visual hallucinations and 

fluctuations in attention. 

 

In comparison, it has also 

been reported that DLB 

patients with visual 

hallucinations did not have 

a significant reduction in 

their cholinergic PPN 

neurons compared to 

controls, and that α-syn 

burden was greater in PD 

(Olszewski J., 

1954; Takakusaki 

et al., 2004; French 

& Muthusamy, 

2018; Videnovic et 

al., 2013; Whitwell 

et al., 2007; 

Kotagal et al., 

2012a; McKeith et 

al., 2000, 2005; 

Mori et al., 2006; 

Pimlott et al., 2006; 

Piggott et al., 2007; 

Hepp et al., 

2013b).  
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whereas Aβ plaque 

pathology was more 

prominent in DLB patients. 

Noradrenalin LC Regulates 

sleep-wake 

cycle, arousal 

maintenance 

and control of 

steady 

cognitive 

state.  

Sensory 

processing, 

synaptic 

plasticity, 

decision 

making, and 

memory 

formation and 

retrieval  

Postmortem analysis of 

advanced PD with 

dementia revealed that 

noradrenalin levels were 

reduced in several regions 

including the anterior 

cingulate cortex, 

hippocampus, amygdala, 

and middle frontal gyrus.  

((Berridge & 

Waterhouse, 2003; 

Benarroch, 2009; 

Lu et al., 2006; 

Whitwell et al., 

2007)  

Serotonin DRN Physiological 

functions, 

such as 

appetite, 

vomiting, body 

temperature, 

sleep-wake 

cycle, sexual 

behavior, 

memory, 

emotional 

state and 

cognition.  

 

Working 

memory, 

attention, 

decision-

making and 

reversal 

learning. 

 

Memory 

processes, 

spatial 

navigation, 

decision 

making and 

social 

relationships.  

 

Reductions of both 

serotonin and serotonin 

transporter in the caudate, 

middle frontal gyrus, 

inferior parietal lobule 

(IPL), and visual 

association cortex (VAC) in 

PD participants, as well as 

cognitive deficits 

thereafter.  

(Lucki, 1998; 

ABRAMS et al., 

2004b; Charnay & 

Léger, 2010; 

MückSeler & Pivac, 

2011; Glikmann-

Johnston et al., 

2015b; Harvey, 

2003; Rubin et al., 

2014; Švob Štrac, 

Pivac & Mück-

Šeler, 2016a; 

Robbins, 2000; 

Clark, Cools & 

Robbins, 2004; 

Buddhala et al., 

2015). 
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Figure 1.9: (A) Noradrenergic and (B) serotonergic systems. Created with BioRender.com. 
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1.14. Summary 

 

This review makes it apparent that not only are PD and LBD extremely distinct, but there is 

also a phenotypic heterogeneity in the latter. In recent years, non-motor symptoms have 

become a matter of considerable interest, as reflected in a survey conducted by Parkinson’s 

UK. Healthcare professionals, along with patients and their caregivers identified five non-

motor symptoms, that is, sleep disturbances, stress/anxiety, mild cognitive impairment, 

dementia, and urinary problems, in the top ten priorities for research considerations (Deane et 

al., 2014; Bogosian, Rixon & Hurt, 2020). Recent studies have also reported that at least one 

non-motor symptom was present in nearly all patients (Krishnan et al., 2011). This emphasises 

the importance of better understanding the pathology and molecular mechanisms of non-motor 

symptoms, as they hinder patient quality of life and shorten life expectancy (Chaudhuri, Healy 

& Schapira, 2006; Kwok, Auyeung & Chan, 2020).  

 

Similarities exist amongst the neuropathology of PDD and DLB within non-dopaminergic 

systems, such as noradrenergic and serotonergic systems, which may underly sleep 

dysfunctions and neuropsychiatric manifestations respectively. However, the precise 

relationship between underlying neuropathology and clinical presentation remains to be 

determined.  

 

1.15. Hypotheses  

Pathology in non-dopaminergic neurotransmitter systems will be associated with key clinical 

symptoms in DLB. 

 

1.15.1. Research Aims 

 

• Compare the integrity of the noradrenergic and serotonergic projection pathways 

between PD subtypes. 

o This will be achieved through the assessment of neuronal and corresponding 

fibre densities in the noradrenergic and serotonergic systems using quantitative 

immunohistochemistry and qualitative FASTclear technology analysis. 
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o Assess expression patterns of noradrenergic and serotonergic receptors using 

qualitative RNAscope technology. 

• Compare the extent of protein pathology in noradrenergic and serotonergic projection 

pathways between PD subtypes. 

o This will be achieved through the assessment of protein pathologies (α-syn, tau 

and Aβ protein pathologies) in the noradrenergic and serotonergic systems using 

quantitative immunohistochemistry and qualitative FASTclear technology 

analysis. 

• Correlate proteinopathies and neuronal integrity to symptom presentations. 

o Retrospective clinical data will be used to record various features such as 

autonomic and neuropsychiatric dysfunctions to enable correlations with 

neuropathological outcomes.  

• Determine the effects of medications targeting the noradrenergic or serotonergic 

systems on disease duration and neuronal integrity. 

o Audit clinical summaries from the patient cohort to identify pharmacological 

agents specifically targeting the noradrenergic or serotonergic systems. 

o The relationship between administration of the pharmacological agent with 

disease duration and total noradrenergic or serotonergic fibre counts will be 

assessed. 
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2. Materials and Methods 
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2.1. Human Brain Tissue  

 

Post-mortem human brain tissue, derived from the Parkinson’s UK Tissue Bank at Imperial 

College London, were used in this study. Formalin-fixed paraffin-embedded (FFPE) 

samples of the rostral pons, hippocampus, amygdala, thalamus, superior frontal gyrus and 

cingulate cortex were selected. Parkinson’s UK Tissue Bank provided cases with complete 

clinical and neuropathological assessments.  

 

2.2. Standard Neuropathological Assessment  

 

Neuropathological assessments of the cases were performed by tissue bank 

neuropathologists: Prof. Steve Gentleman, Prof. Johannes Attems, Prof. Federico 

Ronacaroli, Prof. Tamas Revesz, Prof. Manuel Graeber, and Dr. Ilaria Bravi. 

 

A total of 20 brain regions (Table 2.1) were processed according to routine sampling 

procedures for each case. This involved haematoxylin & Eosin (H&E) staining and 

immunohistochemistry (IHC) for α-synuclein (α-syn), tau and amyloid-beta (Aβ) pathological 

protein subtypes. Parkinson’s disease (PD) diagnosis was determined based on the presence of 

α-syn-immunopositive inclusions. PD-related pathological staging was carried out based on 

the BrainNet Europe protocol (Alafuzoff et al., 2009) with the Braak α-syn staging system (0-

6) (Braak et al., 2003) and McKeith type staging system of brainstem, limbic, to neocortex 

(McKeith et al., 2005). Alongside the neuropathological assessment, PD diagnosis is affirmed 

on observation of depleted pigmented neurons in the substantia nigra (SN) and locus coeruleus 

(LC), as well as at least one Lewy body (LB) in surviving neurons with no concomitant 

pathology to possibly explain a parkinsonian motor presentation (Hughes et al., 1992; Gelb, 

Oliver & Gilman, 1999). 

 

Hyperphosphorylated tau protein deposition was scored in accordance with the BrainNet 

Europe diagnostic protocol (Alafuzoff et al., 2008). The modified Braak staging system (0-6) 

(Braak & Braak, 1995) was used to assess tau pathology in immunohistochemically stained 

tissue sections. 
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Assessment of Aβ pathology included plaques and CAA on 4G8 immunostained slides. The 

presence of vascular pathology (microinfarcts, macroinfarcts, and small vessel disease), 

demyelinating plaques and malignant neoplastic lesions was determined based on examination 

of the H&E sections. 
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Table 2.1: Routine 20 block tissue sampling protocol with corresponding brain regions by the Parkinson’s UK Tissue Bank 

at Imperial College London. 

Brain Area Number Region of Interest Coronal Level of Sampling 

1 Anterior frontal cortex Rostral to temporal lobe 

 

2 Cingulate cortex Nucleus accumbens 

 

3 Nucleus accumbens Nucleus accumbens 

 

4 Temporal cortex Mammillary body 

 

5 Middle basal ganglia (lentiform 

nucleus, nucleus basalis of 

Meynert) 

Decussation of anterior 

commissure 

 

 

6 Posterior basal ganglia Mammillary body 

 

7 Amygdaloid complex - 

 

8 Thalamus Subthalamic nucleus 

 

9 Anterior hippocampus Mammillary body 

 

10 Posterior hippocampus Lateral geniculate body 

 

11 Posterior frontal cortex (primary 

motor cortex) 

Pulvinar nucleus of thalamus  

 

12 Occipital cortex (primary visual 

cortex) 

Striate cortex 

 

 

13 Parietal cortex 1cm caudal to splenium  

 

14 Cerebellum (dentate nucleus)  

15 Rostral midbrain (substantia nigra) Red nucleus 
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2.3. Clinical Assessment of Patient Cohort  

 

Retrospective clinical notes were collated using records from movement disorder neurologists, 

neurosurgeons, psychiatrists, geriatricians, PD nurse specialists and general practitioners. 

These notes were used by movement disorder specialists and neurologists to compile clinical 

summaries based on a template created by Dr Ronald K B Pearce, an example of which is 

provided in Appendix 1. This study contains only those cases with the last clinical visit within 

2 years of death. 

 

Clinical parkinsonism was diagnosed as defined by the current Movement Disorder Society 

(MDS) Task Force criteria (Postuma et al., 2015), that is, the presence of 2 of the 4 cardinal 

features of PD – bradykinesia plus one of resting tremor, rigidity, or postural instability – 

suffices a clinical diagnosis of parkinsonism. 

  

15a Caudal midbrain Superior cerebellar decussation 

 

16 Rostral pons (locus coeruleus) Locus coeruleus  

 

16a Caudal pons - 

 

17 Medulla oblongata (rostral and 

caudal) 

- 

 

 

18 Spinal cord (cervical, thoracic, 

lumbar) 

- 

 

 

19 Olfactory bulb and tract - 

 

20 Optic chiasm and tract - 
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2.3.1. Assessment of Motor Subtype  

 

Cases were assigned a motor subtype based on the disease course and initial clinical symptoms 

at presentation. Five PD motor subtypes have been outlined in previous literature: tremor-

dominant, mixed, non-tremor dominant, akinetic-rigid, and postural instability/gait difficulty. 

There is greater consensus on the tremor-dominant subtype compared to the other subgroups. 

The term ‘non- tremor-dominant’ is non-specific and focused purely on the exclusion of 

tremor, meaning that a combination of PD symptoms with absence of tremor is eligible for the 

‘non- tremor-dominant’ category, including early-onset cases with prominent dyskinesia and 

dystonia. Postural instability/gait difficulty has also been questioned as a discrete subgroup 

because it is more likely to be a progressive feature (Kotagal, 2016) that exacerbates overtime 

at a later stage in the disease course (Hoehn and Yahr, 1967). Advanced age and increased 

medical comorbidities heighten the propensity to develop postural instability/gait difficulty. 

Due to these discrepancies, cases were characterised as tremor-dominant, mixed or akinetic-

rigid (Tilley, 2019). 

 

2.3.2. Assessment of Cognitive Status 

 

Dementia refers to cognitive impairment significant enough to impede activities of daily living, 

as defined by Diagnostic and Statistical Manual of Mental Disorders-4 (DSM-4) and 

International Classification of Diseases-10 (ICD-10) criteria. PD patients who met these 

criteria, along with those outlined in the MDS Task Force diagnostic criteria, were categorised 

as Parkinson’s disease dementia (PDD) (Emre et al., 2007). 

 

Lewy Body Dementia (LBD) phenotypes –PDD and dementia with Lewy bodies (DLB) – were 

distinguished based on the ‘one-year’ rule (McKeith et al., 2005), such that, dementia is of 

PDD if parkinsonism predates dementia onset by a minimum of one year, and dementia is of 

DLB if it occurs before or less than one year after parkinsonism onset. The most recent 

diagnostic criteria for PDD (Emre et al., 2007)  and DLB were also applied (McKeith et al., 

2017). PDD presents as dementia alongside established idiopathic PD, whereas DLB was 

characterised by the presence of the four core clinical features: fluctuating cognition (FC), 

recurrent well-formed visual hallucinations (VH), REM sleep behaviour disorder (RBD) and 

spontaneous parkinsonism. Presence of two or more of these core clinical features meant that 
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a probable DLB was diagnosed retrospectively and confirmed based on pathology results 

(McKeith et al., 2017). If an individual experienced cognitive deficit without reaching the 

threshold for dementia, that is, insufficient to impair activities of daily living, they were 

classified as Parkinson’s disease with mild cognitive impairment (PD-MCI). These deficits 

occur in various cognitive domains including memory, visuospatial function, executive 

function, attention, language, and occasionally accompanied by psychotic features and 

hallucinations.  

 

2.3.3. Inclusions and Exclusion Criteria 

 

Principally, cases were to have adequate tissue fixation and tissue quality to be included for 

this study, and those with inadequate tissue conditions were excluded. Upon fulfilling these 

criteria, the quality of clinical notes was assessed. Clinical notes were excluded if there was no 

documentation of presenting symptoms and late-stage disease features could not be 

distinguished. Cases were excluded if the last clinical description occurred more than 48 

months prior to death. Exclusion also included those with atypical causes of parkinsonism such 

as corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), multiple system 

atrophy (MSA), motor neuron disease (MND) and vascular parkinsonism. Cases with 

significant vascular lesions (e.g. haemorrhages, cerebral infarcts, cerebral amyloid angiopathy 

(CAA) and small vessel disease) or other comorbid neuropathologic findings (e.g. Alzheimer’s 

disease (AD) (Braak stage > IV), frontotemporal lobar dementia, demyelinating disease and 

Creutzfeldt-Jakob disease) were also excluded. In terms of control cases, those with clinical or 

neuropathology findings of neurological disease (e.g. dementia, parkinsonism or demyelinating 

disease) were excluded from this study. 

 

2.3.4. Cases Summary  

 

The cohort for this study was derived from by Dr. Bension Tilley, who originally analysed 

clinicopathological reports from 273 cases and 45 controls from the Parkinson’s UK Tissue 

Bank based on the criteria outlined above. He excluded 84 cases and 25 controls, and a total of 

189 cases and 20 controls met the inclusion criteria. The total of 219 cases were narrowed into 

manageable cohorts, one of which was the study of the different LBD subtypes that utilised 
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108 cases. This study consists of a final cohort of 80 PD cases (Appendix 2). 20 age-matched 

controls were recruited for comparison (Appendix 3). 

 

Clinical summaries were produced for the PD cases to record factors such as sex, age of onset, 

death, disease duration, type of dementia, Braak -syn stage, Braak tau stage, brain weight and 

post-mortem interval. Additional factors were recorded to examine the relationship between 

different clinical features and PD cognitive phenotypes. This includes a description of patient 

presentation, medications, and autonomic and psychiatric symptoms. Descriptions regarding 

patient presentation and various autonomic and psychiatric symptoms were used to extract the 

symptoms that may correlate with dysfunctions in noradrenergic and serotonergic systems, in 

order to explore correlations between symptom onset and pathological substrates in target brain 

regions. The information was used to extract DLB symptomatology – FC, VH and RBD - and 

other non-motor symptoms (i.e. autonomic and psychiatric symptoms) including 

hallucinations, sleep disturbances, memory problems, depression and anxiety.  

 

The medication administered to each patient was also recorded to determine its effects on the 

noradrenergic and serotonergic systems, along with disease duration and total fibre counts. 

Modes of action of each drug were researched using the British National Formulary (BNF) 

(British National Formulary (BNF), 2022) database to isolate those medications that 

specifically targeted the noradrenergic and serotonergic systems. These drugs were selective 

serotonin reuptake inhibitors (SSRI), namely citalopram, fluoxetine, paroxetine, venlafaxine, 

and sertraline, which were categorised into one group. Patients administered olanzapine (5-

HT2-receptor antagonist), propranolol (non-selective -adrenergic receptor (AR) antagonist), 

and mirtazapine (2-AR antagonist) were also recorded. Anticholinergics (artane, 

trihexyphenidyl, benzhexol, promozine, amitriptyline, orphenadrine) were also selected based 

on advice provided by Dr Ronald K B Pearce. Therefore, a total of 14 medications were 

recorded because these agents specifically target the noradrenergic and/or serotonergic systems 

(Appendix 4).  

    

2.3.5. Cohort Demographics  

 

Demographic analysis of the cohort reveals that the subgroups can be distinguished by sex, 

disease duration and Braak α-syn stage. The difference in male and female ratio within the 
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clinical subgroups is in accord with the literature (Savica et al., 2013). The disease duration is 

significantly shorter in DLB cases than the other clinical subgroups. A reduction in the age of 

death is apparent in DLB cases compared to the other clinical subgroups, as dementia 

contributes largely to mortality rates in the population. Braak α-syn is highest in DLB which 

indicates increased neocortical pathology may contribute to the cognitive syndrome. The Braak 

α-syn increased from PD, PD-MCI, PDD to DLB, reiterating greater neocortical pathology 

prevalent in dementia cases than non-dementia cases (Compta et al., 2011). Furthermore, Braak 

tau stage varies between the clinical subgroups. The highest Braak tau stage was found in PDD 

which may accentuate it as a more mixed pathology when compared to DLB. In summary, 

PDD exhibits greater AD-type pathology whereas DLB had more α-syn pathology, possibly 

emphasising the latter as a purer synucleinopathy-based dementia syndrome (Table 2.2). 

 

 

Table 2.2: Cohort demographics for PD without cognitive impairment (PD), PD-MCI, PDD and DLB. χ – Chi squared analysis 

performed. K – Kruskal-Wallis Test performed. The value of P < 0.05 signifies statistically significant difference between 

groups. 

 

 

2.4. Human Brain Tissue Preparation for Histopathology     

 

The cohort consisted of 100 cases including 20 controls, 20 PD without dementia, 20 PD-MCI, 

20 PDD cases, and 20 DLB cases. DLB cases were defined according to the clinical criteria set 

out in McKeith et al. (2017) and PDD by the diagnostic criteria laid out in Emre et al. (2007). 

 

 PD PD-MCI PDD DLB P Value 

Sex (M:F) 8:12 12:8 12:8 19:1 0.0035X 

Age of Onset 67.35 66.4 66.7 68.05 0.8618K 

Age of Death 79.8 78.65 80.15 74.45 0.0271K 

Disease Duration 12.45 12.25 13.45 6.4 0.0009K 

Braak ASN 5.4 5.75 5.8 5.95 0.0187K 

Braak Tau 1.6 1.45 1.95 1.75 0.2119K 

Brain Weight 1216.74 1290.28 1201.44 1315.95 0.0190K 

PMI 25.8 22.65 24.75 24.25 0.9053K 
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2.5. Histological Staining 

 

2.5.1. Luxol Fast Blue (LFB) with Periodic acid-Schiff Staining 

 

Tissue section slides were deparaffinised at 60°C between 30 minutes to 1 hour to melt wax. 

Slides were cleared by immersion in xylene thrice for 5 minutes each and washed in 100% 

alcohol twice for 5 mins each, followed by immersion in LFB (0.1% wt/vol LFB, 0.05% vol/vol 

acetic acid in 100% IMS) in a well-sealed container in a 60°C oven overnight.  

 

The next day, slides were briefly rinsed in 100% IMS twice and running tap water, before 

immersion in saturated lithium carbonate solution for approximately 1-2 minutes to 

macroscopically differentiate the grey and white matter. Slide were rinsed again under running 

tap water before being immersed in 1% periodic acid solution for 5 minutes and rinsed in 

distilled water thereafter. Slide were then immersed in Schiff’s reagent (VWR, UK) for 15 

minutes and rinsed under running tap water for 30 minutes, or until a pink stain is 

macroscopically visible in the cortex. Tissue sections were counterstained with Mayer’s 

Haematoxylin for 1 minute and immersed under running tap water to ‘blue’ sections for 

contrast enhancement. Afterwards, slides were dehydrated in ascending alcohol 

concentrations: 70%, 90%, and twice in 100% followed by clearing in xylene three times for 5 

minutes each. Finally, slides were mounted with DPX and coverslipped (Figure 2.1A; Figure 

2.1B).  
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2.5.2. Immunohistochemistry (IHC) 

 

Tissue sections were deparaffinised and rehydrated as previously described. Next, 

peroxidase quenching was carried out endogenously by placing the slides in 1% hydrogen 

peroxide (H2O2) in phosphate buffered saline (PBS; pH 7.40) for 30 minutes. Slides were then 

rinsed in distilled water (dH2O) for 5 minutes. Afterwards, pretreatment was performed 

according to the Table 2.3. Slides were rinsed with dH2O and PBS for 5 minutes each. Note 

for ImmPRESS® HRP Anti-Goat IgG (Peroxidase) Polymer Detection Kit (ImmPRESS® kit, 

Figure 2.1: LFB sections. (A) amygdala (B) thalamus at the level of the subthalamic nucleus. 

A 

B 
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Vector Laboratories, UK), slides were blocked using 2.5% Normal Horse Serum for 20 

minutes. Excess serum was tapped off slides prior to application of the primary antibody. For 

ImmPRESS secondary detection system and Super Sensitive Kit secondary detection system 

(Biogenex UK), antibodies were diluted in primary diluent (PBS, 0.3% Triton-X100) before 

being added to slides, after which they were incubated in a humid chamber at 4°C overnight.  

 

The use of ImmPRESS secondary detection system involved rinsing slides once in PBS for 5 

minutes, followed by incubation in ImmPRESS Horse Anti-Goat IgG Polymer Reagent for 1 

hour, rinsed in PBS thrice, and immersed with DAB solution for 5mins thereafter.  

 

The Super Sensitive polymer-HRP detection system was used as per the producer’s protocol. 

Slides were rinsed twice in PBS for 5 minutes each, before incubation in a SuperEnhancer 

solution for 20 minutes and rinsed again in PBS twice for 5 minutes each. Slides were 

incubated in polymer-Horseradish Peroxidase Label solution for 30 minutes and rinsed in 

PBS thrice for 5 minutes each. Slides were then incubated with DAB solution for 10 minutes 

to be visualised. 

 

Once either secondary method was performed, slides were rinsed under running dH2O, 

counterstained with Mayer’s Haematoxylin (VWR, USA) for 1 minute, and then 

immediately placed under running tap H2O for blueing contrast enhancement. Slides were 

dehydrated in increasing alcohol concentrations, cleared in xylene, mounted with DPX and 

coverslipped.  

 

 

Table 2.3: Antibodies used for immunohistochemistry. 

Antibody Host Company Catalogue 

Number 

Pretreatment Antibody 

Concentrations 

Secondary 

Antibody 

Anti-TH Rabbit EMD 

Millipore 

AB152 Autoclave in 

0.01M 

sodium citrate 

buffer for 1 

hour 

1:2000 Alexa-

Fluor 568-

conjugated 

or Alexa-

Fluor 488 

conjugated 

donkey anti-
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2.5.3. Antigen Retrieval   

 

Antigen retrieval was performed through various mediums after H2O2 treatment in IHC.  

 

2.5.3.1. Autoclave  

 

The autoclave (Prestige Medical, UK) was filled with distilled water to the designated line. 

Slides were immersed into a container with citric acid buffer (pH 6.0), followed by a pre-

programmed cycle of 1 hour until a temperature of 121°C was reached. Upon completion of 

the cycle, the container was removed from the autoclave and placed in an ice-filled box to cool 

slides. They were rinsed in distilled water thereafter. 

rabbit 

antibody 

Anti-

αSN 

Mouse BD 

Biosciences 

 80% formic 

acid 

incubation for 

15 mins 

1:4000 Alexa-

Fluor 647-

conjugated 

donkey anti-

mouse 

antibody 

Anti- 

PHF tau 

(AT8) 

Mouse Thermofisher MN1020 No 

pretreatment 

1:1600 Alexa-

Fluor 647-

conjugated 

donkey anti-

mouse 

antibody 

Anti- Aβ 

(4G8) 

Mouse   80% formic 

acid 

incubation for 

15 mins 

1:15000 - 

Anti-

TPH2 

Goat Abcam AB12013 Autoclave in 

0.01M 

sodium citrate 

buffer for 1 

hour 

1:500 Alexa-

Fluor 488-

conjugated 

or Alexa-

Fluor 555-

conjugated 

donkey anti-

goat 

antibody 
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2.5.3.2. Formic Acid  

 

Slides were immersed in 80% formic acid solution for 15 minutes in the fume hood and rinsed 

under a running distilled water tap afterwards. 

 

2.6. Tissue Clearing 

 

Tissue clearing involved the 

application of a FASTClear 

protocol – a derivative of 

CLARITY – on large tissue 

blocks (Figure 2.2A) 

according to methodology 

optimised by our group (Lai 

et al., 2018). Formalin-fixed 

tissue blocks were incubated 

in 4% sodium dodecyl sulphate in boric acid buffer (SDS; pH 8.5) at 54°C to desired 

transparency by the removal of lipids from the sample. Optimal transparency referred to the 

ability to observe contents through the sample (Figure 2.2B). Tissue blocks were washed 

sequentially, every hour, in in PBS with 0.1% triton-X 100 (PBS-T) to remove excess SDS 

solution. Subsequently, primary antibodies were added with a defined volume of PBS-T as a 

diluent over three days using the following dilutions: 1:500 (day 1), 1:250 (day 2), and 1:100 

(day 3). Excess antibodies were removed with sequential PBS-T washes. Fluorescent 

secondary antibodies, specific to the previously used primary antibodies, were added to the 

tissue block in darkness according to the same dilution series. Refractive index matching was 

performed using refractive index homogenisation reagent, Optical Properties-adjusting Tissue-

Clearing agent (OPTIClear), overnight at room temperature (RT). 

 

2.7. RNAscope  

 

2.7.1. RNAscope  Tissue Preparation 

 

A B 

Figure 2.2: A human pons tissue-clearing block. (A) before and (B) after SDS 

treatment. 
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RNAscope Multiplex Fluorescent v2 Assay (Advanced Cell Diagnostics; ACD, USA) was 

carried out using the RNAscope Multiplex Fluorescent Reagent Kit v2 (Cat. No: 323100) 

with RNAscope probes specific to the target sites. The assay was performed in accordance 

with the RNAscope Multiplex Fluorescent Reagent Kit v2 user manual (323100-USM). 

FFPE tissue was sectioned and placed in 60°C oven for 1 hour. Tissue sections were 

deparaffinised by immersion in 100% xylene twice for 5 minutes each to remove excess wax, 

followed by immersion into 100% ethanol twice for 2 minutes at RT. Slides were immersed 

with agitation by occasionally lifting the slide rack up and down in the container. Afterwards, 

they were removed from the slide rack, placed on absorbent paper (e.g. paper towel) with the 

tissue section faced-up and dried in a 60°C oven for 5 minutes, or until completely dry.  

 

In the meantime, pre-treatment materials were prepared. The HybEZ Oven (ACD, USA) was 

turned on and set to a temperature of 40°C. A piece of Humidifying Paper was dampened 

completely with distilled water and placed into the Humidity Control Tray (ACD, USA). The 

tray was covered and placed into the oven for a minimum of 30 minutes before use. The tray 

was always kept in the oven when not in use. Fresh 200ml RNAscope 1X Target Retrieval 

Reagent was prepared by adding 180ml of distilled water to 20ml of 10X Target Retrieval 

Reagent and mixed thoroughly. Once the tissue sections dried, 5-8 drops of RNAscope 

Hydrogen Peroxide were added and incubated for 10 minutes at RT. Tissue sections were then 

submerged into distilled water 3-5 times with agitation. Two containers were placed in the 

steamer: (1) one contained 200 ml of fresh distilled water and (2) the other contained 200ml of 

RNAscope 1X Target Retrieval Reagent. The steamer was preheated according to guidelines 

by the manufacturer and timer was set to 95 minutes. A digital thermometer was inserted 

through the holes of the lid to each the RNAscope 1X Target Retrieval Reagent. The 

temperature was left to rise to at least 99°C before the slides were submerged into the container 

of distilled water for 10 seconds for acclimatisation, and then immediately placed into the 

RNAscope 1X Target Retrieval Reagent for 15 minutes (applied to control and sample slides) 

according to recommendations provided in the protocol (ACD, USA). Slides were removed 

from the steamer and rinsed in distilled water for 15 seconds, transferred to 100% ethanol for 

3 minutes and then incubated in a 60°C oven for 5 minutes until completely dry.  

 

A hydrophobic barrier was drawn around each tissue section with the ImmEdge  hydrophobic 

barrier pen, as per the template provided by the manufacturer (ACD, USA). The barrier was 
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left to dry for about 5 minutes at RT. Subsequently, around 5 drops of RNAscope Protease 

Plus solution were added to cover each tissue section for protease degradation and incubated 

in the HybEZ oven at 40°C according to tissue pretreatment recommendations by the 

manufacturer (ACD, USA; control slides for 15 minutes and sample slides for 30 minutes).  

 

During this time, RNAscope Assay materials were prepared: (1) 1X Wash Buffer, (2) 

RNAscope probes, (3) Opal Dye fluorophores, and (4) 5X Saline Sodium Citrate (SSC) 

according to the protocols outlined by the manufacturer (ACD, USA). The 1X Wash Buffer 

was prepared by warming two bottles of RNAscope 50X Wash Buffer in 40°C oven for 10-

20 minutes, and then diluting the contents in 5.88L distilled water for a total of volume of 6L. 

RNAscope probes were prepared by warming them in a 40°C water bath or incubator for 10 

minutes and cooled to RT. Channel 2 and Channel 3 probes were spun in a centrifuge and 

diluted by a factor of 1:50 into a Channel 1 probe. Hence, 1 volume of Channel 2 probe and 1 

volume of Channel 3 probe were pipetted to 50 volumes of Channel 1 probe. Opal Dye 

fluorophores were lyophilised and reconstituted based on instructions provided (Akoya 

Biosciences, USA), and 5X SSC was prepared ahead of time using protocol provided (ACD, 

USA). After Protease Plus, slides were rinsed in distilled water twice for 2 minutes at RT with 

agitation. Approximately 120-150l probe mix was added to each tissue section and incubated 

in the HybEZ oven at 40°C for 2 hours (increased to 4 hours for prolonged incubation in 

subsequent assay). Slides were then rinsed in 1X Wash Buffer twice for 2 minutes at RT, 

followed by immersion in 5X SSC solution overnight at RT. 

 

2.7.2. RNAscope Multiplex Fluorescent v2 Assay  

 

RNAscope Multiplex Fluorescent v2 Assay was performed on the following day. After 

immersion in 5X SSC overnight, slides were washed twice with 1X Wash Buffer for 2 minutes 

at RT before proceeding with the assay. Probes were amplified thereafter. Upon removal of 

excess liquid, 4-6 drops of RNAscope Multiplex FL Amp 1 were applied to cover each tissue 

section. Slides were incubated in the HybEZ Oven at 40°C for 30 minutes, followed by 

rinsing in 1X Wash Buffer twice for 2 minutes at RT. RNAscope Multiplex FL Amp 2 was 

added in the same manner. Hybridisation with RNAscope Multiplex FL Amp 3 was also 

performed, but at 40°C for 15 minutes, followed by rinsing in 1X Wash Buffer twice for 2 
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minutes at RT. Selected fluorophores were diluted in RNAscope TSA Buffer at a 

concentration of 1:1500. Probe signal was then developed sequentially. Firstly, RNAscope 

Multiplex FL v2 HRP-C1 was added to cover each tissue section and incubated in the HybEZ 

Oven at 40°C for 15 minutes. Slides were rinsed twice in 1X Wash Buffer for 2 minutes at RT. 

Selected fluorophore (e.g. Opal 520) was added to the tissue sections at a volume between 

150-200l and incubated at 40°C for 30 minutes. Slides were then rinsed twice in 1X Wash 

Buffer for 2 minutes at RT. RNAscope Multiplex FL v2 HRP blocker was added to each 

tissue section and incubated in the HybEZ Oven at 40°C for 15 minutes, followed by rinses 

in 1X Wash Buffer for 2 minutes at RT. This process was repeated for the remaining probes 

using the relevant HRP conjugate (RNAscope Multiplex FL v2 HRP-C2 and RNAscope 

Multiplex FL v2 HRP-C3) and fluorophores (Opal 570 and Opal 690). Finally, tissue 

sections were counterstained with DAPI for 30 seconds at RT and mounted with ProLong Gold 

Antifade Mountant to be coverslipped. Slides were dried for 30 minutes to overnight in the 

dark and stored at 2-8°C until image analysis using confocal microscopy.   

 

2.8. Microscopic Image Analysis 

 

Image analysis was accomplished using an Olympus Vanox microscope attached to a 

Micropublisher 3.0 camera and visualised on Image-Pro Plus 7.0 (Media Cybernetics, USA). 

Tissue clearing samples were imaged with Leica RMi8 inverted confocal microscope using 

Leica Application SuiteX (LAS-X). Analysis was performed blinded to the clinical phenotype. 

 

2.8.1. Slide Scanning 

 

Microscope slides were scanned to produce macroscopic figures using a Leica Aperio AT2 

slide scanner with Leica Aperio Scanscope software at 20x magnification. 

 

2.8.2. Defining Brain Regions  

 

The noradrenergic and serotonergic systems were defined as the collective group of brain 

regions involved in the synthesis, storage and release of noradrenaline and serotonin 

respectively. The noradrenergic and serotonergic systems originate from the LC (Figure 2.3A) 
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and dorsal raphe nucleus (DRN) (Figure 2.3B) respectively - two crucial nuclei investigated in 

this study. Both the LC and DRN were sampled in the rostral pons. The LC was defined as the 

catecholaminergic rod-shaped nucleus containing neuromelanin-pigmented neurons, whereas 

the DRN was identified by the compact cluster of neurons along the midline of the brainstem. 

Other regions of interest (ROI) were the brain areas innervated by these systems. Therefore, 

target brain regions investigated for the noradrenergic system include the hippocampus (Fig 

2.5), amygdala (Fig. 2.6), thalamus (Fig. 2.7), frontal (Fig. 2.8A), and cingulate (Fig. 2.8B) 

cortices. Target brain regions for the serotonergic system include the hippocampus, amygdala, 

thalamus, and frontal cortex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A 

B 

Figure 2.3: Noradrenergic and Serotonergic Nuclei in the rostral pons. (A) 

Locus Coeruleus (LC) and (B) Dorsal Raphe Nucleus (DRN). 
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The hippocampus is composed of cytoarchitectonically distinct Cornu Ammonis (CA) 

subfields: CA1, CA2, CA3, CA4 and subiculum (Figure 2.4A-B). These subfields are involved 

in a pattern of hippocampal infoldings in a medial and lateral manner, with each subfield 

involved in a specific role within the hippocampal circuitry (Vos de Wael et al., 2018). CA4 

was defined as the region encapsulated within the dentate gyrus, followed by CA3 subfield. 

The CA2 subfield was defined as the layer of pyramidal cells parallel to the boundaries set by 

the ends of the granule cells of the external limbs of the dentate gyrus (Liu et al., 2019). The 

CA1 boundary arises as the cells from the CA2 become more dispersed, curving around the 

dentate gyrus with its small pyramidal cells, relatively evenly spaces in volume (West et al., 

1994; Pyapali et al., 1998), whereas the subiculum contains more dispersed larger cells parallel 

to the body of the dentate gyrus (Daugherty et al., 2020) (Figure 2.4C). 
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Figure 2.4: The hippocampus. (A-B) 

photomicrograph illustrating the hippocampus, (C) 

hippocampal subfields CA1, CA2, CA3, CA4, and 

(S) subiculum. 



2.8.3. Quantification of Neurons  

 

Neurons were quantified in LC and DRN nuclei. Immunoreactive structures were counted 

using the manual tagging methodology based on their morphology – clear rounded neuronal 

structures with a defined nucleus and nucleolus. Manual tagging comprises of selecting each 

neuronal structure using the ‘manual tag’ function of Image-Pro Plus 7.0 (Fig. 2.5A-C). 

 

  



 

  

A 

B 

C 

Figure 2.5: Manual Tag Methodology on Image Pro Plus 10. (A) Select the ‘Manual Tag’ tool. (B) Mark out each neuron with a red icon. (C) The number of neurons ‘tagged’ with the red icon is recorded 

in under ‘Data Table’. Images captured under 4x objective lens field. 

 



2.8.4. Quantification of Neuronal Fibres  

 

Neuronal fibres were defined as thin, longitudinal, immunoreactive structures. Neuronal fibres 

were manually counted in the target brain regions of the noradrenergic and serotonergic 

systems. Due to morphological heterogeneity, it was extremely difficult to use a software to 

detect the fibres. Two methods were considered for counting neuronal fibres: (1) Manual 

counting and (2) use of the HALO software (IndicaLabs, USA). Therefore, immunoreactive 

structures were manually counted by eye on Image-Pro Plus 7.0 for the hippocampal subfields 

(Fig. 2.3). The HALO software (IndicaLabs, USA) was used on scanned images of the 

amygdala, thalamus, frontal and cingulate cortices to manually count neuronal fibres in the 

designated ROI highlighted in Figures 2.7-2.9.  

 

A series of equal sized areas were marked, at random, within which neuronal integrity was 

quantified. In the hippocampus, neuronal fibres were quantified in the CA1-CA4 subfields and 

subiculum region. Three regions were marked in the amygdala (Figure 2.6) and thalamus (Fig. 

2.7), six regions in the frontal cortex (Figure 2.8A) and three regions in the cingulate cortex 

(Figure 2.8B). The total number of fibres within each system across all target brain regions was 

also calculated.  
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Figure 2.6: The amygdala. The amygdala is an almond-shaped neuronal nucleus located 

within the medial temporal lobe anterior to the hippocampus. It was identified as a grey matter 

region with large, dispersed neurons within a region of white matter. 

Figure 2.7: The thalamus. The thalamus is a paired oval-shaped structure around the third 

ventricles. 
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A 

B 

Figure 2.8: The frontal cortex. The grey and white matter of the (A) frontal and (B) cingulate 

cortices were divided based on cellular arrangements such that cells in the grey matter are 

dispersed and non-laminar, whereas cells in the white matter are more compact and parallel. 

Sampling for neuronal fibres and protein pathologies was carried out in the grey matter. 
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2.8.5. Quantification of Protein Pathology  

 

Protein pathologies were quantified using a semiquantitative scoring system adapted from 

Colom-Cadena and colleagues (Colom-Cadena et al., 2013). The number of pathological 

aggregates were counted in each microscopic field (100x magnification). In comparison to the 

selective approach for neuronal fibre quantification, the scoring system was applied across the 

entire tissue section of target brain regions. 

 

The AT8-immunoreactive structures included neurofibrillary tangle (NFT) (including 

pretangles) and neuropil threads (NT). These AT8-immunoreactive structures were assessed 

separately in each brain region and semiquantitatively rated as follows: 0, absent; 1, isolated 

(NTs) or 1 to 2 aggregates; 2, mild (NTs) or 3 to 6 aggregates; 3, moderate (NTs) or 7 to 10 

aggregates; 4, severe (NTs) or more than 10 aggregates.  

 

The α-syn-immunoreactive Lewy-body-type pathology comprised of LBs (defined as 

intracytoplasmic round α-syn–reactive aggregates), Lewy Neurites (LN) (defined as 

longitudinal α-syn staining), diffuse and punctate cytoplasmic α-syn stains. These α-syn–

immunoreactive structures were quantified separately and semiquantitatively scored as 

follows: 0, absent; 1, isolated (LNs) or 1 to 2 aggregates; 2, mild (LNs) or 3 to 6 aggregates; 3, 

moderate (LNs) or 7 to 10 aggregates; 4, severe (LNs) or more than 10 aggregates.  

 

Aβ–immunoreactive structures included mature (defined as the presence of a dense central core 

wand a less compact peripheral halo) and diffuse/immature plaques (defined as the absence of 

a central core with uniform spherical deposits). These structures were scored as follows: 0, 

absent; 1 to 3 plaques, isolated; 4 to 7 plaques, mild; 8 to 30 plaques, moderate; more than 30 

plaques, severe. 

 

Each subject has given an individual total pathology score for tau, α-syn, Aβ in each brain 

region. Scores ranged from 0 to 8 for tau and Aβ pathology, and 0 to 12 for α-syn pathology. 

The total score for each protein pathology across all target brain regions was also calculated.  

 

 

 



 126 

2.9. Statistical Analysis 

 

GraphPad Prism 9.0 was used for the statistical analyses. Based on statistical approaches 

developed with Dr Bension Tilley, comparisons between more than two groups were conducted 

using Kruskal-Wallis tests with Dunn’s post hoc corrections for multiple comparisons. For 

example, comparisons between PD clinical subtypes and TH+, TPH2+ neuron and fibre count 

or α-syn, tau and Aβ plaque pathology in separate brain regions, as well as with total TH+, 

TPH2+ or protein pathologies (overall total of neurons/fibres or α-syn, tau or Aβ plaque scores 

across each system). Comparisons between two groups, for example, PD compared to PD with 

Cognitive Impairment (PD w/ CI), were conducted using Mann Whitney test. This also includes 

comparisons between presence and absence of DLB symptomatology and other non-motor 

symptoms against TH+, TPH2+ and protein pathologies for individual brain regions, and 

presence and absence of medications against total TH+ and TPH2+ count within noradrenergic 

and serotonergic systems respectively. Other comparisons using Mann Whitney test include 

presence and absence of medication against disease duration. Two-way Analysis of Variance 

(ANOVA) tests were used to compare multiple groups across multiple subregions, for instance, 

comparing the clinical groups in CA1-CA4 and subiculum subregions of the hippocampus. 

Correlations were also conducted between total of TH+, TPH2+ or protein pathologies (total 

of α-syn, tau and Aβ plaque pathology in noradrenergic and serotonergic systems) and disease 

duration. Chi squared analysis was performed to compare sex differences in the clinical 

subgroups. Statistical significance was set to P < 0.05.  

 

2.10. Ethics 

 

All human tissue work was carried out under the ethical approval held by the Parkinson’s UK 

Tissue Bank at Imperial College London (REC Ref: 07/MRE09/72). 
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3. Evaluation of Protein Pathologies in Non-Dopaminergic 

Neurotransmitter Systems in Lewy Body Dementia (LBD) 
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3.1. Introduction 

 

Lewy body dementia (LBD) are the second most common form of dementia after Alzheimer’s 

disease (AD) (Vann Jones & O’Brien, 2014; Hogan et al., 2016; Kane et al., 2018), and 

comprise of two phenotypes: Parkinson’s disease dementia (PDD) and dementia with Lewy 

bodies (DLB) (Gomperts, 2016). LBD phenotypes can be clinically distinguished via the 

arbitrary ‘one-year rule’ (McKeith et al., 2005; McKeith, 2007; Onofrj et al., 2010; Huang & 

Halliday, 2013; Boeve et al., 2016; Jellinger & Korczyn, 2018). Hence, dementia occurs within 

a year of or before the onset of motor symptoms in DLB, whereas dementia in PDD occurs at 

least one-year after onset of the motor symptoms (Sabbagh et al., 2009; Gomperts, 2014a; 

Petrou et al., 2015). Although some authors argue that these phenotypes are similar conditions 

(Friedman, 2018), there are critical differences in their diagnostic criteria (Emre et al., 2007; 

McKeith et al., 2017). For example, PDD is dementia with established idiopathic PD (Fenelon, 

2000; Emre et al., 2007; Weil et al., 2017). In comparison, core clinical features of DLB include 

a tetrad of: (1) fluctuating cognition (FC) with prominent discrepancies in attention and 

alertness, (2) REM sleep behaviour disorder (RBD) that  may precede cognitive decline, (3) 

persistent visual hallucinations (VH), and (4) at least one spontaneous cardinal feature of 

Parkinsonism from bradykinesia, rest tremor or rigidity (Gomez-Tortosa et al., 1999; Emre et 

al., 2007; Schulz-Schaeffer, 2010; Auning et al., 2011; Armstrong, 2012; Postuma et al., 2013; 

Seidel et al., 2015; Bras et al., 2014; Guerreiro et al., 2016; Postuma et al., 2016; Weil et al., 

2017; McKeith et al., 2017). 

 

The neuropathological hallmark of LBD is the accumulation of aberrant α-synuclein (α-syn) 

inclusions in cortical and subcortical Lewy bodies (LB) and Lewy neurites (LN). These Lewy 

pathologies are initiated in the brainstem and disseminate to limbic and neocortical regions 

with the progression of the disease (McKeith et al., 2017). Numerous studies have reported that 

limbic and neocortical Lewy body pathology are the principle pathological correlates of LBD 

(Aarsland et al., 2005; Hurtig et al., 2000; Mattila et al., 2000; Zhang et al., 2020). Although 

recognised as synucleinopathies, LBDs may represent a confluence of pathologies, evident 

with increased levels of AD tau tangles and amyloid-beta (Aβ) plaques (Kalaitzakis et al., 2011; 

Zhang et al., 2020). Studies suggest a synergistic relationship between these AD-type 

pathologies in PDD and DLB, such that amyloid positron emission tomography (PET) imaging 

demonstrates high amyloid deposition burden in DLB and modest accumulation in PDD 
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(Gomperts, 2014b). According to the fourth consensus report of the DLB consortium (McKeith 

et al., 2017), AD-type pathology should be considered in the pathological assessment or 

diagnosis process. LBD can have a later onset compared to PD (Braak et al., 2005; Compta et 

al., 2011), suggesting increased accumulation of cortical pathology. Considering both LB-

related pathology and AD-type pathology enhances the prediction of cognitive impairment 

compared to Lewy-related pathology alone (Zhang et al., 2020). This points to avenues of 

combining therapeutic approaches to target concurrent pathological pathways of LBD (Zhang 

et al., 2020).  

 

3.2. Hypothesis and Aims  

 

I hypothesise that protein load in the target brain regions will be associated with dementia 

severity such that, DLB patients will have the greatest amount of pathology followed by PDD, 

PD with mild cognitive impairment (PD-MCI) and PD. I also hypothesise that presence of 

pathology will be associated with DLB symptomatology and other non-motor symptoms such 

that locus coeruleus (LC) pathology will correlate to RBD and sleep disturbances, hippocampal 

pathology will correlate with memory problems, amygdala pathology will contribute to 

depression and anxiety, and cortical pathology will relate to FC. 

 

This hypothesis will be addressed through the following aims:  

• Compare Lewy-related and AD-type protein pathologies in the target brain regions of 

the noradrenergic and serotonergic projection pathways between PD subtypes. 

• Investigate the clinicopathological associations between protein pathologies and DLB 

symptomatology - FC, VH and RBD - and other non-motor symptoms including 

hallucinations, sleep disturbances, memory problems, depression and anxiety. 

 

3.3. Methods 

 

3.3.1. Cohort Selection and Clinical Assessment of Cases 

 

Cases were derived from the Parkinson’s UK Tissue Bank at Imperial College London as 

described in Chapter 2.3. Clinical data was collated by specialist movement disorder 
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neurologists, including Dr Ronald Pearce, and selection for this study required subjects to 

have been evaluated by a clinician within at least two years prior to death and with complete 

clinical histories. Case notes were retrospectively evaluated for relevant clinical 

characteristics, that is - the core features of DLB - FC, VH and RBD – along with dementia 

and cognitive impairment. Other non-motor symptoms including, hallucinations, sleep 

disturbances, memory problems, depression and anxiety disorders were also taken into 

consideration. 

 

Cases were selected based on the selection and exclusion criteria delineated in Chapter 2.3.3. 

The cohort consisted of 100 cases (Appendix 2; Appendix 3) including 20 controls, 20 PD 

without dementia, 20 PD-MCI, 20 PDD cases, and 20 DLB cases. DLB cases were defined 

according to the clinical criteria set out by McKeith et al. (2017) and PDD by the diagnostic 

criteria laid out by Emre et al. (2007). 

 

3.3.2. Post-Mortem Human Brain Tissue 

 

Samples were prepared for immunohistochemistry (IHC) according to the protocol outlined in 

Chapter 2.4 on the major target brain regions of the noradrenergic and serotonergic systems, 

as previously mentioned. These brain regions include the following: (1) LC, (2) dorsal raphe 

nucleus (DRN) respectively, (3) hippocampus, (4) amygdala, (5) thalamus, (6) frontal cortex, 

and (7) cingulate cortex.  

 

3.3.3. Immunohistochemistry (IHC)  

 

Tissue sections for the target brain regions were immunostained with anti-α-syn, anti-AT8 tau 

and anti-Aβ antibodies according to the protocols outlined in Chapter 2.5. Additional amygdala 

and thalamus tissue sections were also stained with luxol fast blue (LFB) using the protocol 

outlined in Chapter 2.5.1 for anatomical identification and demarcation of these regions.  
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3.3.4. Microscopic Analysis of Pathologic Protein Deposition 

 

Protein pathologies were quantified using a semiquantitative scoring system adapted from 

Colom-Cadena and colleagues (Colom-Cadena et al., 2013) blinded to clinical phenotype. The 

number of pathological aggregates were counted in each microscopic field under a 10x 

objective lens and assigned a score depending on pathologic severity.  

 

The α-syn-immunoreactive Lewy-body-type pathology comprised LBs (defined as 

intracytoplasmic round α-syn–reactive aggregates), LNs (defined as longitudinal α-syn 

staining), along with diffuse and punctate cytoplasmic α-syn stains. These α-syn –

immunoreactive structures were quantified separately in each brain region of interest and semi-

quantitatively scored as follows: 0, absent; 1, isolated (LNs) or 1 to 2 aggregates; 2, mild (LNs) 

or 3 to 6 aggregates; 3, moderate (LNs) or 7 to 10 aggregates; 4, severe (LNs) or more than 10 

aggregates (Figure 3.1). Each subject received a total score between 0 to 12. 

 

The AT8 tau-immunoreactive structures included neurofibrillary tangle (NFTs) (including 

pretangles) and neuropil threads (NTs). These AT8 tau-immunoreactive structures were 

assessed separately in each brain region and semi-quantitatively rated as follows: 0, absent; 1, 

isolated (NTs) or 1 to 2 aggregates; 2, mild (NTs) or 3 to 6 aggregates; 3, moderate (NTs) or 7 

to 10 aggregates; 4, severe (NTs) or more than 10 aggregates (Figure 3.2). Each subject 

received a total scored between 0 to 8. 

 

The Aβ–immunoreactive structures included mature (defined as the presence of a dense central 

core wand a less compact peripheral halo) and diffuse plaques (defined as the absence of a 

central core with uniform spherical deposits). These structures were semi-quantitatively scored 

as follows: 0, absent; 1 (isolated), 1 to 3 plaques; 2 (mild), 4 to 6 plaques; 3 (moderate), 7 to 

30 plaques; 4 (severe), more than 30 plaques (Figure 3.3). Each subject received a total score 

between 0 to 8. 

  

 

  



 

  

Figure 3.1: Semi-quantitative scoring system for α-syn pathology. Representative photomicrographs of α-syn-immunostained tissue sections to demonstrate the semi-quantitative scoring system adapted from 

Colom-Cadena and colleagues (Colom-Cadena et al., 2013). Images captured under a 40x objective lens. Scale bar represents 100m. 
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Figure 3.2: Semi-quantitative scoring system for tau pathology. Representative photomicrographs of AT8-immunostained tissue sections to demonstrate the semi-quantitative scoring system adapted from 

Colom-Cadena and colleagues (Colom-Cadena et al., 2013). Images captured under a 40x objective lens. Scale bar represents 100m. 
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Figure 3.3: Semi-quantitative scoring system for A plaque pathology. Representative photomicrographs of A-immunostained tissue sections to demonstrate the semi-quantitative scoring system adapted 

from Colom-Cadena and colleagues (Colom-Cadena et al., 2013). Images captured under a 40x objective lens. Scale bar represents 100m. 



3.3.5. Statistical Analysis  

 

GraphPad Prism 9.0 was used for the statistical analyses. Based on statistical approaches 

developed with Dr Bension Tilley, comparisons between more than two groups were conducted 

using Kruskal-Wallis tests with Dunn’s post hoc corrections for multiple comparisons. For 

example, comparisons between PD clinical subtypes and -syn, tau or Aβ plaque pathology in 

separate brain regions, as well as with total of each protein pathology within the noradrenergic 

and serotonergic systems. Comparisons between two groups were conducted using Mann 

Whitney test. This includes comparisons between presence and absence of DLB 

symptomatology and other non-motor symptoms against protein pathologies for individual 

brain regions. Two-way Analysis of Variance (ANOVA) tests were used to compare multiple 

groups across multiple subregions, for instance, comparing the clinical groups in CA1-CA4 

and subiculum subregions of the hippocampus. Pearson’s correlations were also conducted 

between total of protein pathologies (i.e., total of a-syn, tau and Aβ plaque pathology in each 

system) and disease duration. Chi squared analysis was performed to compare sex differences 

in the clinical subgroups. Statistical significance was set to P < 0.05.  

 

3.4. Results 

 

3.4.1. Protein Deposition of α-syn is most abundant in DLB across entire 

Noradrenergic and Serotonergic Systems  

 

The total α-syn, tau and Aβ plaque pathology scores were calculated across the entire 

noradrenergic and serotonergic systems. Both systems showed that PD, PD-MCI, PDD and 

DLB had a significantly greater total α-syn than controls. DLB had a significantly greater total 

α-syn score than PD (Figure 3.4A, *P < 0.05; Figure 3.5A, **P < 0.01) and PD-MCI (Figure 

3.4A, *P < 0.05; Figure 3.5A, **P < 0.01). Upon removal of controls, DLB cases had a 

significantly higher total α-syn score than PD (Figure 3.4B, ***P < 0.001; Figure 3.5B, ***P 

< 0.0001), PD-MCI (Figure 3.4B, **P < 0.01; Figure 3.5B, **P < 0.01), PDD (Figure 3.4B, 

**P < 0.01; Figure 3.5B, **P < 0.01) cases in both the noradrenergic and serotonergic systems. 
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A B 

Figure 3.4: Quantification of pathologic protein burden of α-syn across the noradrenergic system in PD and the cognitive phenotypes 

of PD. (A) with controls, and (B) without controls. Statistical analysis performed using Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

 

A B 

Figure 3.5: Quantification of pathologic protein burden of α-syn across the serotonergic system in PD and the cognitive phenotypes 

of PD. (A) with controls, and (B) without controls. Statistical analysis performed using Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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3.4.2. Pathological Protein Deposition in the LC in LBD  

 

α-syn, tau and Aβ plaque pathology were comparable in the LC between the PD-related 

cognitive subtypes.  

 

α-syn pathology was scored based on the presence of LBs, LNs and diffuse, punctate 

cytoplasmic inclusions. Each type of Lewy pathology was scored from 0 to 4, and a total value 

out of 12 was plotted for each case. There was no trend observed in the total α-syn score in the 

LC across all PD cognitive subtypes (Figure 3.6A). 

 

Tau pathology was assessed by the presence of NFTs (including pretangles) and NTs and given 

a score between 0 to 4 for each type of tau pathology based on its severity. These scores were 

totalled out of 8 for each case. There were no discernible differences in the total tau score 

between any of the PD cognitive subtypes (Figure 3.6B).    

 

Aβ plaque pathology was based on the presence of matured and diffuse plaques, where each 

type of plaque was given a score between 0 to 4, and a total value was plotted for each case. 

There were no Aβ plaques observed in the LC in any PD cognitive subtypes (Figure 3.6C). 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B C 

Figure 3.6: Quantification of pathologic protein burden in the LC in PD and the cognitive phenotypes of PD. (A) α‐syn pathologic burden in PD and each PD cognitive phenotype, (B) tau pathologic 

burden in PD and each PD cognitive phenotype, (C) Aβ plaque pathologic burden in PD and each PD cognitive phenotype. Statistical analysis performed using Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons: *P < 0.05, **P < 0.01. 

 



3.4.3. Pathological Protein Deposition in the DRN in LBD  

 

There were no discernible differences in the total α-syn score (Figure 3.7A) and tau score 

(Figure 3.7B) between any of the PD cognitive subtypes in the DRN.  

 

There were no Aβ plaques observed in the DRN in any PD cognitive subtypes (Figure 3.7C). 

 

  



 

B C A 

Figure 3.7: Quantification of pathologic protein burden in the DRN in PD and the cognitive phenotypes of PD. (A) α‐syn pathologic burden in PD and each PD cognitive phenotype, (B) tau pathologic 

burden in PD and each PD cognitive phenotype, (C) Aβ plaque pathologic burden in PD and each PD cognitive phenotype. Statistical analysis performed using Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons. 

 



3.4.4. Pathological Protein Deposition in the Hippocampus in LBD  

 

The total α-syn score in the hippocampus was compared in controls, PD, PD-MCI, PDD and 

DLB (Figure 3.8A). Excluding controls revealed that DLB cases had the greatest total α-syn 

score in the hippocampus compared to PD (Figure 3.8B; **P < 0.01), PD-MCI (Figure 3.8B; 

*P < 0.05) and PDD (Figure 3.8B; *P < 0.05). The DLB cases have significantly greater α-syn 

deposition in the CA1, CA2, CA3, CA4 hippocampal subfields and subiculum than the other 

PD cognitive subtypes. DLB cases have significantly higher total mean α-syn score in the CA1 

than PDD (Figure 3.8C; ****P < 0.0001). The synucleinopathy is predominantly present in the 

CA2 subfield, where DLB cases had a greater total mean α-syn score than PDD (Figure 3.8C; 

** P < 0.01). DLB cases also have significantly higher total mean α-syn score in the CA3 and 

CA4 subfields than PDD (Figure 3.8C; *P < 0.05).  

 

In comparison, there were no differences in the total mean tau score in any of the PD cognitive 

subtypes (Figure 3.9A). Dividing the tau pathology quantification into distinct hippocampal 

subregions revealed no differences in the tau score between any PD cognitive subtypes (Figure 

3.9B). 

 

There seemed to be a trend of increase in the total Aβ plaque score from PD, PD-MCI, PDD to 

DLB in the hippocampus (Figure 3.10A). Dividing the Aβ plaque pathology into distinct 

hippocampal subfields revealed that Aβ plaque pathology was significantly greater in DLB 

cases in the CA1 (Figure 3.10B; **P < 0.01) and subiculum (Figure 3.10B; *P < 0.05) region 

in DLB cases compared to PD (Figure 3.10B). 
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A B 

C 
Figure 3.8: Quantification of pathologic α-syn protein 

burden in the hippocampus in PD and the cognitive 

phenotypes of PD. (A) Total α‐syn score in PD cognitive 

phenotypes with controls. (B) Total α‐syn score in PD 

cognitive phenotypes without controls. Statistical analysis 

performed using Kruskal-Wallis test with Dunn’s correction 

for multiple comparisons. (C) α‐syn pathologic burden in 

each hippocampal subfield in PD cognitive phenotypes. 

Statistical analysis performed using Two-Way ANOVA with 

Bonferroni post-test for multiple comparisons: *P < 0.05, ** 

P < 0.01, ***P < 0.001, ****P < 0.0001. 

 

 



 143 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A 

Figure 3.9: Quantification of pathologic tau protein burden in the hippocampus in PD and the cognitive phenotypes of PD. 

(A)Total tau score in PD cognitive phenotypes. Statistical analysis performed using Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons. (B) tau pathologic burden in each hippocampal subfield in PD cognitive phenotypes. Statistical analysis 

performed using Two-Way ANOVA with Bonferroni post-test for multiple comparisons. 

 

 A B 

Figure 3.10: Quantification of pathologic A plaque protein burden in the hippocampus in PD and the cognitive phenotypes of 

PD. (A) Total A plaque score in PD cognitive phenotypes. Statistical analysis performed using Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons. (B) A plaque pathologic burden in each hippocampal subfield in PD cognitive phenotypes. 

Statistical analysis performed using Two-Way ANOVA with Bonferroni post-test for multiple comparisons: *P < 0.05, ** P < 0.01. 

 

 

B 
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3.4.5. The association of Hippocampal Pathological Protein Depositions with DLB 

Symptomatology and other Non-Motor Symptoms 

 

The association of protein pathology with each of the three core clinical features of DLB – FC, 

VH, and RBD (McKeith et al., 2017) – has been assessed, irrespective of diagnosis. In the 

hippocampus, the mean total α-syn score was significantly greater in patients with RBD than 

no RBD (Figure 3.11A; *P < 0.05).  

 

Non-motor symptoms – sleep disturbances, hallucinations and memory problems were also 

examined to determine associations with protein depositions. The mean α-syn score was 

significantly higher in patients with sleep disturbances than no sleep disturbances (Figure 

3.11B; *P < 0.05). The total Aβ plaque score in the hippocampus was significantly higher in 

those with hallucinations than no hallucinations (Figure 3.12A; ** P < 0.01) and those with 

memory problems versus those without memory problems (Figure 3.12B; ***P < 0.001). 
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Figure 3.11: The association of hippocampal pathological protein depositions with DLB symptomatology and other non-motor symptoms. 

Hippocampal α-syn scores in patients with (A) RBD vs no RBD and (B) SD vs no SD. Statistical analysis was performed using Mann Whitney 

test: *P < 0.05. SD = Sleep Disturbances. 
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3.4.6. Pathological Protein Deposition in the Thalamus in LBD 

 

Pathological protein deposits were semi-quantitatively assessed in the thalamus of controls, PD 

and LBD cases. There was a stepwise increase in the total α-syn score from PD, PD-MCI, PDD 

to DLB. DLB cases had a significantly higher total α-syn score than PD cases (Figure 3.13; *P 

< 0.05), which suggests a potential thalamic role in the onset of cognitive impairments. 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 3.12: The association of hippocampal pathological protein depositions with DLB symptomatology and other non-motor 

symptoms. Hippocampal A plaque scores in patients with (A) Hallucinations vs no Hallucinations and (B) Memory Problems vs no 

Memory Problems. Statistical analysis was performed using Mann Whitney test: *P < 0.05.   

 

Figure 3.13: 

Quantification of 

pathologic α-syn protein 

burden in the thalamus 

in PD and the cognitive 

phenotypes of PD. 

Statistical analysis 

performed using Kruskal-

Wallis test with Dunn’s 

correction for multiple 

comparisons: *P < 0.05. 
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3.4.7. The association of Thalamic Pathological Protein Depositions with DLB 

Symptomatology and other Non-Motor Symptoms 

 

Similar to the hippocampus, protein deposition in the thalamus was correlated to DLB 

symptomatology to reveal that the total α-syn score was higher in those with RBD than those 

without RBD (Figure 3.14A; ** P < 0.01). The total α-syn score was also higher in patients 

with memory problems than those without memory problems (Figure 3.14B; *P < 0.05). 

 

Patients with hallucinations have a significantly greater total α-syn score (Figure 3.14C; *P < 

0.05) and total Aβ plaque score (Figure 3.14D; *P < 0.05) in the thalamus than those without 

hallucinations, indicating a potential synergistic relationship between these protein pathologies 

to promote the onset of hallucinations. 
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C D 

Figure 3.14: The association of thalamic pathological protein depositions with DLB symptomatology and 

other non-motor symptoms. Thalamic α-syn and A plaque scores in patients with (A) RBD vs no RBD, (B) 

Memory Problems vs no Memory Problems, and (C-D) Hallucinations vs no Hallucinations. Statistical analysis 

was performed using Mann Whitney test: *P < 0.05, ** P < 0.01. 
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3.4.8. The association of Pathological Protein Depositions with DLB 

Symptomatology and other Non-Motor Symptoms in the Cingulate Cortex 

 

There were no significant differences between the protein deposition and clinical phenotypes 

in the cingulate cortex. Patients with VH had a significantly greater total α-syn score than those 

without VH (Figure 3.15A; **P < 0.01). However, more patterns were observed between 

protein depositions and other non-motor symptoms including sleep disturbances, hallucinations 

and memory problems. Patients with sleep disturbances had a significantly higher total α-syn 

score than those without sleep disturbances (Figure 3.12B; *P < 0.05). Patients with 

hallucinations had a significantly higher total α-syn score (Figure 3.15C; **P < 0.01) and total 

Aβ plaque score (Figure 3.15D; *P < 0.05) in the cingulate cortex than those without 

hallucinations. This indicates a synergistic relationship between these proteins, similar to that 

seen in the thalamus. Another synergistic relationship was seen between α-syn (Figure 3.15E; 

***P < 0.001) and tau pathology (Figure 3.15F; **P < 0.01), where patients with memory 

problems had greater deposition than those without memory problems. 
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Figure 3.15: The association of pathological protein depositions with DLB symptomatology and other non-

motor symptoms in the cingulate cortex. α-syn in the cingulate cortex of patients with (A) VH vs no VH, (B) 

SD vs no SD, and (C) Hallucinations vs no Hallucinations. (D) A plaque pathology in the cingulate cortex in 

patients with Hallucinations vs no Hallucinations. (E) α-syn and (F) tau pathology in the cingulate cortex of 

patients with Memory Problems vs no Memory Problems. Statistical analysis was performed using Mann Whitney 

test: *P < 0.05, ** P < 0.01, ***P < 0.001. 
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3.4.9. Relationship between Disease Duration and Protein Pathologies in the entire 

Noradrenergic and Serotonergic Systems 

 

There were no correlations between disease duration and total -syn, tau and Aβ plaque 

pathologies in the entire noradrenergic and serotonergic systems (Figure 3.16A-F). 
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Figure 3.16: Relationship between disease duration and protein pathologies. Correlation of (A) disease duration and noradrenergic 

-syn, (B) disease duration and serotonergic -syn, (C) disease duration and noradrenergic tau, (D) disease duration and serotonergic 

tau, (E) disease duration and noradrenergic A pathology, and (F) disease duration and serotonergic A pathology. Pearson’s 

correlation was performed for statistical analyses.  

 

A B 
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3.5. Discussion 

 

This study has examined and compared protein load in the target brain regions of PD and LBD 

patients, and their associations with DLB symptomatology (FC, VH and RBD) and other non-

motor symptoms (hallucinations, sleep disturbances, memory problems, depression, and 

anxiety). Previously, LB-type and AD-type pathology have been characterised in these 

phenotypes, yet their abundance across the noradrenergic and serotonergic systems, and 

contribution to symptom onset has remained controversial.  

 

In this study the protein load in LBD is predominant in limbic brain regions, namely 

hippocampus, thalamus, and cingulate cortex, correlating with the onset of the following 

symptoms: VH, RBD, hallucinations, sleep disturbances, and memory problems.  

 

The deposition of α-syn seems to be most strongly associated to DLB symptomatology and 

other non-motor symptoms. One of the main findings was that DLB cases had the highest total 

α-syn score in the hippocampus when compared with PD, PD-MCI and PDD. This difference 

was observed in distinct hippocampal subfields - CA1, CA2, CA3, CA4 and subiculum. A 

previous study showed that PDD had severe deposition of α-syn pathology in the basal 

forebrain and hippocampus, which contributes to dementia occurring in patients with pure PD 

(Hall et al., 2014). However, Hall and colleagues compared PD and PDD, but in the present 

study DLB has also been included for a more direct comparison between LBD phenotypes. 

Hence, assessment of the CA1-CA4 subfields of the hippocampus may enable differentiation 

between these phenotypes. 

 

The α-syn pathology was most abundant in the CA2 subfield of the hippocampus, in line with 

findings from previous studies and points to a possible overlooked circuit involved in LBD 

progression (Adamowicz et al., 2017a; Liu et al., 2019). Liu and colleagues found that cases 

with dementia had significantly greater Lewy pathology in hippocampal CA2 region, which 

may (along with CA2-cholinergic deficits) contribute to memory retrieval deficits of LBD 

patients, distinct from memory storage deficits of AD patients (Liu et al., 2019). 

 

Hippocampal Lewy pathology correlated with the onset of RBD and sleep disturbances, which 

is strengthened by the notion that sleep may contribute to memory consolidation. Hippocampal 
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activity seems to support memory consolidation during sleep, through specific coordinated 

neurophysiological events (slow waves, spindles, ripples) that facilitate the integration of new 

information into the pre-existing cortical networks (Ferrara et al., 2012). Sleep also facilitates 

information transfer through specific coordinated neurophysiological events (Diekelmann & 

Born, 2010; Mölle & Born, 2011). During slow-wave sleep, hippocampus-to-neocortex 

transfer of information facilitates hippocampus-dependent memories during sleep (Gais & 

Born, 2004). Here, sleep provides an optimum environment for declarative memory 

reprocessing and consolidation by reducing hippocampal cholinergic activation and cortisol 

feedback during slow-wave sleep (Gais & Born, 2004; Born, Rasch & Gais, 2006). Sleep also 

restores saturated hippocampal plasticity (Moser & Moser, 1998; Tononi & Cirelli, 2006) for 

more efficient and rapid processing of the hippocampus. This is corroborated by neuroimaging 

data that illustrates deep sleep preceding a task optimises the ability of the hippocampus to 

encode novel information (Van Der Werf et al., 2009). Strongest correlations with memory 

performance were in the CA1 subregion (Adamowicz et al., 2017a), suggesting that Lewy 

pathology may have to reach a specific threshold across the hippocampal network to contribute 

to memory impairment. Future work should focus on exploring the mechanisms behind protein 

aggregate formation and dissemination along interconnected hippocampal circuits to provide 

new treatment avenues for DLB (Adamowicz et al., 2017a). 

 

Hippocampal AD-type pathology, particularly Aβ plaques, were also abundant in DLB 

compared to the other PD cognitive subtypes, supporting findings from previous studies 

(Gomperts, 2014a). The CA1 subfield and subiculum had the greatest amount of Aβ plaque 

pathology in DLB compared to other PD cognitive subtypes, which correlated with 

hallucinations and memory problems. Concomitant Aβ and α-syn pathology may act in synergy 

to cause cognitive impairment (Gomperts, 2014a). Previous studies have reported atrophy of 

the hippocampus and parahippocampal gyrus in DLB patients that correlated with cognitive 

decline (de Schipper et al., 2019; Tagawa et al., 2015; Yavuz et al., 2007). Another study 

reported that α-syn, Aβ plaques deposition and NFTs were the strongest predictors for a shorter 

time interval (from motor symptoms onset to dementia) and overall survival (Irwin et al., 2017). 

They also found that DLB patients had more AD neuropathology than PDD, suggesting that 

AD pathologies are crucial to DLB pathogenesis (Irwin et al., 2017). 

 

In comparison to the aforementioned studies, the current study does not confirm a synergistic 

relationship between α-syn and Aβ plaque pathology. Instead, abundance of these proteins 
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varies in each hippocampal subfield such that α-syn is more predominant in the CA2 subfield 

and Aβ plaques in the CA1 subfield and subiculum. Each subfield has distinct anatomical 

connections to other brain regions and specific functions in the hippocampal circuitry (Vos de 

Wael et al., 2018; van Strien, Cappaert & Witter, 2009; Neunuebel & Knierim, 2014) . Hence, 

it may be plausible that concurrent presence of these protein pathologies acts independently in 

the hippocampus to promote the onset of different symptoms. The pathophysiology of the 

hippocampus in LBD remains to be determined to better understand their associations to 

clinical phenotypes and symptom onset.  

 

Similar to the hippocampus, DLB cases had the greatest amount of α-syn pathology in the 

thalamus compared to the other PD cognitive subtypes. Previous studies report a crucial role 

of the thalamus in DLB pathophysiology (Delli Pizzi et al., 2015). The thalamus in DLB shows 

functional abnormalities and microstructural damage (Watson et al., 2012; Kenny et al., 2013). 

Magnetic resonances evidence revealed thalamic involvement for FC in DLB, accompanied by 

neurochemical imbalance with microstructural damage between the thalamus to the frontal and 

parieto-occipital cortices. This was further attenuated by neuronal damage and thalamic 

cholinergic imbalance that was closely linked to FC frequency and duration in DLB (Delli Pizzi 

et al., 2015). On the other hand, in this study, another important finding is that thalamic α-syn 

pathology was greater in those with RBD than those without RBD, as well as those with 

memory problems. Thalamic α-syn and Aβ plaques were associated with hallucinations, 

indicating a potential synergistic relationship between these protein pathologies to promote the 

onset of hallucinations, which is in contrast from their behaviour in the hippocampus. The 

presence of hallucinations, along with sleep disturbances (particularly RBD), imply a possible 

pathological thalamic mechanism (Esmaeeli et al., 2019) that remains to be elucidated, or 

perhaps even a combination of thalamic reticular nucleus and thalamocortical pathology in 

DLB (Esmaeeli et al., 2019). 

 

Furthermore, no relationships were observed between pathological protein depositions and 

clinical phenotypes in the cingulate cortex, but rather protein depositions seemed to be more 

predominant in patients presenting with some DLB symptomatology and other non-motor 

symptoms. There was a greater α-syn load in patients with VH, sleep disturbances and memory 

problems, where those presenting with hallucinations also had more Aβ plaque pathology and 

those with memory problems presented with concomitant tau pathology. This suggests that 

there is a synergistic relationship between α-syn and Aβ plaque pathology in the cingulate 
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cortex that contributes to hallucinations, as well as α-syn and tau that promotes memory 

problems. Many studies on the cingulate cortex have been based around neuroimaging 

techniques. Patients with minor hallucinations displayed hypoactivation in the left cingulate 

during functional magnetic resonance imaging (fMRI) (Lefebvre et al., 2016). Another study 

showed that there was a significant perfusion reduction in the left anterior cingulate cortex 

(ACC) in DLB patients with hallucinations, where severity was negatively correlated with 

perfusion in the bilateral anterior cingulate cortex (Heitz et al., 2015). The cingulate gyrus has 

also been implicated in hallucination genesis (Onofrj et al., 2013), with involvement of the 

anterior cingulate cortex in AD patients and posterior cingulate cortex in DLB patients 

(Nagahama et al., 2010; O’Brien et al., 2005). Intriguingly, the latter idea is supported by 

neuroimaging studies that describe the use of the cingulate island sign (CIS) – a highly specific 

radiological DLB biomarker (Iizuka, Iizuka & Kameyama, 2017; Weerakkody & Sharma, 

2019). CIS refers to occipital hypometabolism observed on positron emission tomography 

(PET) with 2-deoxy-2-[fluorine-18]fluoro-D-glucose (18F-FDG) (18F-FDG-PET) in DLB 

patients with relative sparing of the posterior cingulate cortex. This creates an ‘island’ 

appearance of normal metabolism in the posterior cingulate region (Lim et al., 2009; Iizuka, 

Iizuka & Kameyama, 2017). This phenomenon is observed in DLB but not in AD, thus 

enabling differentiation between these phenotypes (Weerakkody & Sharma, 2019). The 

intensity of CIS may be associated with Aβ pathology in DLB patients (Iizuka, Iizuka & 

Kameyama, 2017), where there are also arguments to propose that other metabolic or 

pathological changes may be more directly relevant for CIS development (Patterson et al., 

2019).   

 

The precise molecular mechanisms linking cingulate cortex pathology and memory problems 

remains unclear. Concomitant pathological protein deposition, particularly α-syn and tau, may 

act synergistically to contribute to memory problems in LBD patients. It is plausible that 

connections between the cingulate cortex, hippocampus and thalamus promote memory 

dysfunctions, perhaps through neuronal networks between these limbic regions, although 

further work needs to be carried out for validation. 
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3.5.1. Limitations 

 

This study had some limitations. Assessment of proteinopathies cannot determine the 

underlying molecular mechanisms of disease pathogenesis preceding neuronal death. 

Therefore, other methods could be adopted in conjunction with histology such as mRNA 

analysis, structural imaging, animal or cell culture studies.  

 

Another limitation is the use of antemortem clinical data. Retrospective case studies have 

variations in the quality of clinical records. For example, RBD may not be diagnosed on 

polysomnography, but their lack of documentation does not mean they were not present. There 

was also a lack of clarity in the clinical summary notes, where clinicians were extremely vague 

in their responses on several occasions. For instance, simply stating symptoms as ‘memory’ or 

‘hallucinations’ made it difficult to subdivide the symptoms as no clear description of symptom 

presentation was provided. 

 

A semi-quantitative scoring system was adapted to assess protein deposition in the target brain 

regions (Colom-Cadena et al., 2013). Semi-quantitative scoring systems are widely used for 

protein quantification on chromogen labelled IHC tissue sections (Bencze et al., 2021). 

However, these can be time-consuming, subjective, lack objectivity and demonstrate 

significant intra- and inter-observer variability (Bencze et al., 2021; Taylor & Levenson, 2006). 

These drawbacks could be resolved is through the application of machine learning to provide 

a more seamless automated workflow (Deo, 2015). Digital image analysis, especially aided by 

artificial intelligence (AI) (e.g. Pathronus) enables identification of cells, differentiation 

amongst organelles, protein-specific chromogenic labelling and nuclear counterstaining once 

the software undergoes an initial training period. The platform is trained by annotating disease-

specific structures on the images, which enables Pathronus to synthesise the data so that when 

a similar image is uploaded another time, the software can pre-analyse it to identify previously 

learnt pathological regions of interest. This eliminates inter- and intra-observer bias and rapid 

analysis of whole slides, providing a more feasible and accurate alternative to semi-quantitative 

scoring systems, along with a more robust and rapid data processing with better predictive 

value (Bencze et al., 2021). 
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3.6. Conclusion  

 

In this study, protein load in the target brain regions were not associated with severity of 

cognitive change. The amount of LC pathology, hippocampal pathology, amygdala pathology, 

and cortical pathology did not correlate to sleep disturbances, memory problems, 

neuropsychiatric symptoms, and cognitive dysfunctions respectively, as formerly stated in the 

hypothesis. Instead, it was interesting to discover that any one protein seemed to act differently 

in each brain region, which correlated with the onset of different symptoms. This indicates a 

far more complex role of the different proteinopathies to instigate symptom presentations. 

Protein pathologies in the hippocampus, thalamus and cingulate cortex seem to be most 

strongly associated to the onset of non-motor symptoms, potentially via damage to non-

dopaminergic neurotransmitter systems. These regions are crucial components of the brain’s 

central neural circuitry – the Papez circuit. Hence, brain areas involved within the Papez 

circuit could help distinguish between the two LBD phenotypes and prove to be ideal targets 

for biomarkers or therapeutic interventions.  
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4. Investigation of the Noradrenergic System in Lewy Body Dementia 

(LBD) 
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4.1. Introduction 

 

The locus coeruleus (LC) is a small, bilateral, pigmented nucleus concentrated with 

neuromelanin located in the pons subregion of the brainstem (Berridge & Waterhouse, 2003; 

Sara & Bouret, 2012; Grueschow, Kleim & Ruff, 2020; Poe et al., 2020; Hansen, 2021). The 

LC is the noradrenaline ‘powerhouse’ with widespread projections to various cortical and 

subcortical brain regions including the forebrain, cerebellum, brainstem and spinal cord (Figure 

4.1) (Schwarz & Luo, 2015; Liebe et al., 2020; Pickel, Segal & Bloom, 1974; Matchett et al., 

2021a). Noradrenergic neurons constitute more than 95% of the LC neuronal population (Baker 

et al., 1989; Oh et al., 2019). They begin rostrally in the LC, at the level of the inferior 

colliculus, and terminate caudally near the lateral wall of the fourth ventricle (German et al., 

1988). Hence, a rostrocaudal gradient defines the distribution of noradrenergic neurons in the 

LC such that neurons located rostrally project to the forebrain structures such as the 

hippocampus and septum, whereas those located in the middle or caudally project to the 

cerebellum, basal ganglia and spinal cord (Matchett et al., 2021a; Pickel, Segal & Bloom, 1974; 

Loughlin, Foote & Grzanna, 1986). Subcortical LC projections are dispersed throughout the 

nuclei, possibly with a spatial bias towards the caudal portion (Oh et al., 2019; Baker et al., 

1989; Schwarz & Luo, 2015; Chan-Palay & Asan, 1989). Noradrenergic neurons can be 

identified through immunohistochemistry (IHC) using antibodies against enzymes involved in 

NA synthesis. For example, tyrosine hydroxylase (TH) catalyses the conversion of L-tyrosine 

to L-DOPA, or dopamine beta-hydroxylase (DH) that converts dopamine to noradrenaline 

(Iversen et al., 1983). Noradrenaline functions in diverse range of cognitive processes including 

vigilance, attention, and learning and memory (Figure 4.2) (Holland, Robbins & Rowe, 2021). 

Noradrenaline is also released from the sub-coeruleus nucleus that extends ventrolaterally from 

the caudal pole of the LC to innervate the brainstem and hypothalamus for neuroendocrine and 

autonomic regulation (German et al., 1988; Betts et al., 2019), although projections to these 

regions are less relevant for higher cognitive domains. 
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Lewy body pathology is prevalent in the LC in Parkinson’s disease (PD) and has been shown 

to be associated with noradrenergic cell loss (Del Tredici & Braak, 2013; Zarow et al., 2003; 

Holland, Robbins & Rowe, 2021). LC pathology has been proposed to precede that in the 

substantia nigra (SN) (Braak et al., 2003; van Dijk et al., 2012). This implies that noradrenergic 

deficiency may precede dopaminergic deficits in PD patients, as has been seen in animal 

models. The A53T transgenic mouse model expressed mutated α-synuclein (α-syn) and 

demonstrated that reduced noradrenaline, rather than dopamine, correlates to synuclein 

pathology in the aged mice (Sotiriou et al., 2010). Therefore, the presence of α-syn pathology 

may be sufficient to compromise noradrenergic concentrations. These animal models also 

present cognitive dysfunctions such as discrepancies in learning and memory that precede 

motor deficits (Xu et al., 2012). Post-mortem cases of incidental Lewy body pathology show 

greater loss of neuronal density in the LC than neuronal loss in the SN (Dickson et al., 2008), 

as well as cerebrospinal fluid (CSF) reductions in DH activity and the noradrenergic 

metabolite dihroxyphenylglycol (DHPG). Positron emission tomography (PET) imagining has 

shown reduced uptake of 11C-MeNER - a reboxetine analogue with a high specificity for the 

noradrenaline transporter (Sommerauer et al., 2018) - in the LC of PD patients with REM sleep 

Figure 4.1: Rostral locus coeruleus noradrenergic neurons innervations across the brain. Created with BioRender.com. 
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behaviour disorder (RBD) compared to controls. A longitudinal study of patients with early 

PD showed significant reduction in the LC over 3 years using F-DOPA L-6-[18F] fluoro-3,4-

dihydroxyphenylalnine (18F-DOPA) PET imaging (a marker of amino acid decarboxylase 

activity) (Pavese et al., 2011). LC dysfunctions in PD may also be immune mediated. For 

example, T-lymphocytes in PD patients recognise LC-specific α-syn pathological markers 

when neuromelanin containing organelles express them on human leukocyte antigens. These 

are recognised by CD8+ T-lymphocytes that mediate cell death (Sulzer et al., 2017). Immune-

mediated pathogenesis has encouraged clinical trials to target this pathway (Greenland et al., 

2020a).  

 

Postmortem analysis of advanced PD with dementia revealed that noradrenaline levels were 

reduced in several regions including the anterior cingulate cortex, hippocampus, amygdala, and 

middle frontal gyrus (Del Tredici and Braak, 2012). This implies that there is an abnormality 

in the function of the LC, possibly through reduced noradrenaline synthesis or fewer 

projections to these regions due to neuronal cell death. Hence, LC neuronal loss relates to PD-

related dementia, which may be associated with the loss of LC neurons in the circuitry that 

underlies executive functions (Mavridis et al., 1991; Marien, Colpaert and Rosenquist, 2004; 

Cummings, 2004; Szot, 2006; Samuels and Szabadi, 2008; Dugger and Dickson, 2010; Power, 

Barnes and Chegini, 2016). More recently, a preliminary study conducted by previous PhD 

student, Dr Bension Tilley, shows a stepwise reduction in the LC noradrenergic neurons from 

PD, Parkinson’s disease dementia (PDD) to dementia with Lewy bodies (DLB) – the latter two 

are Lewy body dementia (LBD) phenotypes. There was a significant correlation between LC 

degeneration and onset of all DLB symptoms (Tilley et al., 2021), although the nature of 

noradrenergic fibres across the LC-noradrenergic (LC-NA) system remains to be determined. 
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4.2. Hypothesis and Aims  

 

This study aims to further develop work carried out by Dr Bension Tilley (Tilley et al., 2021). 

Therefore, I hypothesise that noradrenergic neuronal loss in the LC and its target brain regions 

will differentiate PD patients with and without cognitive impairment. DLB patients will have 

the greatest neuronal loss across the LC-NA system, followed by PDD, PD-MCI and PD. I also 

hypothesise that noradrenergic neuronal loss within the target brain regions will be associated 

with DLB symptomatology and other non-motor symptoms. In particular, neuronal loss in the 

Figure 4.2: Biosynthetic and signalling pathways of LC noradrenergic neurons. Noradrenaline is synthesised by dopamine- beta-

hydroxylase (DH) in the LC noradrenergic neurons (Coyle, 1977; Smythies, 2005). Noradrenaline is synthesised from the conversion 

of tyrosine and phenylalanine to 3,4-dihydroxyphenylalamine (DOPA) and dopamine by enzymes tyrosine hydroxylase, L-aromatic 

amino acid decarboxylase (AADC) respectively, and then to noradrenaline by DH, which is stored in presynaptic vesicles (Tully & 

Bolshakov, 2010; Kaufmann, Norcliffe-Kaufmann & Palma, 2015). Vesicular monoamine transporters shuttle noradrenaline into 

synaptic vesicles and along axons to the synapse (Tully & Bolshakov, 2010). Noradrenaline gets released into the synaptic cleft upon 

the arrival of an action potential and exerts its neuromodulatory effects through binding to one of the two subtypes of adrenergic receptors 

(AR): α- and β- receptors (Tully & Bolshakov, 2010; Wikberg, 2009; Matchett et al., 2021a).  α1A, α1B, and α1D; α2A, α2B, and α2C, or β-

ARs β1, β2 and β3.  α1- and β-ARs stimulate neurons whereas α2-ARs inhibit neurons. ARs are predominantly located postsynaptically, 

but α2- and β2-AR subtypes can also be expressed presynaptically. Afterwards, noradrenaline is recycled and removed from the synaptic 

cleft one of the following means: (1) reuptake from presynaptic noradrenaline transporter (NET), (2) inactivated to normetanephrine 

through catabolic enzymes catechol O-methyltransferase (COMT), or (3) metabolised by monoamine oxidase (MAO) into several 

metabolites, such as 3-methoxy-4-hydroxyphenylglycol (MHPG) (Maletic et al., 2017). Adapted from (Matchett et al., 2021b) and 

created with BioRender.com.  
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LC will correlate to RBD and sleep disturbances, hippocampal neuronal loss will be associated 

with memory problems, and neuronal loss in cortical regions will contribute to FC. 

 

The aim of this study is to investigate the clinicopathological associations between 

noradrenergic neuronal loss in target brain regions of the LC-NA system and DLB 

symptomatology - FC, VH and RBD. Noradrenergic neuronal loss in the target brain regions 

of the LC-NA system will be assessed and compared in PD, PD with mild cognitive 

impairment (PD-MCI), PDD and DLB, along with their contributions to the symptomatology 

of DLB and other non-motor symptoms including hallucinations, sleep disturbances, memory 

problems, depression and anxiety. Possible associations between disease duration and TH+ 

fibre count across the entire noradrenergic system will also be determined. Tissue clearing 

techniques will also be used to better understand the 3-dimensional (3D) spatial relationship 

between substrates of interest. 

 

 

4.3. Methods 

 

4.3.1. Cohort Selection and Clinical Assessment of Cases 

 

Cases were selected based on the selection and exclusion criteria delineated in Chapter 2.3.3. 

The cohort consisted of 100 cases (Appendix 2; Appendix 3) including 20 controls, 20 PD 

without dementia, 20 PD with mild cognitive impairment, 20 PDD cases, and 20 DLB cases. 

DLB cases were defined according to the clinical criteria set out in McKeith et al. (2017) and 

PDD by the diagnostic criteria laid out in Emre et al. (2007). 

 

Cases were derived from the Parkinson’s UK Tissue Bank at Imperial College London. 

Clinical data was collated by specialist movement disorder neurologists, including Dr 

Ronald K B Pearce, and selection for this study required subjects to have been evaluated by 

a clinician within at least two years prior to death and with complete clinical histories. 

Subjects were diagnosed as PD, PD-MCI, PDD, and DLB based on established clinical 

criteria (Emre et al., 2007; McKeith et al., 2017). Case notes were retrospectively evaluated 

for relevant clinical characteristics, that is - the core features of DLB - FC, VH and RBD – 

along with dementia and cognitive impairment. Autonomic and psychiatric characteristics 
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such as hallucinations, sleep disturbances, memory problems, depression and anxiety were 

also taken into consideration. 

 

 

4.3.2. Post-Mortem Human Brain Tissue 

 

Samples were prepared for immunohistochemistry according to the protocol outlined in 

Chapter 2.4 on the major target brain regions of the noradrenergic system, as previously 

mentioned. These brain regions include the following: (1) LC, (2) hippocampus, (3) amygdala, 

(4) thalamus, (5) frontal cortex, and (6) cingulate cortex.  

 

4.3.3. Immunohistochemistry (IHC) and Tissue Clearing 

 

Tissue sections for the target brain regions were immunostained with anti-TH antibody 

according to the protocol outlined in Chapter 2.5. Additional amygdala and thalamus tissue 

sections were also stained with luxol fast blue (LFB) using the protocol outlined in Chapter 

2.5.1 for anatomical identification and demarcation of these regions.  

 

Larger tissue blocks are being used for tissue clearing experiments, according to a FASTclear 

protocol – a derivative of CLARITY, as previously optimised (Lai et al., 2018). Formalin-fixed 

tissue block from the pons has been incubated for 6 months in 4% sodium dodecyl sulphate in 

boric acid buffer (SDS; pH 8.5) at 54ºC to reduce lipid content for increased transparency 

(Figure 4.12A). Tissue transparency has been defined by the ability to observe text through the 

sample (Figure 4.12B), as outline in Chapter 2.6. Antibodies used were anti-TH and anti- 

tryptophan hydroxylase-2 (TPH2) antibodies for 3D visualisation of noradrenergic and 

serotonergic neurons respectively.  

 

4.3.4. Microscopic Analysis of TH+ Neurons and Fibres   

 

TH+ immunoreactive structures were quantified according to the demarcations outlined in 

Chapter 2.8 in the following brain regions: (1) LC, (2) hippocampus, (3) amygdala, (4) 

thalamus, (5) frontal cortex, and (6) cingulate cortex (Figure 2.3; Figure 2.4; Figure 2.6-2.8).   
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LC TH+ neurons were assessed using the manual tagging methodology based on their 

morphology – clear rounded neuronal structures with a defined nucleus and nucleolus. Manual 

tagging comprises of selecting each neuronal structure using the ‘manual tag’ function of 

Image-Pro Plus 7.0 under a 4x objective lens field (Figure 2.5). TH+ neuronal structures were 

counted based on their morphology – clear rounded neuronal structures with a defined nucleus 

and nucleolus.  

 

TH-stained fibres were manually counted at 20x objective lens field in five regions of the 

hippocampus: CA4, CA3, CA2, CA1, and subiculum.  

 

Neuronal fibres were defined as thin, longitudinal, immunoreactive structures. These were 

counted manually using scanned images on the HALO software (IndicaLabs, USA) at x40 

objective lens in the amygdala, thalamus, frontal cortex and cingulate cortex in the demarcated 

areas (Figures 2.6-2.8). 

 

4.3.5. Statistical Analysis  

 

GraphPad Prism 9.0 was used for the statistical analyses. Based on statistical approaches 

developed with Dr Bension Tilley, comparisons between more than two groups were conducted 

using Kruskal-Wallis tests with Dunn’s post hoc corrections for multiple comparisons. For 

example, comparisons between PD clinical subtypes and TH+ neurons or fibres in separate 

brain regions, as well as with total TH+ count within the noradrenergic system. Comparisons 

between two groups, for example, PD compared to PD with Cognitive Impairment (PD w/ CI), 

were conducted using Mann Whitney test. This also includes comparisons between presence 

and absence of DLB symptomatology and other non-motor symptoms against TH+ count for 

individual brain regions. Two-way Analysis of Variance (ANOVA) tests were used to compare 

multiple groups across multiple subregions, for instance, comparing the clinical groups in CA1-

CA4 and subiculum subregions of the hippocampus. Correlations were also conducted between 

total TH+ count (i.e. total of TH+ structures across the entire noradrenergic system) and disease 

duration. Chi squared analysis was performed to compare sex differences in the clinical 

subgroups. Statistical significance was set to P < 0.05.  
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4.4. Results 

 

4.4.1. Reduced TH+ count is associated with Dementia in PD across the entire 

Noradrenergic System 

 

The total TH+ neurons and fibres were quantified across the entire noradrenergic system in 

PD, PD-MCI, PDD and DLB cases. PDD cases had a significant reduction in their total TH+ 

count compared to PD, suggesting that cognitive impairment in PD accelerates neuron and 

fibre loss across the entire noradrenergic system (Figure 4.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

Figure 4.3: Reduced TH+ count correlates with the presence of 

dementia in PD in the entire noradrenergic system. Statistical 

analysis performed using Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons. Unpaired t-test was used for 

comparison between PD and PD w/CI: *P < 0.05. 
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4.4.2. LC Noradrenergic Neuronal Loss in LBD 

 

TH+ neurons were quantified using the manual tag methodology and compared in the LC of 

the following clinical phenotypes: PD, PD-MCI, PDD and DLB. PD (Figure 4.4; Figure 4.5). 

Separation into these phenotypes showed a stepwise reduction in the LC TH+ neuron count 

(Fig. 4.4A). Combining PD-MCI, PDD and DLB into a PD with cognitive impairment (PD w/ 

CI) subgroup revealed a significant reduction in the LC TH+ neuron count in PD w/CI 

compared to PD (Figure 4.4B; P < 0.05). This correlates with extensive reductions in the 

number of noradrenergic neurons in the LC of LBD subjects (McMillan et al., 2011; Espay, 

LeWitt & Kaufmann, 2014; Haglund et al., 2016; Kelly et al., 2017; Weinshenker, 2018). 

Hence, it may be plausible that LBD patients with have less LC TH+ neurons regardless of the 

precise phenotype.  

 

A B 

Figure 4.4: TH+ neuron counts in the LC in PD and the cognitive phenotypes of PD. (A) TH+ neuron count in PD and each PD cognitive 

phenotype and (B) in PD and PD w/CI collectively. Statistical analysis performed using Kruskal-Wallis test with Dunn’s correction for multiple 

comparisons. Mann Whitney test was used for comparison between PD and PD w/CI: *P < 0.05.   

 



 

 

  

 

Control PD PD-MCI 

PDD DLB 

Figure 4.5: LC TH+ neuron count in controls and PD cognitive subtypes. Representative photomicrographs of the TH-immunostained tissue sections within the LC in controls and PD cognitive 

subtypes. Images captured under a 4x objective lens. Scale bar represents 500m. 

 

 



4.4.3. Noradrenergic Innervation of the Hippocampus  

 

TH+ fibre density was quantified in the hippocampus and compared between the following 

clinical phenotypes: PD, PDD, PDD-DLB and DLB (Figure 4.6). 

 

Minimal TH+ fibre staining was observed across the hippocampus in all PD-related cognitive 

subtypes. There were no significant differences in the hippocampal TH+ fibre density between 

PD-related cognitive subtypes. Dividing the TH+ fibre density into distinct hippocampal 

regions revealed that there were no significant differences amongst the PD cognitive subtypes 

(Figure 4.6). Hence, the hippocampus possesses few projections from the LC, evident from the 

sparse TH+ fibre staining, which also corroborates with a previous study that reported profound 

LC noradrenergic neuronal loss in AD and DLB subjects (Szot, 2006).  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

  

  

Figure 4.6: TH+ fibre counts in the hippocampus in PD and the 

cognitive phenotypes of PD. Statistical analysis performed using 

Two-Way ANOVA with Bonferroni post-test for multiple 

comparisons. 
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4.4.4. Noradrenergic Innervation of the Cortex  

 

TH+ fibre density was quantified in the frontal cortex (Figure 4.7; Figure 4.10) and cingulate 

cortex (Figure 4.8) and compared between the following clinical phenotypes: PD, PDD, PDD-

DLB and DLB (Fig. 4.10). 

 

There was no difference in TH+ fibre density between any PD cognitive phenotypes in the 

frontal cortex and cingulate cortex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Figure 4.7: TH+ fibre counts in the frontal cortex in PD and 

the cognitive phenotypes of PD. Statistical analysis performed 

using Kruskal-Wallis test with Dunn’s correction for multiple 

comparisons. 

Figure 4.8: TH+ fibre counts in the cingulate cortex in PD 

and the cognitive phenotypes of PD. Statistical analysis 

performed using Kruskal-Wallis test with Dunn’s correction 

for multiple comparisons: ** P < 0.01, ***P < 0.001, ****P < 

0.0001. 
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4.4.5. The association of Cortical TH+ Fibres to DLB Symptomatology and other Non-

Motor Symptoms 

 

Degeneration of the LC and its target brain regions was examined to determine their 

contribution to the three core clinical features of DLB – FC, RBD and VH (McKeith et al., 

2017), along with autonomic and psychiatric characteristics (hallucinations, sleep 

disturbances, memory problems, depression and anxiety), irrespective of clinical diagnosis. 

Generally, no significant differences were found between these three clinical features and the 

LC TH+ neuron or TH+ fibre counts in noradrenergic target brain regions. However, the 

presence of VH was associated with reduced TH+ fibre count in the frontal cortex (Figure 4.9). 

There were no significant differences between autonomic and psychiatric characteristics and 

the LC TH+ neuron or TH+ fibre counts in noradrenergic target brain regions. 

 

 

 

 

 

 

Figure 4.9: The association of TH+ fibre count in the frontal cortex with patients with VH vs no VH. (A) with and (B) without 

outlier. Mann Whitney test was used for comparison between PD and PD w/CI: *P < 0.05.  VH = Visual Hallucinations.  
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Figure 4.10: TH+ neuronal fibres in controls, PD and PD cognitive phenotypes. Representative photomicrographs of the TH-immunostained tissue sections within the frontal cortex (cortical) and thalamus 

(subcortical) in controls and PD cognitive phenotypes. Images captured under a 40x objective lens. Scale bar represents 100m. 

 



4.4.6. Relationship between Disease Duration and TH+ Fibre Count in the entire 

Noradrenergic System 

 

There was a statistically significant relation between disease duration and TH+ count (Figure 

4.11; *P < 0.05), although the R2 was extremely low so no conclusions could be derived for 

the association between these variables. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.7. Tissue Clearing for 3D Visualisation of Noradrenergic and Serotonergic Neurons 

in the LC  

 

Immunostaining human pons with anti-TH and anti-TPH2 antibodies revealed large, spherical 

noradrenergic neuronal cell bodies with axonal projections (Figure 4.12C-D). Unfortunately, 

non-specific binding was generated with anti-TPH2 antibody, thus further work has been 

carried out to enable better visualisation of serotonergic neurons (Chapter 5). 

 

 

 

 

 

Figure 4.11: Relationship between disease duration and TH+ count. 

Pearson’s correlation was performed for statistical analyses: *P < 0.05. 

 



 

  

A B C 

D 
Figure 4.12: FASTclear LBD pons immunostained with 

anti-TH and anti-TPH2 antibodies. A human pons tissue-

clearing block, (A) before and (B) after SDS treatment. (C) 

Cleared tissue immunostained with anti-TH (red) and anti-

TPH2 (green).  Scale bar represents 150m (D) Image 

capture was achieved on Zeiss LSM-780 inverted confocal 

microscope under a 10x objective lens and processed using 

the Zen Black software.  

 

 



4.5. Discussion 

 

The most important finding of the present study is the significant reduction of LC noradrenergic 

neurons in LBD patients compared to those with PD. This was demonstrated through a stepwise 

reduction in LC TH+ neuron count from PD to PD-MCI, PDD and DLB. The differential 

pathological burden across these phenotypes illustrates a continuum whereby DLB is more 

severely affected than PDD, PDD is more severely affected than PD-MCI, and PD-MCI is 

more severely affected than PD (Tilley et al., 2021). Combining PD-MCI, PDD and DLB into 

a PD w/ CI subgroup revealed a significant reduction in the LC TH+ neuron count in PD w/CI 

compared to PD. Hence, it may be plausible that patients with LBD have less LC noradrenergic 

neurons regardless of the precise phenotype. Previous studies report extensive reductions in 

the number of noradrenaline neurons in the LC of LBD subjects (McMillan et al., 2011; Espay, 

LeWitt & Kaufmann, 2014; Haglund et al., 2016; Kelly et al., 2017; Weinshenker, 2018; 

Dickson et al., 2008; Szot, 2006), as well as reductions in DH activity and the noradrenergic 

metabolite, DHPG, in the CSF (Goldstein, Holmes & Sharabi, 2012). This finding is also 

consistent with neuroimaging data where PD patients show a reduced uptake of 11C-MeNER 

- a highly specific PET reboxetine analogue for NET - in the LC than controls (Sommerauer et 

al., 2018). PD patients exhibit decline in LC functional activity, as evidenced using 18F-DOPA 

PET imaging (a marker of amino acid decarboxylase activity) where early PD patients had 

significant deterioration in the LC over a 3-year period (Pavese et al., 2011).  

 

Degeneration of the LC TH+ neurons have been shown to underlie attentional and cognitive 

dysfunctions in PD patients (Dugger & Dickson, 2010; Del Tredici & Braak, 2013; Gomperts, 

2014; Goldman et al., 2014; Biundo, Weis & Antonini, 2016; Zarow et al., 2003). However, in 

this study, no correlations were observed between LC noradrenergic neuron count and DLB 

symptomatology or other non-motor symptoms (i.e. sleep disturbances, hallucinations, 

memory problems, depression and anxiety). Nevertheless, the current data confirms loss of LC 

noradrenergic neurons, but particularly provides a quantification and comparison between PD, 

PD-MCI, PDD and DLB, which has not been reported hitherto. 

 

LC noradrenergic neuronal degeneration in PD and LBD causes structure loss, cell swelling 

due to the accumulation of Lewy bodies, and dendritic thinning and shortening (Fornai et al., 

2002), ultimately preceding towards neuronal cell death. There are several possible reasons for 
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the vulnerability of LC neurons (van Dijk et al., 2011; Corradini et al., 2014). For example, 

cytoplasmic noradrenaline retains the ability to autoxidise or be converted to toxic metabolites, 

such as DHPG through MAO, damaging lipid, proteins and nucleotides (Goldstein, 2013). 

These neurons also possess long, thin axons, susceptible to damage due to their length and 

fragility (Ishimatsu and Williams, 1996; Alvarez et al., 2002; Berridge and Waterhouse, 2003; 

Sanchez-Padilla et al., 2014). However, these studies have solely focused on noradrenergic 

neurons in the LC, but here, a more comprehensive analysis of LC-NA system in LBD has 

been provided. Alternatively, LC degeneration may be immune mediated. Neuromelanin 

containing organelles within the LC express human leukocyte antigens, enabling antigen 

presentation of endogenous or exogenous proteins (e.g. a-synuclein pathology) to CD8+ T-

lymphocytes, which in turn results in cell death (Sulzer et al., 2017). This has encouraged 

clinical trials that target immune-mediated pathogenesis in PD (Greenland et al., 2020b). 

 

Furthermore, there were minimal hippocampal noradrenergic fibres, evident by the sparse TH+ 

fibre staining, which also corroborates with a previous study that reported profound LC 

noradrenergic neuronal loss in AD and DLB subjects (Szot, 2006). This indicates vast 

degeneration of LC noradrenergic fibres in the hippocampus across all PD cognitive subtypes. 

In the hippocampus, LC-mediated noradrenaline release enhances excitation-spike coupling in 

CA1 pyramidal neurons via β-adrenergic receptors (AR) (Bacon, Pickering & Mellor, 2020), 

initiating intracellular signalling cascades to promote synaptic strength and facilitate memory 

storage (Nguyen & Connor, 2019). Noradrenaline facilitates mechanisms of learning and 

memory in the hippocampus, possibly through release into the region in an activity-dependent 

fashion. For instance, a previous study has shown that noradrenaline-driven phosphorylation 

of GluR1 subunit may support α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) receptor trafficking to synaptic sites to induce long-term potentiation (LTP) in 

the hippocampus (Hu et al., 2007) to facilitate memory formation (Tully & Bolshakov, 2010). 

The release of noradrenaline in the hippocampus during emotionally charged events could thus 

modulate the hippocampus-dependent forms of memory by controlling the induction of 

synaptic plasticity at corresponding synapses in hippocampal neuronal circuits (Tully & 

Bolshakov, 2010). 

 

Therefore, if noradrenaline is involved with memory storage and formation, one would assume 

that degeneration of noradrenergic fibres in the hippocampus would contribute to memory 

problems in patients. However, no trends were observed between the number of noradrenergic 
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hippocampal fibres and memory problems in patients, suggesting that other neurotransmitters, 

possibly serotonin, may be more directly involved in memory regulation within the 

hippocampus. 

 

Another key finding of this study was that patients with VH had a significant reduction in 

noradrenergic fibres in the frontal cortex compared to those without VH. This suggests a 

potential role of noradrenaline in the onset of VH. Decreased noradrenaline concentrations 

possibly hinder cognitive abilities (Fornai et al., 2002; Pavese et al., 2011; Halliday et al., 2014) 

including fronto-executive functions with impairments in planning, working memory, 

attentional control, and cognitive flexibility (Grzelka et al., 2017; Chamberlain & Robbins, 

2013; Borodovitsyna, Flamini & Chandler, 2017; Wallukat et al., 2018; Xing, Li & Gao, 2016; 

Sanchez-Castaneda et al., 2009; Francis, 2009). VH are attributed to dysfunctional integration 

between three key neural networks described in the attentional control hypothesis: (1) the 

dorsal attention network (DAN), (2) the ventral attention network (VAN), and (3) the default 

mode network (DMN) (Shine et al., 2011). The DAN comprises of the striatum and dorsolateral 

prefrontal cortex for goal-directed voluntary orienting in response to external stimuli. The VAN 

involves the right basolateral amygdala and ventral frontal cortex and engages attention to 

salient stimuli and mediates activation of other networks. The DMN incorporates the posterior 

cingulate cortex, precuneus, medial prefrontal cortex, and medial temporal lobe for 

introspection, mind wandering, and episodic memory (Powell, Ireland & Lewis, 2020). 

Therefore, the frontal cortex is involved in all these three neural networks, supporting our 

findings of correlations of VH to the frontal cortex. There has been evidence of dysfunctional 

attentional network interactions in PD patients with VH (Conio et al., 2020; Klaassens et al., 

2019), along with DLB patients (Kobeleva et al., 2017) that have been associated with 

generation of VH. Alternatively, generalised neurodegeneration of the frontal cortex may occur 

prior to reductions in LC neurons to hinder cognitive function, which could be another 

explanation for fewer noradrenergic fibres in frontal cortex. Therefore, there may be 

confounding factors that cause more rapid neurodegeneration leading to both dementia and 

hallucinations in LBD, and noradrenaline may be a common factor, rather than a direct cause, 

of hallucinations. 
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The precise pathophysiology of VH in PD remains unclear. Neuropathological and structural 

imaging studies have provided some insight including neuronal loss in multiple brain regions 

with Lewy bodies (LB) (Braak & Braak, 2000), accompanied by AD-type pathology (Jacobson 

et al., 2014). The role of noradrenergic deficiency in the pathophysiology of VH is relatively 

unexplored. Noradrenaline innervating subcortical and brainstem structures has been related to 

vigilance, arousal/wakefulness, attentional set-shifting, and REM sleep behaviour (Vermeiren 

& De Deyn, 2017). 

 

 

4.5.1. Limitations 

 

This study had a number of limitations. One limitation was the use of anti-TH antibody to label 

noradrenergic neurons and fibres. TH catalyses the hydroxylation of L-tyrosine to L-3,4-

dihydroxyphenylalanine (L-DOPA), which is the initial rate-limiting step in the biosynthesis 

of catecholamines such as dopamine, noradrenaline, adrenaline and serotonin (Daubner, Le & 

Wang, 2011; Bueno-Carrasco et al., 2022). Hence, its specificity is not limited to noradrenaline 

alone as it has propensity to bind to these other catecholamines. Both dopamine and 

noradrenaline are crucial neuromodulators with overlap in multiple domains including shared 

biosynthetic and intracellular signalling pathways, co-release from LC terminals, convergent 

innervations, and non-specificity of receptors and transporters (Ranjbar-Slamloo & Fazlali, 

2020). Dopamine release from the LC contributes to learning and memory (Kempadoo et al., 

2016; Takeuchi et al., 2016; McNamara & Dupret, 2017), and optogenetic stimulation of 

hippocampal LC terminals enhances both dopamine and noradrenaline (Kempadoo et al., 

2016). These discrepancies should be addressed through optimisation of more specific markers. 

One antibody is anti-DβH. Parts of the experiments presented in this chapter have been repeated 

by BSc student, Anna Collins. She performed DβH staining in the LC and frontal cortex. There 

was a strong positive correlation between TH+ neuron count and DβH+ neuron count in the 

LC and a slightly weaker correlation in the frontal cortex (Figure 4.13) (Collins, 2021). This 

proves to be a promising phenomenon as the LC has a greater composition of noradrenergic 

neurons compared to the frontal cortex, which is innervated by numerous other 

neurotransmitter systems. Hence, there is a weaker correlation between TH+ neuron count and 

DβH+ neuron count in the frontal cortex as the former can detect other catecholamines aside 
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from noradrenaline. Future studies should focus on further optimising anti-DβH in the 

remaining target brain regions for a more specific identification of noradrenergic fibres. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Control tissue sections demonstrated staining with the anti-TH antibody in the LC, but no 

staining was observed in the other brain regions. This may be due to errors in tissue processing 

such as insufficient deparaffinisation and fixatives (i.e., formalin) that may potentially be 

masking the epitopes. 

 

Neuronal fibres were manually counted on scanned images of tissue sections. Small regions of 

interest were selected to count stained neuronal fibres in each region. This is a well-

characterised method of nerve quantification (Magnon et al., 2013; Ganzer et al., 2008). 

Manual counting is precise, yet labour-intensive, has low sensitivity and susceptible to 

inconsistency due to the high rates of false negatives (Astono et al., 2022; Bizrah et al., 2014). 

Therefore, these obstacles can be overcome using automatic methods such as computerised 

nerve planimetry, which involves manual selection of a few regions of interest around the target 

observation. A colour filter range is defined in each image and converted to a binary form so 

that the planimetry of the total nerve surface area can be determined (Bründl et al., 2014; 

Ganzer et al., 2008). More recently, a newly developed automated nerve detection approach 

has been developed based on a deep learning model with an augmented classification structure.  

This method involves pre-processing the image to extract patches for the deep learning model, 

Figure 4.13: Dopamine-β-hydroxylase (DβH) is highly specific for noradrenergic neurons. (A) Strong positive correlation between 

DβH and TH in the LC. (B) Weak positive correlation between DβH and TH in the frontal cortex (Collins, 2021). 
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followed by pixel-level nerve detection. The deep learning model-based approach is publicly 

available and has achieved 89% sensitivity and 75% precision (Astono et al., 2022). 

 

 

4.6. Conclusion 

 

In conclusion, the LC-NA system is significantly affected in PD and LBD. There were 

significant reductions in the LC noradrenergic neurons in LBD as compared to PD, indicating 

that neuronal reduction in these patients is prevalent regardless of the precise phenotype. 

Minimal hippocampal noradrenergic fibres did not correlate with memory regulation, 

suggesting a more complex pathway involved in memory problems in LBD. Although there 

were no differences in the noradrenergic fibre count in the frontal cortex, patients with VH still 

had a significant reduction of these fibres in the frontal cortex than those without VH. This 

suggests a potential role of noradrenaline in the onset of VH. Further work will be required for 

data validation in vivo, and to delineate the clinical efficacy of noradrenergic medications for 

LBD treatment.  
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5. Investigating of the Serotonergic System in Lewy Body Dementia 

(LBD)  
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5.1. Introduction  

 

The raphe nuclei are a group of nuclei in the brainstem that innervate the substantia nigra (SN), 

striatum, globus pallidus, subthalamic nucleus, and cortical regions, along with core 

components of the cortico-basal ganglia-thalamo-cortical loop (Parent & Hazrati, 1995a, 

1995b). From caudal to rostral, the raphe nuclei comprise of the nucleus raphe obscurus, the 

nucleus raphe pallidus, the nucleus raphe magnus, the nucleus raphe pontis, the medium raphe 

nucleus, dorsal raphe nucleus, and caudal linear nucleus (TÖRK, 1990). The dorsal raphe 

nucleus (DRN) is in the ventral part of the central gray matter of the mesencephalon and rostral 

pons, predominantly populated with serotonergic neurons (Beliveau et al., 2015). The DRN 

projects across the entire brain to secrete a small indolamine neurotransmitter, serotonin, also 

known as 5-hydroxytryptamine (5-HT) (Figure 5.1) (Charnay & Léger, 2010; ABRAMS et al., 

2004).  

  

The serotonergic system conducts a vast array of regulatory functions in the body such as 

respiration, gastro-intestinal motility, pain, vasoconstriction and platelet aggregation (Berger, 

Gray & Roth, 2009). Serotonin has also been attributed to various brain functions including 

cognition, emotion, motor behaviour and regulation of the circadian rhythm (Berger, Gray & 

Roth, 2009; Benarroch, 2009; Huot, Fox & Brotchie, 2011a). The serotonergic neurons in the 

hippocampus function in various memory processes, spatial navigation, decision making and 

social relationships (Glikmann-Johnston et al., 2015; Rubin et al., 2014; Švob Štrac, Pivac & 

Mück-Šeler, 2016a; Harvey, 2003), whereas in the prefrontal cortex it is involved with working 

memory, decision-making and attention (Robbins, 2000; Clark, Cools & Robbins, 2004). 

Tryptophan hydroxylase (TPH) is a rate-limiting enzyme involve in serotonin synthesis. It 

exists in two isoforms, tryptophan hydroxylase-1 (TPH1) and tryptophan hydroxylase-2 

(TPH2) which are expressed in different areas of the body. TPH1 is localised to the gastro-

intestinal tract, pineal gland, spleen and thymus, whereas TPH2 is exclusively localised to the 

brain (Sakowski et al., 2006; Walther et al., 2003; Walther & Bader, 2003). Serotonin is 

synthesised from L-tryptophan in a two-step process catalysed by tryptophan hydroxylase and 

L-aromatic amino acid decarboxylase. Upon release from presynaptic vesicles, serotonin enters 

the synaptic cleft and dissipates to a serotonin receptor on the postsynaptic terminal to exert 

physiological effects. Autoreceptors on the presynaptic terminal regulate subsequent release of 

serotonin, whereas serotonin transporter (SERT) regulates serotonin reuptake to enable its 
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degradation via monoamine oxidase (MOHAMMAD-ZADEH, MOSES & GWALTNEY-

BRANT, 2008) (Walker & Tadi, 2022a). 

 

Several studies have reported serotonergic neuronal loss and dystrophic neurites (Gai, Blessing 

& Blumbergs, 1995; Halliday et al., 1990a, 1990b), along with Lewy body (LB) inclusion in 

the raphe nuclei in Parkinson’s disease (PD) (Halliday et al., 1990b). Braak staging states that 

the raphe nuclei are affected in Stage 2 and entirely involved in the disease at Stage 3 (Braak 

et al., 2003, 2004). Serotonergic neurons from the median raphe nucleus (MRN), which 

innervate the thalamus (Lavoie & Parent, 1991), and the pontine reticular formation are more 

severely affected than those from the dorsal raphe nucleus (DRN) (Halliday et al., 1990a). 

Degeneration of raphe serotonergic neurons leads to reduced serotonin concentrations (Beucke 

et al., 2010). The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned mouse 

model of PD had reduced serotonin levels in the somatosensory and medial prefrontal cortices 

(Nayyar et al., 2009) and reduced TPH levels in the frontal cortex. Previously, a high-

performance liquid chromatography (HPLC) was used in non-fluctuating, non-dyskinetic PD 

patients to determine 5-HT concentrations and its metabolite 5-hydroxyindoleacetic acid (5-

HIAA) in peripheral cerebrospinal fluid (CSF) extracted from lumbar puncture. There was a 

significant reduction of both 5-HT and 5-HIAA in the PD patient group compared to either 

age-matched control subjects or Alzheimer’s disease (AD) patient group. This supports the 

idea that a decline in 5-HT concentration is a cardinal feature of stable PD, although clinical 

relevance remains uncertain (Olivola et al., 2014).  

 

The serotonergic system may be affected in dementia with Lewy bodies (DLB) via damage to 

the DRN (Whitwell et al., 2007), resulting in comparable reductions of both serotonin and 

serotonin transporter in the caudate, middle frontal gyrus, inferior parietal lobule (IPL), and 

visual association cortex (VAC) in PD participants  (Buddhala et al., 2015), as well as cognitive 

deficits thereafter (Švob Štrac, Pivac & Mück-Šeler, 2016b). 
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5.2. Hypothesis and Aims 

 

I hypothesise that the degree of serotonergic neuronal loss in the DRN and its target brain 

regions will differentiate PD patients with and without cognitive impairment. I also hypothesise 

that serotonergic neuronal loss within the target brain regions will be associated with DLB 

symptomatology and other non-motor symptoms. For instance, hippocampal neuronal loss will 

be associated with memory problems, neuronal loss in the amygdala will contribute to 

depression and anxiety, and neuronal loss in cortical regions will contribute to FC. 

 

The aims of this study include the following: 

• Compare neuronal integrity in the serotonergic pathway between PD subtypes. 

• Investigate the clinicopathological associations between serotonergic neuronal loss in 

target brain regions and DLB symptomatology and other non-motor symptoms. 

• Tissue clearing techniques will also be used to better understand the 3-dimensional (3D) 

spatial relationship between substrates of interest. 

• Delineate possible associations between disease duration and TPH2+ fibre count across 

the entire serotonergic system. 

Figure 5.1: Dorsal raphe nucleus (DRN) provides serotonergic neurons innervations across the entire brain. Created with BioRender.com. 
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5.3. Methods 

 

5.3.1. Cohort Selection and Clinical Assessment of Cases 

 

Cases were selected based on the selection and exclusion criteria delineated in Chapter 2.3.3. 

The cohort consisted of 100 cases (Appendix 2; Appendix 3) including 20 controls, 20 PD 

without dementia, 20 PD with mild cognitive impairment (MCI), 20 Parkinson’s disease 

dementia (PDD) cases, and 20 DLB cases. DLB cases were defined according to the clinical 

criteria set out in McKeith et al. (2017) and PDD by the diagnostic criteria laid out in Emre et 

al. (2007). 

 

Cases were derived from the Parkinson’s UK Tissue Bank at Imperial College London. 

Clinical data was collated by specialist movement disorder neurologists, including  Dr 

Ronald K B Pearce, and selection for this study required subjects to have been evaluated by 

a clinician within at least two years prior to death and with complete clinical histories. 

Subjects were diagnosed as PD, PD-MCI, PDD, and DLB based on established clinical 

criteria (Emre et al., 2007; McKeith et al., 2017). Case notes were retrospectively evaluated 

for relevant clinical characteristics, that is - the core features of DLB – fluctuating cognition 

(FC), visual hallucinations (VH) and REM sleep behaviour disorder (RBD) – along with 

dementia and cognitive impairment. Autonomic and psychiatric characteristics such as 

hallucinations, sleep disturbances, memory problems, depression and anxiety were also 

taken into consideration. 

 

5.3.2. Post-Mortem Human Brain Tissue 

 

Samples were prepared for immunohistochemistry according to the protocol outlined in 

Chapter 2.4 on the major target brain regions of the serotonergic system, as previously 

mentioned. These brain regions include the following: (1) DRN, (2) hippocampus, (3) 

amygdala, (4) thalamus, and (5) frontal cortex. 
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5.3.3. Immunohistochemistry (IHC) and Tissue Clearing 

 

Tissue sections for the target brain regions were immunostained with anti-TPH2 antibody 

according to the protocol outlined in Chapter 2.5. Additional amygdala and thalamus tissue 

sections were also stained with luxol fast blue (LFB) using the protocol outlined in Chapter 

2.5.1 for anatomical identification and demarcation of these regions.  

 

Larger tissue blocks are being used for tissue clearing experiments, according to a FASTclear 

protocol – a derivative of CLARITY, as previously optimised (Lai et al., 2018). Formalin-fixed 

tissue block from the pons has been incubated for 6 months in 4% sodium dodecyl sulphate in 

boric acid buffer (SDS; pH 8.5) at 54ºC to reduce lipid content for increased transparency. 

Tissue transparency has been defined by the ability to observe text through the sample, as 

outline in Chapter 2.6. Antibodies used were anti-TH and anti-TPH2 antibodies for 3D 

visualisation of noradrenergic and serotonergic neurons respectively (Figure 5.9). 

 

5.3.4. Microscopic Analysis of TPH2+ Neurons and Fibres   

 

TPH2+ immunoreactive structures were quantified according to the demarcations outlined in 

Chapter 2.8 in the following brain regions: (1) DRN, (2) hippocampus, (3) amygdala, (4) 

thalamus, and (5) frontal cortex (Figure 2.3; Figure 2.4; Figure 2.6-2.8).   

 

DRN TPH2+ neurons were assessed using the manual tagging methodology based on their 

morphology – clear rounded neuronal structures with a defined nucleus and nucleolus. Manual 

tagging comprises of selecting each neuronal structure using the ‘manual tag’ function of 

Image-Pro Plus 7.0 under a 4x objective lens field (Figure 2.5). TPH2+ neuronal structures 

were counted based on their morphology – clear rounded neuronal structures with a defined 

nucleus and nucleolus.  

 

TPH2-stained fibres were manually counted at 20x objective lens field in five regions of the 

hippocampus: CA4, CA3, CA2, CA1, and subiculum.  

 

Neuronal fibres were defined as thin, longitudinal, immunoreactive structures. These were 

counted manually using scanned images on the HALO software (IndicaLabs, USA) at x40 
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objective lens in the amygdala, thalamus, and frontal cortex in the demarcated areas (Figures 

2.6-2.8). 

5.3.5. Statistical Analysis  

 

GraphPad Prism 9.0 was used for the statistical analyses. Based on statistical approaches 

developed with Dr Bension Tilley, comparisons between more than two groups were conducted 

using Kruskal-Wallis tests with Dunn’s post hoc corrections for multiple comparisons. For 

example, comparisons between PD clinical subtypes and TPH2+ neurons or fibres in separate 

brain regions, as well as with total TPH2+ count within the noradrenergic system. Comparisons 

between two groups were conducted using Mann Whitney test. This includes comparisons 

between presence and absence of DLB symptomatology and other non-motor symptoms 

against TPH2+ count for individual brain regions. Two-way Analysis of Variance (ANOVA) 

tests were used to compare multiple groups across multiple subregions, for instance, comparing 

the clinical groups in CA1-CA4 and subiculum subregions of the hippocampus. Correlations 

were also conducted between total TPH2+ count (i.e. total of TPH2+ structures across the entire 

noradrenergic system) and disease duration. Chi squared analysis was performed to compare 

sex differences in the clinical subgroups. Statistical significance was set to P < 0.05.  

 

5.4. Results 

 

5.4.1. DRN Serotonergic Neuronal Loss in LBD 

 

TPH2+ neurons were quantified using the manual tag methodology and compared in the DRN 

of PD and the PD cognitive phenotypes (Figure 5.2; Figure 5.3). There were no differences in 

the TPH2+ neuron count between PD, PD-MCI, PDD and DLB (Figure 5.2A). Combining the 

cognitive phenotypes into a PD with cognitive impairment (PD w/ CI) subgroup showed no 

discernible differences in the TPH2+ neuron count between PD and PD w/ CI (Figure 5.2B).  
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A 

Figure 5.2: TPH2+ neuron counts in the DRN in PD and the cognitive phenotypes of PD. (A) TPH2+ neuron count in PD and each PD 

cognitive phenotype and (B) in PD and PD w/CI collectively. Statistical analysis performed using Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons. Mann Whitney test was used for comparison between PD and PD w/CI: *P < 0.05.   

 

B 



Control PD PD-MCI 

PDD DLB 

Figure 5.3: DRN TPH2+ neuron count in controls and PD cognitive subtypes. Representative photomicrographs of the TPH2-immunostained tissue sections within the DRN in controls and PD 

cognitive subtypes. Images captured under a 20x objective lens. Scale bar represents 200m. 

 



5.4.2. Serotonergic Innervation of the Hippocampus 

TPH2+ fibre density was quantified in the hippocampus and compared between the different 

clinical phenotypes (Figure 5.4). 

 

Minimal TPH2+ fibre staining was observed across the hippocampus in all PD-related 

cognitive subtypes. Dividing the TPH2+ fibre density into distinct hippocampal regions 

revealed that there were no significant differences amongst the PD cognitive subtypes (Figure 

5.4). Hence, the hippocampus possesses minimal projections from the DRN, evident by the 

sparse TPH2+ fibre density, suggesting that innervations to the hippocampus are most severely 

affected early on or that they are non-existent upon disease onset.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: TPH2+ fibre counts in the hippocampus in PD and 

the cognitive phenotypes of PD. Statistical analysis performed 

using Two-Way ANOVA with Bonferroni post-test for multiple 

comparisons. 
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5.4.3. Serotonergic Innervation of the Amygdala 

There were no discernible differences in the TPH2+ fibre count in the amygdala between PD, 

PD-MCI, PDD and DLB (Figure 5.5).  

 

 

 

 

 

 

 

 

 

  

Figure 5.5: TPH2+ fibre counts in the amygdala in PD and the 

cognitive phenotypes of PD. Statistical analysis performed using 

Kruskal-Wallis test with Dunn’s correction for multiple comparisons: * 

P <  0.05, ** P < 0.01, ***P < 0.001, ****P < 0.0001. 
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5.4.4. Serotonergic Innervation of the Cortex  

 

There were no discernible differences in the THP2+ fibre count in the frontal cortex between 

PD, PD-MCI, PDD and DLB (Figure 5.6; Figure 5.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 5.6: TPH2+ fibre counts in the frontal cortex in PD and the 

cognitive phenotypes of PD. Statistical analysis performed using 

Kruskal-Wallis test with Dunn’s correction for multiple comparisons: * 

P <  0.05, ** P < 0.01, ***P < 0.001, ****P < 0.0001. 



 

 

 

  

Figure 5.7: TPH2+ neuronal fibres in controls, PD and PD cognitive phenotypes. Representative photomicrographs of the TPH2-immunostained tissue sections within the frontal cortex (cortical) and thalamus 

(subcortical) in controls and PD cognitive phenotypes. Images captured under a 40x objective lens. Scale bar represents 100m. 

 



 

5.4.5. Relationship between Disease Duration and TPH2+ count in the entire 

Serotonergic System 

 

There was no correlation between disease duration and TPH2+ count (Figure 5.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.6. The Contribution of Serotonergic Degeneration to DLB Symptomatology and 

other Non-Motor Symptoms 

 

Degeneration of the DRN and its target brain regions was examined to determine their 

contribution to the three core clinical features of DLB – FC, RBD and VH (McKeith et al., 

2017), along with autonomic and psychiatric characteristics (hallucinations, sleep 

disturbances, memory problems, depression and anxiety), irrespective of clinical diagnosis. 

There were no significant differences between DLB features or these other non-motor 

symptoms and the DRN TPH2+ neuron or TPH2+ fibre counts in serotonergic target brain 

regions.  

 

  

Figure 5.8: Relationship between disease duration and TPH2+ count. 

Pearson’s correlation was performed for statistical analyses. 
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5.4.7. Tissue Clearing for 3D Visualisation of Noradrenergic and Serotonergic Neurons 

in the Hippocampus 

 

Following on from Chapter 4, immunostaining with anti-TH and anti-TPH2 using the 

FASTclear protocol was unsuccessful for the latter antibody (Figure 4.12). Here, an attempt 

was made to optimise the antibody in order to visualise serotonergic fibres in 3D. This was 

achieved by changing the secondary antibody from Alexa-Fluor 568-conjugated to Alexa-

Fluor 488 conjugated donkey anti-rabbit antibody for anti-TH, and Alexa-Fluor 488-

conjugated to Alexa-Fluor 555-conjugated donkey anti-goat antibody for anti-TPH2, by 

simply adopting a trial and error approach. Upon modifcation of the secondary antibody, anti-

TPH2 successfully revealed thin, longditudinal serotonergic fibres, whereas the anti-TH 

antibody could not be visualised (Figure 5.9). Hence, further work will be required for more 

effective colocalisation of these antibodies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Figure 5.9: FASTclear PD 

hippocampal CA1 subfield 

immunostained with anti-TH 

and anti-TPH2 antibodies. TPH2 

= green, TH = red. Scale bar 

represents 200µm. Image capture 

was achieved on Zeiss LSM-780 

inverted confocal microscope 

under a 10x objective lens and 

processed using the Zen Black 

software.   



 195 

5.5. Discussion 

 

In this study, an attempt has been made to delineate serotonergic integrity with clinical data to 

elucidate the underling mechanisms of DLB symptomatology and other non-motor symptoms. 

Serotonergic dysfunction has shown a direct relevance to PD-related nonmotor symptoms, 

including depression, fatigue, weight changes, and visual hallucinations (Politis & Loane, 

2011). Serotonergic degeneration of nerve terminals commences early in the disease course 

and is distinct from dopaminergic degeneration. Serotonergic system deficits may be a major 

contributing factor to PD symptomatology, particularly the non-motor symptoms (Politis & 

Loane, 2011), as has been evidenced for around six decades with reduced serotonin 

concentrations in several cortical and subcortical brain regions (Bernheimer, Birkmayer & 

Hornykiewicz, 1961; Fahn, Libsch & Cutler, 1971; Raisman, Cash & Agid, 1986; Scatton et 

al., 1983; Shannak et al., 1994). Serotonin levels are also reduced in the frontal and cingulate 

cortices with cortical reduction ranging between 40-60% (Huot, Fox & Brotchie, 2011a; 

Scatton et al., 1983).  

 

The serotonergic system originates from the raphe nuclei and provides innervation across the 

brain (Parent & Hazrati, 1995a, 1995b). Serotonin is a crucial regulator of the neuroendocrine 

system, cognition and mood. Serotonin deficits have been previously reported to cause 

depression and psychosis in both DLB and AD (Vermeiren et al., 2015). However, in this study, 

no significant trends were observed between serotonergic neurons and fibres with PD cognitive 

phenotypes. Hence, the findings of this study are in contrast to previous studies, which report 

associations between serotonergic dysfunctions and psychiatric symptoms in 

neurodegenerative diseases (Vermeiren et al., 2015). Autopsy and animal studies have 

previously reported reduced serotonin concentrations in amygdala and hippocampus, amongst 

other regions, in both DLB and AD. Degeneration of the raphe nucleus was more pronounced 

in DLB- than AD-patients with a depression (Vermeiren et al., 2015). DLB-pathology may be 

a major contributor in driving serotonergic degeneration, along with a synergistic effect of the 

concomitant AD-type pathology (Vermeiren et al., 2015). Van der Zande and colleagues (van 

der Zande et al., 2020) found reduced iodine 123-radiolabeled 2β-carbomethoxy-3β-(4-

iodophenyl)-N-(3-fluoropropyl) nortropane (123I-FP-CIT) SERT binding in the left amygdala 

of DLB/AD+-patients than DLB/AD-, and a trend in lower right hippocampal SERT binding 

in DLB/AD+, which possibly indicates faster neurodegeneration in mixed pathology.  
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Van der Zande and colleagues did not find any correlations with neuropsychiatric symptoms 

(van der Zande et al., 2020), similarly to the findings of this study as there were no associations 

between TPH2+ neuron or fibre count and DLB symptomatology and other non-motor 

symptoms. Reduced serotonin function may be a feature of cognitive decline in DLB (Mace et 

al., 2016). DRN serotonergic neuronal loss has been shown to be more severe in depressed than 

non-depressed PD patients (Frisina, Haroutunian & Libow, 2009; Huot, Fox & Brotchie, 

2011a). It has also been shown that comorbid major depression is more frequent and more 

severe in DLB compared to AD, where pervasive anhedonia may be the strongest predictor for 

the different diagnosis between DLB and AD  (Chiu et al., 2017). The monoamine hypothesis 

proposes that a monoamine deficit underlies depression, including noradrenaline, serotonin, 

and dopamine (Stahl et al., 2003). Functional imaging studies have shown that depressed mood 

arise from reduce serotonergic innervation from midbrain raphe nucleus, and from the 

noradrenergic projections from the locus coeruleus (LC), as well as dopaminergic innervations 

from the ventral tegmental area (VTA) (Stahl et al., 2003). Pathological studies have shown 

cell loss in the SN, LC, and rostral raphe nucleus contribute to depression in DLB (Zubenko, 

1988; Benarroch et al., 2007). Neural substrates underlying depression in DLB and AD may 

vary. 

 

Furthermore, reduced serotonin concentrations could contribute to neurodegeneration in PD 

and LBD (Huot, Fox & Brotchie, 2011b). A possible explanation could be because serotonin 

retains the propensity to bind and stabilise α-synuclein (α-syn) aggregates, which leads to their 

accumulation (Falsone et al., 2011; Huot, Fox & Brotchie, 2011b). Interestingly, TPH2 may 

also be involved in the disease progression through its misfolds and aggregation under 

oxidative stress, thus possibly manifesting as an endogenous neurotoxic protein to serotonergic 

neurons (Kuhn et al., 2011).  

 

 

5.5.1. Limitations 

 

This study has several limitations. Firstly, control tissue sections showed staining in the DRN 

with the anti-TPH2 antibody, but no staining was achieved in the other brain regions. This was 

also the case for many of the brain regions. A possible reason could be that the antibody may 
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not be suitable for immunohistochemistry (IHC) procedures. Although the antibody has been 

previously optimised in our laboratory, checking the antibody datasheet has revealed that it is 

more suitable for western blot experiments (Anon, 2022a). Other possible reasons include 

insufficient deparaffinisation and fixatives (i.e., formalin) that may potentially be masking the 

epitopes, solutions of which have been provided in Table 5.1.  

 

Table 5.1: Troubleshooting for future work using TPH2+ antibody (Troubleshooting and using controls in IHC, 2022). 

Description Solution 

Antibody not suitable for IHC procedures  Check antibody datasheet to ensure it has 

been validated in tissue of interest (e.g. 

formalin/PFA fixation, fresh frozen etc) 

Insufficient deparaffinisation and 

fixatives (i.e. formalin) 

Extend deparaffinization time and use fresh 

xylene 

Fixation procedures may mask the epitope Vary antigen retrieval methods to unmask 

the epitope through heat mediated with pH 6 

or pH 9 buffer, enzymes (etc) 

 

 

Similarly to Chapter 4, neuronal fibres were manually counted on scanned images of tissue 

sections, through identification of small regions of interest within which neuronal fibres were 

quantified (Magnon et al., 2013; Ganzer et al., 2008). Manual counting has precision, yet it is 

labour-intensive, biased, has low sensitivity, and inconsistent due to the high rates of false 

negatives and intra- and inter-expert variability because external factors, such as fatigue may 

hinder judgment (Astono et al., 2022; Bizrah et al., 2014). Detection of neuronal fibres on 

scanned images of tissue sections presents with its own challenges, as explained in Chapter 

4.5.1. The terminal field of neurons contains individual, very fine axons with substantial 

morphological variations that complicates accurate quantification, and they need to be verified 

at high magnifications which narrows the field of view (Astono et al., 2022). Therefore, the 

use of automatic methods such as computerised nerve planimetry can be used as a better 

approach. This involves manual selection of a few regions of interest around the target 

observation. Here, a colour filter range is defined in each image and converted to a binary form 

so that the planimetry of the total nerve surface area can be determined (Bründl et al., 2014; 

Ganzer et al., 2008). Drawbacks could be its unreliability due to the high rate of false positives, 
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resolution of low magnification images or even inability to distinguish overlapping fibres and 

cell bodies labelled by the same antibody (Sathyanesan, Ogura & Lin, 2012). More recently, a 

newly developed automated nerve detection approach has been developed based on a deep 

learning model with an augmented classification structure. This method involves pre-

processing the image to extract patches for the deep learning model, followed by pixel-level 

nerve detection. The deep learning model-based approach is publicly available and has 

achieved 89% sensitivity and 75% precision (Astono et al., 2022). 

 

Another limitation is the sampling of the raphe nucleus. The DRN is situated between the 

oculomotor nucleus and mid-pons, extending from midline to the periaqueductal grey. Hence, 

it penetrates through the midbrain and rostral pons with its projections extending to forebrain 

structures (Walker & Tadi, 2022b). However, in this study, the DRN was sampled at only one 

coronal level of the rostral pons. Therefore, neuronal loss at other coronal levels within the 

DRN remain undetermined. Future studies are encouraged on a more detailed analysis of the 

DRN using serial sections at different levels to provide a more detailed understanding of DRN 

pathology in PD and LBD. 

 

Furthermore, FASTclear tissue clearing technology can significantly enhance quantification of 

protein pathologies and noradrenergic and serotonergic fibres, as well as better understand the 

distribution between each other in 3D. Initally, there had been an attempt to clear large tissue 

sections such as that of the pons in Chapter 4, which results in an extremely prolonged 

incubation period for effective tissue clearance. Therefore, smaller sized tissues were put 

through the Accu‐OptiClearing technique (Lee et al., 2021) to accelerate tissue transparency. 

Although it was determined that smaller tissue will be required, future work is recommended 

to do a more comprehensive analysis of the Accu‐OptiClearing technique protocol on brain 

tissue from other brain regions.   
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5.6. Conclusion  

 

In conclusion, no trends were observed in neuron or fibre counts across the serotonergic system 

in PD and LBD. There were also no associations between serotonergic neuronal loss and DLB 

symptomatology or other non-motor symptoms. Staining uncertainties in controls and subject 

tissues makes it impossible to draw firm conclusions. The present study provides grounds for 

further examinations, possibly by elucidating the clinical significance of serotonergic deficits 

in PD and LBD, and assessment of the clinical efficacy of serotonergic medications in LBD 

treatment.  
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6. Noradrenergic and Serotonergic Receptor Changes in Lewy Body 

Dementia (LBD) 
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6.1. Introduction 

 

Lewy body dementia (LBD) - dementia with Lewy bodies (DLB) and Parkinson’s disease 

dementia (PDD) - can be clinically distinguished via the arbitrary ‘one-year rule’. DLB is 

characterised by fluctuating cognition (FC), REM sleep behaviour disorder (RBD), visual 

hallucinations (VH), and Parkinsonism. DLB is thought to be similar to PDD, but PDD patients 

often do not present with the aforementioned DLB symptoms. Possible differences in brainstem 

pathology and their target brain regions may underlie the different clinical symptoms.  

 

In early stages of PD, receptor expression may be modified via various mechanisms (induced 

by pathological α-synuclein (α-syn)), as reported in N-methyl-D-aspartic acid (NMDA) 

receptors through interference in the composition of NMDA receptor subunits, trafficking 

(Navarria et al., 2015; Chen et al., 2015; Yang et al., 2016), altered spine density (Blumenstock 

et al., 2017), and damage to vital mitochondrial components (Ruggiero, Katsenelson & Slutsky, 

2021). This is followed by death of vulnerable neurons in the later stages of PD, resulting in 

the degeneration of neuronal networks (Kulkarni et al., 2022). These networks are comprised 

of both pre-synaptic (axonal) and post-synaptic (dendritic) terminals, and it remains unclear as 

to whether the same patterns are observed in LBD. In Chapters 3-5, pathological protein 

markers and neuronal markers, typically in the pre-synaptic axonal terminals, have been used 

to assess integrity of noradrenergic and serotonergic systems in LBD. However, it seems 

insufficient to draw conclusions of the entire network from merely assessment of the pre-

synaptic axonal terminals alone. Therefore, in this chapter, the post-synaptic dendritic 

terminals will be examined through investigation of noradrenergic and serotonergic cell surface 

receptors. 

 

Noradrenaline is a catecholamine neurotransmitter that exerts its effect through binding to G-

protein coupled receptors (GPCRs), α- and β-adrenergic receptors (AR). α-ARs comprise of 

α1 and α2 receptors, each of these with three subtypes: α1A, α1B, and α1D; α2A, α2B, and α2C. β-

ARs are divided into β1, β2, and β3 subtypes (Ramos & Arnsten, 2007). The α1- and β-ARs 

have an excitatory role where, upon activation, they increase intracellular phospholipase C or 

cyclic adenosine monophosphate (cAMP) respectively. In comparison, α2-ARs are inhibitory, 

thus suppress intracellular cAMP (Drago et al., 2011). Noradrenaline possesses strongest 

affinity for α2-ARs (Ramos & Arnsten, 2007) so reduced noradrenaline release may inhibit 

neuronal activity, whereas only higher noradrenaline concentrations stimulate α1- and β-ARs 
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for increased neural transmission (Arnsten, Wang & Paspalas, 2012; Maletic et al., 2017). 

Nevertheless, the nature of noradrenergic receptors in Parkinson’s disease (PD) and LBD 

pathophysiology remains to be determined. 

 

Serotonergic receptors are dense and widespread throughout the brain. Two abundant 

serotonergic receptors are 5-HT1A receptor and 5-HT2A receptor (Carhart-Harris & Nutt, 2017). 

5-HT1A receptor is the principle inhibitory serotonergic receptor and regulates stress and 

emotion (Peroutka & Snyder, 1979; Carhart-Harris & Nutt, 2017). Most 5-HT1A receptor are 

expressed on the post-synaptic membrane in many brain regions, especially the hippocampus 

and cortex (Varnäs, Halldin & Hall, 2004). Dense 5-HT1A receptor expression in the midbrain, 

limbic and cortical regions (Varnäs, Halldin & Hall, 2004), as well as on serotonergic neurons 

in the dorsal and median raphe nuclei, enable function as presynaptic autoreceptors to exert 

strong homeostatic control on serotonergic neuron firing rates to regulate its efflux into the 

forebrain (Lanfumey et al., 2000). On the other hand, the 5-HT2A receptor is a member of the 

GPCRs (Glennon et al., 2000) whereby serotonin binding increases host neuron excitability 

(Andrade, 2011). 5-HT2A receptors are predominantly localised in the cortex, with expression 

levels stronger to the cortex than subcortical regions such as the thalamus. 5-HT2A receptors 

are also expressed in the basal ganglia and hippocampus, as well as minimal expression in the 

cerebellum and brainstem. Postsynaptic 5-HT1A receptor and 5-HT2A receptor activation causes 

opposite effects in a neuron, whereby 5-HT1A receptor signaling causes an inhibitory effect 

(hyperpolarisation), and 5-HT2A receptor stimulation has an excitatory effect (depolarisation) 

(Andrade, 2011). Ligand binding studies (Cross et al., 1984; CROW, 1984, Anon, 1982; Cheng 

et al., 1991a), autoradiographic studies (Jansen et al., 1990), and positron emission tomography 

(PET) studies (Blin et al., 1993) demonstrate 5-HT2 receptor deficits in the hippocampus, 

amygdala, frontal, temporal and cingulate cortices. In comparison, preservation of 5-

HT2 receptors in the temporal cortex may correlate with onset of hallucinations in LBD patients 

(Cheng et al., 1991a; Lanctôt, Herrmann & Mazzotta, 2001). However, these studies are 

outdated, and current studies are scarce, so there remains a need to better understand the role 

of cell surface receptors in LBD.    

 

Given the apparent discrepancies associated with immunohistochemistry (IHC) and scarcity of 

receptor-based studies in LBD, the contribution of serotonergic and noradrenergic cell surface 

receptors in LBD pathophysiology will now be assessed. Here, in this chapter, a more 

contemporary, exploratory approach has been adopted using RNAscope methodology. 
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RNAscope refers to a well-validated commercially available form of RNA in 

situ hybridization (ISH) for the visualization of single RNA molecules in individual cells of a 

wide range of sample types including formalin-fixed paraffin-embedded (FFPE) tissue 

(Duncan et al., 2019; De Biase et al., 2021). This is an alternative to protein detection. 

RNAscope detects target-specific probe to minimize non-specific signals for more highly 

specific staining (Bingham et al., 2016; Wang et al., 2012). Receptors to be studied have been 

selected based on the following elements: (1) manufacturer availability, and (2) current 

literature around potential receptors involved in LBD pathophysiology.      

 

 

6.2. Hypothesis and Aims  

 

In this chapter, I hypothesise that cognitive impairment in PD will be associated with reduced 

receptor expression. 

 

This hypothesis will be addressed through the following aims:  

• Perform proof of principle on RNAscope technique using human FFPE tissue. 

• Optimise selected RNAscope probes within the tissue and qualitatively assess the 

distribution of RNAscope probes within selected brain regions. 

 

6.3. Methods 

 

6.3.1. Case Selection 

 

Cases were selected based on the selection and exclusion criteria outlined in Chapter 2.3.3. 

This study contained three cases: 1 PD, 1 PDD and 1 DLB case out of the total 100 cases 

(Appendix 2; Appendix 3). 

 

6.3.2. Human Brain Tissue 
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Post-mortem human brain tissue blocks were obtained from the Parkinson’s UK Tissue Bank 

at Imperial College London. FFPE tissue samples containing the hippocampus and superior 

frontal gyrus were selected, cut at 7μm using a Leica Microtome and dried at 37°C overnight. 

 

6.3.3. RNAscope and Probe Selection 

 

RNAscope technology is based on the principle that specific regions of interest on RNA 

molecules can be detected through their hybridisation with their complementary synthetic RNA 

probe sequence. These probes are a pair of ‘Z’ shaped structures that recognise the RNA 

sequence of interest (Baumgart, Schad & Grabenbauer, 2001). The ‘Z’ probes are composed 

of three components: (1) the base region that hybridises to RNA sequence, (2) the ‘Z’ probe 

tail that contains the pre-amplifier sequence (3) the spacer (also known as linker) sequence that 

connects the base region to the ‘Z’ probe tail (Wang et al., 2012). Upon binding of the base 

region (RNA-specific sequence) to its target RNA sequence within the cell, a series of 

sequential processes occur for signal amplification (Figure 6.1A) (Wang et al., 2012; Atout, 

Shurrab & Loveridge, 2022). Firstly, the pre-amplifiers attach to their respective binding sites 

at the top of each double ‘Z’ pair probes. Secondly, numerous amplifier sequences conjugate 

via complementary base pairing to the pre-amplifier sequence, followed by subsequent binding 

of labelled probes (chromogenic or fluorescent) to their specific domains on the amplifier 

molecules. The ‘Z’ probes form a dimer on the target RNA region to enable binding of the pre-

amplifier, which stimulates the amplification cascade and contributes to the high sensitivity 

and specificity of the RNAscope technology (Figure 6.1B). In theory, each target RNA 

molecule hybridises to 20 ‘Z’ dimers (pre-amplifiers), and each pre-amplifier in turn attaches 

to 20 amplifiers that subsequently attach to 20 labelled probes per amplifier. Hence, a total of 

400 labelled probes hybridise to each dimer, resulting in up to 8,000 times signal amplification 

(Atout, Shurrab & Loveridge, 2022). Following signal amplification, RNAscope analysis 

involves quantifying the number of labelled individual dots within the sample (Erben & 

Buonanno, 2019). Each dot represents one RNA molecule, meaning that the number of dots is 

proportionate to the number of target RNA molecules within the sample (Atout, Shurrab & 

Loveridge, 2022). 

 

Tissue sections for the superior frontal gyrus and hippocampus were hybridised to target RNA 

probes according to the protocol outlined in Chapter 2.6 (Fig. 6.1; Table 6.1). Combinations of 
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RNAscope® probes and horseradish peroxidase (HRP) conjugate are as follows: (1) Opal 

520 and RNAscope Multiplex FL v2 HRP-C1, (2) Opal 570 and RNAscope® Multiplex 

FL v2 HRP-C2, and (3) Opal 690 and RNAscope Multiplex FL v2 HRP-C3. Tissue sections 

were incubated with RNAscope probes at 40°C for 2 hours. However, for subsequent cycles 

the incubation period was increased to 4 hours due to a faint signal obtained in the initial assay. 

RNAscope probes were selected based on (1) manufacturer availability, and (2) current 

literature around potential receptors involved in LBD pathophysiology: α2A-AR (Hs-

ADORA2A), serotonin transporter (SERT) (Hs-SERT-C2) and 5-HT2A receptor (Hs-HTR2A-

C3) (Table 6.1).   
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Figure 6.1: RNAscope signal 

amplification cascade (ACD, USA). (A) The 

‘Z’ probes components include the following: 

(1) the base region that consists of 18-25 bases 

per probe, (2) the ‘Z’ probe tail that contains 

14 bases per probe (3) the spacer (also known 

as linker) sequence. (B) The sequence of 

RNAscope signal amplification: (1) pair of 

‘Z’ probes bind to a complementary sequence, 

(2) pre-amplifier attaches to ‘Z’ pair tail, (3) 

amplifiers bind to pre-amplifier, (4) labelled 

probes attach to their complementary sites on 

the amplifiers. Adapted from (Atout, Shurrab 

& Loveridge, 2022). 



Table 6.1: RNAscope Probes 

 

 

6.3.4. Image Analysis using Confocal Microscopy 

 

Image analysis was performed on a Leica Sterallis 8 Inverted Confocal Microscope in the 

FILM Facility at Imperial College London. Objectives used include the following: HC PL APO 

10x (NA 0.40), HC PL APO 20x (NA 0.75) and HC PL APO 63x (NA 1.40) OIL. 

 

6.3.5. Protocol Assessment using Positive and Negative Control HeLa Cells 

 

Probe Species Catalogue No. Target 

RNAscope 3-plex 

Positive Control 

Probe_Hs (PN 320861) 

Human 323135  

 

RNAscope LS 2.5 positive control probe for 

RNAscope LS 2.5 Multiplex Fluorescent 

Assay -TBP (C1 Channel), PPIB (C2 

Channel), POLR2A (C3 Channel) intended 

for use HeLa control slides. 

 

RNAscope 3-plex 

Negative Control 

Probe(PN 320871)  

 

N/A 323135  

 

RNAscope 3-plex LS Multiplex Negative 

control probe DapB (of Bacillus subtilis 

strain) for RNAscope LS 2.5 Multiplex 

Fluorescent Assay. 

 

RNAscope Probe - Hs-

ADORA2A -  

 

Human 500081  Homo sapiens adenosine A2a receptor 

(ADORA2A) transcript variant 1 mRNA. 

RNAscope Probe - Hs-

SERT-C2 -  

 

Human 310561-C2  

 

Homo sapiens solute carrier family 6 

(neurotransmitter transporter, serotonin), 

member 4 (SLC6A4), mRNA. 

RNAscope Probe - Hs-

HTR2A-C3 -  

 

Human 420791-C3  

 

Homo sapiens 5-hydroxytryptamine 

(serotonin) receptor 2A G protein-coupled 

(HTR2A) transcript variant 2 mRNA. 
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The quality of RNAscope technology was validated using RNAscope 3-plex Positive 

Control Probe_Hs (PN 320861), RNAscope® 3-plex Negative Control Probe (PN 320871), 

synthesised by the manufacturer (Chan et al., 2018). The positive control probe validates the 

detection of a signal from an expression of genes present in the sample and is also a measure 

of tissue integrity such that its absence indicates RNA degradation. The positive control 

consists of the following three genes: (1) PPIB (peptidylprolyl isomerase B), employed for 

target genes with moderate expression levels (10–30 copies per cell) (ACD, 2021; Atout, 

Shurrab & Loveridge, 2022), (2) Polr2A (RNA polymerase II subunit A), used for low-level 

expression genes (3–15 copies per cell), and (3) UBC (Ubiquitin C), for moderate to highly 

expressed genes (> 20 copies per cell) (ACD, 2021; Atout, Shurrab & Loveridge, 2022). The 

negative control probe consists of a bacterial gene dapB (dihydrodipicolinate B. 

subtilis reductase) to confirm absence of background signal, as it is one that should be absent 

in any animal samples. 

 

The protocol was performed on HeLa cells, provided by the manufacturer, as per their 

recommendations: Polr2A C1 signal with Opal 570 1:1500; PPIB C2 signal with Opal 690 

1:1500 and UBC C3 signal with Opal 520 1 :3000.  

 

Robust and punctate signal was visible in the positive controls (Figure 6.2). The relative 

expression levels were in line as expected by the manufacturer such that the highest expression 

can be seen in UBC, intermediate expressor is PPIB, and lowest expressor is Polr2A. Negative 

controls were clean, as expected, with a little bit of signal in the green channel (Figure 6.3). 

Overall, the results confirmed that the assay was working as anticipated, thus the subsequent 

assay was performed on samples of interest. 
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Figure 6.2: RNAscope 3-plex 

Positive Control Tissue: PolR2A 

(red), PPIB (blue), and UBC 

(green). Images captured under a 

20x objective lens. Scale bar 

represents 100m. 

Figure 6.3: RNAscope 3-plex 

Negative Control Tissue: dapB. 

Image captured under a 20x 

objective lens. Scale bar 

represents 100m. 
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6.4. Results  

 

RNAscope was performed on FFPE tissue sections with the following RNAscope probes: 

RNAscope 3-plex Positive Control Probe_Hs (PN 320861), RNAscope 3-plex Negative 

Control Probe (PN 320871), as described above, along with Hs-ADORA2A, Hs-SERT-C2 and 

Hs-HTR2A-C3.    

 

6.4.1. Frontal Cortex Hs-ADORA2A, Hs-SERT-C2 and Hs-HTR2A-C3 

Expression in PD and LBD 

 

Staining was performed in the frontal cortex in a PD, PDD and DLB case for the following 

RNAscope probes: Hs-ADORA2A (Cat. No. 500081), Hs-SERT-C2 (Cat. No. 310561-C2) 

and Hs-HTR2A-C3 (Cat. No. 420791-C3). The initial attempt at the RNAscope procedure 

yielded faint results and large amounts of autofluorescence. In PD, Hs-HTR2A-C3 has 

demonstrated the strongest expression, followed by an extremely faint expression of Hs-SERT-

C2 and no expression of Hs-ADORA2A. No expression was observed in PDD and DLB. Due 

to these inadequacies, a further attempt was made to amplify signals through modifications of 

the protocol as follows: use of fresh reagents (e.g. xylene and alcohol) and RNAscope® probes 

incubation time was lengthened from 2 hr to 4 hrs. 

 

Modifications to the protocol, as stated above, improved the expression of RNAscope probes. 

The probe expression is dispersed throughout the tissue. Hs-ADORA2A, Hs-SERT-C2 and Hs-

HTR2A-C3 probes were hybridised in the frontal cortex of a PD, PDD and DLB case. Co-

expression seemed to be localised within the neuronal cell bodies throughout the frontal cortex 

in a PD patient, with punctate expression of Hs-HTR2A-C3 and Hs-SERT-C2 in the cytosol. 

Upon closer examination, Hs-HTR2A-C3 shows the most abundant expression, followed by 

Hs-SERT-C2, and then Hs-ADORA2A (Figure 6.4). In comparison, sparse, even expression 

was observed in a PDD (Figure 6.5) and DLB (Figure 6.6) patient. Hs-HTR2A-C3 was most 

abundantly expressed and dispersed across the tissue, localised to the neuronal cell bodies as 

well as the cytosol. Hs-SERT-C2 expression was scarce with only one potential single 

transcript in each patient, and no expression of Hs-ADORA2A was observed throughout the 

tissue. These findings may suggest greater cortical preservation of these cell-surface receptors 

in PD than PDD and DLB, thus indicating their potential role in LBD pathophysiology. 
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F 
Figure 6.4: RNAscope in frontal cortex of PD patient. (A) Hs-

ADORA2A (green) localised to the neuronal cell bodies, with 

punctate expression of (B) Hs-SERT-C2 (red) and (C) Hs-HTR2A-

C3 (blue). Merged images (D-F). Images captured under a 63x 

objective lens. Scale bar represents 50m. 
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Figure 6.5: RNAscope in frontal cortex of 

PDD patient. (A) Hs-ADORA2A (green) 

localised to the neuronal cell bodies, with 

punctate expression of (B) Hs-SERT-C2 (red) 

and (C) Hs-HTR2A-C3 (blue). Merged 

images (D). Images captured under a 63x 

objective lens. Scale bar represents 50m. 

Figure 6.6: RNAscope in frontal cortex of 

DLB patient. (A) Hs-ADORA2A (green) 

localised to the neuronal cell bodies, with 

punctate expression of (B) Hs-SERT-C2 (red) 

and (C) Hs-HTR2A-C3 (blue). Merged images 

(D). Images captured under a 63x objective lens. 

Scale bar represents 50m. 
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6.4.2. Hippocampal Hs-ADORA2A, Hs-SERT-C2 and Hs-HTR2A-C3 

Expression in PD and LBD 

 

RNAscope probe expression was investigated in the hippocampus within each hippocampal 

subfield: CA1, CA2, CA3, CA4, and subiculum. Scarce expression was observed in each PD, 

PDD and DLB patient within the CA1 hippocampal subfield. Similarly to the frontal cortex, 

Hs-HTR2A-C3 is the highest expressed probe in each clinical subgroup, although the signal is 

less apparent in PDD and DLB than PD. Expression of Hs-ADORA2A and Hs-SERT-C2 is 

absent in the CA1 subfield in PD, PDD and DLB (Figure 6.7).  

 

Hs-HTR2A-C3 expression in the CA2 subfield is even more sparse than that observed in the 

CA1 subfield in PD, PDD and DLB, with the signal being almost absent in PDD and DLB. 

There were no noticeable differences in Hs-ADORA2A and Hs-SERT-C2 expression in any 

PD cognitive subtypes (Figure 6.8). 

 

There was no expression of Hs-ADORA2A, Hs-SERT-C2 and Hs-HTR2A-C3 probes in the 

CA3, CA4 and subiculum subfields of the hippocampus in any PD cognitive subtypes. 

  



 

  

A 

B 

C 

Figure 6.7: RNAscope in CA1 hippocampal subfield. (A) PD, (B) PDD, and (C) DLB patient: Hs-ADORA2A (green), Hs-SERT-C2 (red) and (C) Hs-HTR2A-C3 (blue). 

Images captured under a 63x objective lens. Scale bar represents 50m. 
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A 

B

C

Figure 6.8: RNAscope in CA2 hippocampal subfield. (A) PD, (B) PDD, and (C) DLB patient: Hs-ADORA2A (green), Hs-SERT-C2 (red) and (C) Hs-HTR2A-C3 

(blue). Images captured under a 63x objective lens. Scale bar represents 50m. 



6.5. Discussion 

 

Protein pathologies and neuronal integrity in LBD have been investigated using IHC in 

previous chapters, although there are several limitations of the technique as formerly discussed. 

The use of IHC enables examination of protein pathologies in situ, as per the development of 

Dr Albert Coons in the early 1970s (Coons, 1971). However, it does not permit assessment of 

mechanisms prior to protein expression (e.g. RNA expression). Expression patterns of several 

genes can be accomplished using various techniques. These include Northern blotting, 

microarrays, messenger RNA (mRNA) polymerase chain reaction (PCR) (Wong & Medrano, 

2005), quantitative reverse transcriptase polymerase chain reaction (qRT-PCR), digital or 

quantitative real time PCR (qPCR), as well as the traditional RNA-in situ hybridisation (ISH) 

(Atout, Shurrab & Loveridge, 2022). However, these technologies are not without limitations. 

For instance, RNA extraction needs to precede Northern blotting and PCR-based techniques, 

which may result in loss of RNA molecule during the process. These techniques also cannot 

determine gene expression localisation within samples (Atout, Shurrab & Loveridge, 2022). 

Traditional RNA-ISH mostly detects only highly expressed genes due to the low specificity 

and poor sensitivity (Gaspar & Ephrussi, 2015; Wang et al., 2012). Consideration of these 

limitation led to the introduction of RNAscope by Advanced Cell Diagnostics (ACD), Inc. 

as a novel improved derivative of traditional RNA-ISH (Gaspar & Ephrussi, 2015; Erben & 

Buonanno, 2019; Atout, Shurrab & Loveridge, 2022). RNAscope has is extremely versatile 

with broad applications across neuroscience. It has proven to be a state-of the-art tool for 

combination use of cell-specific markers or during the absence of complementary antibodies 

for a specific target site such as GPCRs or ions channels detection. It provides multiplexing 

capabilities of both chromogenic and fluorescent RNAscope assays for simultaneous 

visualisation of numerous target sites in FFPE and fresh frozen samples, enabling consistent 

differentiation of various entities within the nervous system (Meirsman et al., 2016; Gervasi et 

al., 2016; Carstens et al., 2016).       

 

This chapter used RNAscope to identify and compare cell surface receptors in PD, PDD and 

DLB. Therefore, the most important finding of the present study is that 5-HT2A receptor (Hs-

HTR2A-C3) is most abundant in comparison to SERT (Hs-SERT-C2) and α2A-AR (Hs-

ADORA2A) in the frontal cortex, and sparsely in the hippocampus, of a PD patient than a PDD 

or DLB patient. This is in agreement with previous autoradiographic studies that utilised 
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measuring [3H]ketanserin binding in dementia of both Alzheimer (AD)- and Lewy body (LB)- 

type (Shannon et al., 1984). Here, significant reductions in 5-HT2 receptor binding in the deep 

cortical layers was observed in senile dementia of Lewy body type (SDLT) cases without 

hallucinations (Shannon et al., 1984). Another study also showed serotonergic-S2 receptor (5-

HT2A/2C receptor) binding and both dopamine and serotonin metabolites were significantly 

decreased in non-hallucinating cases (Perry et al., 1990). These results suggest an imbalance 

between monoaminergic and cholinergic transmitters involved in hallucinogenesis in the 

human brain (Cheng et al., 1991b; Perry et al., 1990). 

 

Approximately 80% of excitatory glutamatergic pyramidal neurons in the prefrontal cortex co-

express 5-HT1A and 5-HT2A receptors (Amargos-Bosch, 2004), with the latter being 

particularly prevalent in layer V of the cortex (Weber, 2010). It has been well-demonstrated 

that 5-HT2A receptor signalling in the prefrontal cortex initiates a negative feedback mechanism 

to inhibit serotonergic neuronal firing in the dorsal raphe nucleus (DRN) (Boothman et al., 

2003), implying that 5-HT2A receptor has a crucial role in the regulation of serotonin release in 

the cortex, via a top-down modulatory cortical-raphe inhibitory feedback circuit (Sharp et al., 

2007; Vazquez-Borsetti, Cortes & Artigas, 2009). 

 

The findings presented herein are not supported by previous studies where α2A-AR density was 

greater in DLB in the deep layers of the frontal cortex, as well as the hippocampal CA1 and 

CA3 subfields (Leverenz et al., 2001). The increase in α2A-AR binding in DLB was in 

agreement with presynaptic α2A-AR expression from preserved locus coeruleus (LC) neurons 

to reinnervate its projection regions (Leverenz et al., 2001).  

 

6.5.1. Limitations  

 

Firm conclusions cannot be derived from this study due to the small sample size and absence 

of control cases. Further work will be required to validate findings on a larger patient cohort 

with controls.  

 

In this study, expression patterns of cell surface receptors were determined based on 

manufacturer availability and specificity to noradrenergic and serotonergic cell-surface 

receptors. However, other receptor modifications have been implicated in LBD. For instance, 
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greater density of 5-HT1A receptor in the temporal cortex of PDD and DLB patients correlated 

with depression (Sharp et al., 2008; Francis, 2009). Studies have shown that noradrenergic 

transporter (NET) decreases in AD patients (Gannon et al., 2015; Tejani-Butt, Yang & Zaffar, 

1993), especially in the LC (Tejani-Butt, Yang & Zaffar, 1993), as shown by autoradiography 

studies (Gulyás et al., 2010) and radioligand binding studies (Tejani-Butt, Yang & Zaffar, 

1993). NET is responsible for noradrenaline reuptake to the presynaptic neurons, hence a 

decrease in NET sites would increase the amount of noradrenaline in the synapse (Gannon et 

al., 2015). 

 

6.5.2. Future Work 

 

Here, the frontal cortex and hippocampus have been assessed which are only two components 

of the noradrenergic and serotonergic systems. As seen in the previous chapters, these systems 

also innervate other brain regions including the amygdala, hypothalamus, thalamus and 

cingulate cortex. Therefore, future studies should also consider performing RNAscope on 

these brain regions in order to obtain a more complete overview of receptor and transporter 

expression in PD and LBD. This could be complimented by the investigation of other receptor 

markers to determine their expression patterns in each phenotype. 

 

Some methodological amendments should also be considered for future studies. The FFPE 

tissue used had a prolonged fixation and storage time. It has been previously reported that there 

can be signal reductions after at least 1 year of storage. Therefore, slides could be pre-cut and 

stored (unstained, <1 yr old) at -20C to preserve hydridisation signals proves to be much more 

effective than storing blocks at room temperature and then cutting slides when required. This 

enables better RNA preservation for in situ hybridisation (Baena-Del Valle et al., 2017). 

Another option could also be to use fresh frozen tissue, which is thought to provide highest 

sensitivity and more efficient RNA preservation (Erben & Buonanno, 2019). 

 

Future studies should also explore the possibilities of using quantitative assessment to attain 

statistically significant conclusions. ACD have recommended softwares for automated 

analysis. The SpotStudio software enables data analysis with chromogenic RNAscope Assay, 

whereas the HALO Software enables data analysis with duplex, chromogenic and fluorescent 

RNAscope Assay (ACD, 2016). ACD also propose various methods for quantification (ACD, 
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2017). One possible suggestion is the use of a semi-quantitative histological assessment of the 

target expression level in a region of interest using a scoring criterion provided (ACD, 2017). 

Alternatively, quantitative digital image analysis could be employed to assess target expression 

levels of RNA transcripts within an area of interest (ACD, 2017). 

 

The combination of tissue clearing with RNAscope could prove to be incredibly valuable. 

Previously, RNAscope ISH-IHC dual staining has been utilised on primary neuron cultures 

in thick free-floating tissue sections from rat brain sections, which enabled co-localisation of 

genes and proteins within individual cells (Grabinski et al., 2015). Future studies are strongly 

advised to employ FASTClear with RNAscope simultaneously to enable more precise 

visualisation at greater depths (Goldfinger, 2019). 

 

 

6.6. Conclusion 

 

RNAscope has been performed in human FFPE tissue of one PD, PDD and DLB case to 

optimise the selected RNAscope probes within the tissue. The 5-HT2A receptor seemed to be 

more abundant than the α2A-AR and SERT in the frontal cortex of a PD patient than a PDD or 

DLB patient. However, although precise conclusions cannot be derived, future studies are 

encouraged to increase understanding of cell surface receptors in PD and LBD. This study 

should provide a reference basis to explore receptor expression patterns and perform 

pharmacopathological correlations thereafter, ultimately perhaps enabling the detection of 

more specific agonists for cell surface receptors in LBD.  
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7. The Effect of Pharmacological Interventions on Lewy Body Dementia 

(LBD) Pathology 

 

  



 221 

7.1. Introduction 

 

Receptor expression patterns in Parkinson’s disease (PD) and Lewy body dementia (LBD) 

were assessed in Chapter 6. Now, pharmacological agents will be explored to determine their 

effects on LBD pathology. The patient cohort used in this study have been administered 

specific pharmacological agents to tackle dementia with Lewy bodies (DLB) symptomatology 

and other non-motor symptoms. Hence, medications of interest were selective serotonin 

reuptake inhibitors (SSRI; citalopram, fluoxetine, paroxetine, venlafaxine, and sertraline), 

olanzapine, propranolol, mirtazapine and trihexyphenidyl (Appendix 4).  

 

SSRIs inhibit serotonin reuptake through serotonin transporter (SERT) at the presynaptic 

axonal terminal to increase serotonin concentrations in the synaptic cleft for more prolonged 

activation of postsynaptic receptors (Chu & Wadhwa, 2022; Xue et al., 2016). Mirtazapine is 

a central 2-adrenergic receptor (AR) antagonist on presynaptic terminals which increases 

central noradrenergic and serotonergic neurotransmission (British National Formulary (BNF), 

2022). It exerts its antidepressant effects through the 5-HT1 receptor (particularly the 5-HT1A 

receptor). The antagonistic properties of mirtazapine on 5-HTA, 5HT2C, and 5-HT3 receptors 

enables the remaining serotonin to interact with the vacant 5-HT1 receptor, which contributes 

to the antidepressant effects (Jilani et al., 2022; Schwasinger-Schmidt & Macaluso, 2018). 

Olanzapine is a dopamine D1, D2, D4, 5-HT2, histamine- 1-, and muscarinic-receptor 

antagonist, whereas propranolol is a non-cardioselective β-blocker (Al-Majed et al., 2017). 

Trihexyphenidyl is an anticholinergic used for the treatment of tremors, stiffness, spasms, and 

weak muscle control in PD (McInnis & Petursson, 1985).  

 

Although these medications were administered to patients, their effectiveness remains unclear. 

Therefore, in this pilot study, possible associations between administration of pharmacological 

agents and LBD pathology, that is, tyrosine hydroxylase (TH+) and tryptophan hydroxylase-2 

(TPH2+) fibre integrity, along with disease duration, will be examined.  

   

7.2. Hypothesis and Aims  

 

I hypothesise that medications targeting the noradrenergic or serotonergic systems will 

correlate with lengthened disease duration and greater total TH+ and TPH2+ fibre counts. 
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This hypothesis will be addressed through the following aims:  

• Perform an audit of clinical summaries from the patient cohort and identify 

pharmacological agents specifically targeting the noradrenergic or serotonergic 

systems. 

• Assess the relationship between administration of pharmacological agents with disease 

duration and total TH+ and TPH2+ count. 

 

7.3. Methods 

 

7.3.1. Clinical Audit  

 

Clinical summaries were derived as described in Chapter 2.3. Briefly, factors such as sex, age 

of onset, death, disease duration, type of dementia, Braak -synuclein (-syn) stage, Braak tau 

stage, brain weight and post-mortem interval, were extracted from clinical summaries, along 

with a description of patient presentation, medications, and autonomic and psychiatric 

symptoms.  

 

The disease duration and medications were of particular interest for this study. Every 

medication was researched using the British National Formulary (BNF) database (British 

National Formulary (BNF), 2022) to determine their uses, mode of action and isolate those 

medications that specifically targeted the noradrenergic and serotonergic systems. These drugs 

were SSRIs, namely citalopram, fluoxetine, paroxetine, venlafaxine, and sertraline, which were 

categorized into one group. Patients administered olanzapine (5-HT2 receptor antagonist), 

propranolol (non-selective -AR antagonist), and mirtazapine (2-AR antagonist) (Appendix 

5) were also recorded. Anticholinergics (artane, trihexyphenidyl, benzhexol, promozine, 

amitriptyline, orphenadrine) were also selected based on advice provided by Dr Ronald K B 

Pearce. Therefore, a total of 14 medications were recorded because these agents specifically 

target the noradrenergic and/or serotonergic systems and explore any possible associations with 

disease duration.  
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7.3.2. Statistical analysis  

 

GraphPad Prism 9.0 was used for the statistical analyses. Comparisons between two groups, 

for example, total TH+/TPH2+ count and patients administered propranolol compared to 

patients not administered propranolol, were conducted using Mann-Whitney test. Other 

comparisons using Mann-Whitney test include presence and absence of medication against 

disease duration. 

 

7.4. Results 

 

7.4.1. Relationships between Disease Duration and Pharmacological Agents  

 

SSRIs (Citalopram, fluoxetine, paroxetine, venlafaxine, sertraline), as well as olanzapine, 

propranolol, mirtazapine, and anticholinergics (artane, trihexyphenidyl, benzhexol, promozine, 

amitriptyline, orphenadrine) were correlated with disease duration and total TH+ and TPH2+ 

count. 

 

Patients administered propranolol (Figure 7.1) and anticholinergics (Figure 7.2) had a 

significantly longer disease duration than those not administered these medications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: Disease duration in patients with and without 

propranolol administration. Statistical analysis was performed using 

Mann Whitney test: Mean – 18.75 (left), 10.579 (right); SD; – 6.551 

(left), 5.772 (right); U value – 46.50; *P < 0.05.   
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7.4.2. Relationships between Total TH+ and TPH2+ and Medication Administered  

 

There were no statistically significant relationships between total TH+ and TPH2+ count and 

medications administered (Table 7.1).  

 

 

Table 7.1: Summary of the relationship between pharmacological agents and disease duration, TH+ count and TPH2+ count. 

Pharmacological Agent Disease Duration TH+ Count TPH2+ Count 

SSRIs n.s. n.s. n.s. 

Olanzapine n.s. n.s. n.s. 

Propranolol * n.s. n.s. 

Mirtazapine n.s. n.s. n.s. 

Anticholinergics * n.s. n.s. 

 

  

Figure 7.2: Disease duration in patients with and without 

trihexyphenidyl administration. Statistical analysis was 

performed using Mann Whitney test: Mean – 16.8 (left), 10.157 

(right); SD – 6.596 (left), 5.521 (right), U value – 144; *P < 0.05.   
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7.5. Discussion 

 

In this study, a pharmacopathological analysis was performed to determine if there were 

associations between medications and disease duration, total noradrenergic or serotonergic 

fibre count. These medications were SSRIs (e.g. citalopram, fluoxetine, paroxetine, 

venlafaxine, and sertraline), olanzapine, propranolol, mirtazapine and anticholinergics (artane, 

trihexyphenidyl, benzhexol, promozine, amitriptyline, orphenadrine) (Appendix 4).  

 

The four patients administered propranolol had a significantly longer disease duration than 

those not administered propranolol. Propranolol has been shown to be a useful adjuvant therapy 

to L-DOPA for PD-associated tremors (Crosby, Deane & Clarke, 2003; Koller & Herbster, 

1987) and other forms of dyskinesia (Shi et al., 2020; Carpentier et al., 1996). Interestingly, 

the four patients with propranolol administration in the cohort of this study were also 

experiencing tremors. Propanolol does not interact with serotonin and binds to other 

catecholamines aside from noradrenaline (Lương & Nguyễn, 2013). Therefore, it does not 

seem to be involved with non-motor symptoms. Propranolol binds to the β-AR which are 

widely expressed across the brain from cortical regions to medial septal nuclei, olfactory 

region, midbrain, striatum, hippocampus, and thalamic nuclei to modulate motor control 

(Lương & Nguyễn, 2013). These G-protein coupled receptors (GPCRs) are complementary to 

catecholamines such as noradrenaline and adrenaline, which activate the subsequent 

downstream signalling cascade via adenylate cyclase and intracellular messenger cyclic 

adenosine monophosphate (cAMP).  

 

Ten patients were administered anticholinergics. These patients had a significantly longer 

disease duration than those not on anticholinergics. Similarly to propranolol, it is used as an 

adjunct to L-DOPA (Brocks, 1999) to treat motor symptoms such as tremors, stiffness, spasms, 

and weak muscle control in PD (McInnis & Petursson, 1985). The ten patients with 

anticholinergics administration were also experiencing tremors. Although the precise 

mechanism of action remains poorly understood, anticholinergics such as trihexyphenidyl 

target the parasympathetic nervous system and cerebral motor centres using dopamine and 

muscarinic M1 receptors (Berke & Hyman, 2000; Stanek, 1986). There were no significant 

relationships between propranolol or anticholinergics administration to disease duration in this 

pilot study. It is also important to consider that correlation does not necessarily imply causation. 
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Therefore, these medications may be associated with prolonged disease duration perhaps 

because patients with prominent tremor often have more benign disease with longer disease 

courses. The cases used in this study are also predated, which may influence drug 

administration due to the lack of medications available at the time for LBD patients.  

Propranolol and anticholinergics may not have direct influence on non-motor symptoms. 

Recently, with the availability of technological advancements, six new trials have commenced 

(Table 1.6; Table 1.7) of which the following could be paramount to ameliorating 

noradrenergic and serotonergic pathology in LBD. Pharmacological agents strongly associated 

to the noradrenergic and serotonergic systems include bosutinib (Keller, Schafhausen & 

Brummendorf, 2009; Nixon, 2013; Lee et al., 2019; Lonskaya et al., 2013), E2027 (Ando et 

al., 2017; Harms, Menniti & Schmidt, 2019; Lee et al., 2019), nelotanserin (Stefani et al., 2021; 

Ferrero et al., 2017; Lee et al., 2019), and intepirdine (Bersani et al., 1990; Doi et al., 2019; 

Fox, 2013; Huot et al., 2010; Lang et al., 2021). Although the longer-term efficacy remains to 

be determined, there is great hope for the management of non-motor domains in LBD through 

noradrenergic and serotonergic interventions.  

 

  

  

 

 

 



 

Phase 1 Phase 2 Phase 3 

Disease Modifying Treatment  

Symptomatic Treatment  

CST-103 

CST-107 

Neflamapimod ATH-1017 

CT812 

E2027 K0706 

Ambroxol 

Nilotinib  
Bosutinib  

Memantine   

Ondansetron  

Nelotanserin  

Intepiridine   

NYX-458  

LY3154207/Mevidalen  

Terazosin  

Dopamine Symptomatic    

Non-Dopamine Symptomatic    

-2 Adrenergic Agonist  

Tyrosine Kinase Inhibitor   

p38 MAPK Inhibitor       

PDE Inhibitor 

GCase Enhancer  

-2 Receptor Modulator 

Figure 7.3: Disease modifying treatments and symptomatic treatments in the current clinical pipeline, of which could be targets for the noradrenergic or serotonergic systems (circled). 

Adapted from (Aarsland, 2022). 
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7.5.1. Limitations and Future Work 

 

One limitation of this pilot study was the fact that it was fairly simple in nature, as the effect 

of pharmacological intervention on LBD pathology was determined simply through the 

‘presence’ or ‘absence’ of a drug. Future studies investigating dosage responses are encouraged 

to better understand tolerance of pharmacological agents, as it may determine the rate of disease 

progression. 

 

Another limitation was the use of a direct comparison between the pharmacological agent and 

the pathological substrate (e.g. propranolol vs disease duration, anticholinergics vs total TH+ 

count). Nevertheless, it is important to note that patients may not have been administered a 

particular medication immediately at the point of diagnosis. On such occasions, a more 

effective assessment would have been to isolate the patients on that specific medication of 

interest, calculate the duration of drug administration, and determine whether it had any effect 

on LBD pathology. 

The Mann-Whitney test was used to determine statistical comparisons. However, the test is 

based on the rank of the observations and does not consider differences between values. The 

relationship between propanol administration and disease duration showed that the propranolol 

group had a very small n number (n=4; Figure 7.1), so it could be argued that the Mann-

Whitney test has little power with small sample sizes. The Mann-Whitney test is presented here 

for simplicity to compare paired observations, but perhaps comparisons of mean values, 

through the use of a t test, may be a better alternative for future analyses. 

 

 

7.6. Conclusion 

 

This study has successfully performed an examination of the relationship between 

pharmacological agents and underlying neuropathology. Assessment of the relationship 

between these agents and disease duration, total noradrenergic or serotonergic count revealed 

that propranolol and anticholinergics administration prolonged disease duration. There were 

no significant relationships between these agents and total noradrenergic and serotonergic fibre 
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counts. The four patients undergoing propranolol treatment and ten patients on anticholinergics 

were experiencing motor dysfunctions, thus there seems to be no associations with non-motor 

symptoms. Emergence of more specific pharmacological agents, such as bosutinib, E2027, 

nelotanserin, and intepirdine, may prove to be more valuable in improving prognosis in LBD 

patients. 
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8. Discussion 
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The clinical and pathological characteristics of the Lewy body dementia (LBD) clinical 

subtypes (neuronal integrity and proteinopathies) have been investigated in the noradrenergic 

(Figure 8.1B) and serotonergic systems (Figure 8.1C), and their associations to clinical 

presentations have been determined. The hypothesis of the present thesis states that pathology 

in non-dopaminergic neurotransmitter systems will be associated with key clinical symptoms 

in dementia with Lewy bodies (DLB) – based on an explicit, simplistic model that if DLB 

patient have poorer prognosis, they are also likely to show more severe pathology in non-

dopaminergic neurotransmitter systems, which would correlate with symptom presentations. 

However, upon completion of the entire study, it seems to be apparent that determining the 

underlying neuropathology in DLB may not be as simple as one would assume.  

 

The key findings of the present thesis correlate with the aims as follows: 

 

• Compare the integrity of the noradrenergic and serotonergic projection pathways 

between Parkinson disease (PD) subtypes. 

o Locus coeruleus (LC) noradrenergic neurons were reduced in LBD compared 

to PD, indicating that neuronal reduction in these patients is prevalent regardless 

of the precise phenotype.   

o No trends were observed in neuron or fibre counts across the serotonergic 

system in PD and LBD.  

o  5-HT2A receptor (Hs-HTR2A-C3) seemed to be more abundant than the α2A-

AR (Hs-ADORA2A) and serotonin transporter (Hs-SERT-C2) in the frontal 

cortex of a PD patient than a Parkinson’s disease dementia (PDD) or DLB 

patient.  

 

• Compare the extent of protein pathology in noradrenergic and serotonergic projection 

pathways between PD subtypes. 

o Crucial components of the limbic system - the hippocampus, thalamus and 

cingulate cortex, which are constituents the Papez circuit - were most affected 

by the proteinopathies, particularly α-synuclein (α-syn) deposition that also 
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correlated with the onset of some DLB symptomatology and non-motor 

symptoms.  

 

• Correlate proteinopathies and neuronal integrity to symptom presentations. 

o Each protein type, whether that may be α-syn, tau, or amyloid-beta (Aβ) 

plaques, seemed to act differently within each brain region of the noradrenergic 

and serotonergic systems, such that it correlates with the onset of different 

symptoms. 

o The α-syn protein also behaves in a different manner in the Papez circuit. For 

example, α-syn within the cingulate cortex and hippocampus contributes to 

sleeps disturbances (including REM sleep behaviour disorder (RBD)), but then 

contributes to hallucinations as it progresses round to the thalamus and cingulate 

cortex.  

o Patients with visual hallucinations (VH) still had a significant reduction of 

noradrenergic fibres in the frontal cortex than those without VH. This suggests 

a potential role of noradrenaline in the onset of VH. 

o There were also no associations between serotonergic neuronal loss and DLB 

symptomatology or other non-motor symptoms. 

 

• Determine the effects of medications targeting the noradrenergic or serotonergic 

systems on disease duration and neuronal integrity. 

o Propranolol and anticholinergics administration prolonged disease duration.  

o There were no relationships between these agents and total noradrenergic and 

serotonergic count. 
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Figure 8.1: The Papez Circuit in relation to the Noradrenergic and Serotonergic Systems. (A) Superimposed diagram of the Papez 

Circuit with the Noradrenergic and Serotonergic Systems, (B) Noradrenergic System, (C) Serotonergic System, and (D) Papez Circuit. 
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8.1. Could α-syn in the Papez Circuit cause Non-Motor Symptoms in LBD? 

 

The Papez circuit involves projections between the hippocampus, mamillary bodies, anterior 

thalamus, and cingulate cortex (Figure 8.1D; Figure 8.2) (Matar et al., 2018). The concept of 

the Papez circuit indicates an indirect connection between the cingulate cortex and the 

hippocampus. There is converging evidence that hippocampal–cortical interactions during 

sleep have a vital role in memory consolidation (Wang and Morris, 2010; Maingret et al., 

2016). Overtime, memories of previous experiences become dependent on cortical regions such 

as the anterior cingulate cortex rather than the hippocampus (Frankland et al., 2004; Restivo et 

al., 2009; Goshen et al., 2011). Substantive and consistent evidence suggests that there are 

multiple Papez circuit regions that are affected in AD pathophysiology, with some affected 

before or concurrently with the hippocampus, and Papez circuit changes can be a major 

contributor to episodic memory deficits (Forno, Lladó & Hornberger, 2021). There was 

significantly more atrophy in DLB cases in the hippocampus, cingulate cortex and the anterior 

thalamus compared to controls (Matar et al., 2018). There was a divergent pattern of atrophy 

observed within memory circuits in DLB compared to AD and controls. The anterior thalamus 

is most affected in DLB, and the hippocampus is most affected in AD. However, the precise 

role of the Papez circuit remains unexplored in LBD.  

  

This study may provide further insights into LBD pathophysiology where protein deposition 

seems to be predominant in the limbic system, particularly α-syn around the Papez circuit. 

Here, greatest α-syn deposition was observed in the hippocampus, thalamus and cingulate 

cortex in DLB cases than other PD cognitive subtypes. It is also interesting to note that the 

effects of α-syn depend on the location within the Papez circuit, such that α-syn within the 

cingulate cortex and hippocampus contributes to sleeps disturbances (including RBD), but then 

contributes to hallucinations as it progresses round to the thalamus and cingulate cortex.  

 

These observations are supported by the literature. The cingulate cortex and hippocampus are 

active regions for memory consolidation during the sleep state. Hippocampal ripple oscillations 

occur during sleep and wakefulness immobility (Ylinen et al., 1995) and are involved in 

memory consolidation (Girardeau et al., 2009; Jadhav et al., 2012). The ripple-associated 

hippocampal neural reactivation, known as “memory replay”, potentiates cortical synaptic 

connections to convert hippocampus-dependent memories into cortex-dependent memories 
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(Diekelmann and Born, 2010; Girardeau and Zugaro, 2011). This hippocampal–cortical 

memory consolidation is achieved through interactions between hippocampal CA1 neurons and 

a subpopulation of anterior cingulate cortex (ACC) neurons via monosynaptic and 

multisynaptic pathways (Cenquizca and Swanson, 2007; Rajasethupathy et al., 2015), although 

the precise pathway remains unclear. Therefore, it may be plausible that the cingulate cortex 

and hippocampus seem to use the sleep state as a medium to perform memory consolidation. 

Deposition of α-syn in the cingulate cortex and hippocampus may impede these pathways to 

lead to the onset of sleep disturbances. Future studies should be encouraged to better understand 

the pathways between the cingulate cortex and hippocampus and their relationship with sleep 

disturbances in LBD. 

   

Furthermore, there are direct connections between the thalamus and cingulate cortex via the 

internal capsule in the Papez circuit (Klein et al., 2010; Eckert et al., 2012; Csukly et al., 2021). 

Findings from Chapter 3 may suggest that progression of α-syn to the thalamus and cingulate 

cortex may contribute to hallucinations in DLB cases than other PD cognitive subtypes. This 

is supported by previous studies that report altered structural connectivity between the anterior 

cingular cortex (ACC) and bilateral thalamus (Csukly et al., 2021), perhaps through 

synchronised gamma oscillations (Behrendt, 2006). However, a more precise neural 

connectivity between the thalamus and cingulate cortex remains to be elucidated, as well as the 

pathophysiology behind α-syn deposition and hallucination onset in these particular brain 

regions. 
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Figure 8.2: The Papez circuit. The Papez circuit, situated within the (A) limbic system, consists of 

connections between (B) the entorhinal cortex, cingulate gyrus, mammillary nuclei, hippocampus, and 

anterior thalamic nucleus. The entorhinal cortex connects to the hippocampal formation via the perforant 

and alvear tracts. Signals transmit from the hippocampus formation to the mammillary bodies through 

the fornix and fimbria, after which the mammillary bodies passage the signal to the anterior thalamic 

nucleus through the mammillothalamic tract. Then, impulses propagate from the thalamus to the cingulate 

gyrus via the internal capsule, which returns it to the entorhinal area via the cingulum (Crumbie, 2022). 
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8.2. Heterogenous effects of Alzheimer-type Neuropathology and α-syn may 

Contribute to Different Symptoms across the Brain in LBD  

 

Alzheimer’s Disease (AD)-type pathology is another characteristic feature in LBD as described 

in Chapter 1.8. This is supported by findings from Chapter 3 where there was more AD-type 

pathology (Aβ plaques) in the hippocampus of DLB patients compared the other PD cognitive 

subtypes. The CA1 subfield and subiculum had the greatest amount of Aβ plaque pathology in 

DLB compared to other PD cognitive subtypes, which correlated with hallucinations and 

memory problems. Concurrent presence of α-syn and Aβ plaques in the thalamus associated 

with hallucinations, indicating a potential synergistic relationship between these protein 

pathologies, which is in contrast from their behaviour in the hippocampus. Patients presenting 

with hallucinations had more Aβ plaque pathology in the cingulate cortex and those with 

memory problems had concomitant tau pathology. This suggests a synergistic relationship 

between α-syn and Aβ plaque pathology in the cingulate cortex that contributes to 

hallucinations, as well as α-syn and tau that promotes memory problems. These findings are 

partly supported by previous studies, as discussed in Chapter 3.5. It seems plausible that each 

protein type, whether that may be α-syn, tau, or Aβ plaques, seemed to act differently within 

each brain region of the noradrenergic and serotonergic systems, such that it correlates with 

the onset of different symptoms. Hence, the heterogenous nature of these proteins may mean 

that management should be tailored to each individual protein, emphasising the sheer 

complexity of LBD neuropathology. 

  

8.3. Non-Dopaminergic Neurotransmitters in LBD 

 

There were significant reductions in the LC noradrenergic neurons in LBD as compared to PD, 

indicating that neuronal reduction in these patients is prevalent regardless of the precise 

phenotype. This has been supported by several studies where there have been reports of 

extensive reductions in the number of noradrenergic neurons in the LC of LBD subjects 

(McMillan et al., 2011; Espay, LeWitt & Kaufmann, 2014; Haglund et al., 2016; Kelly et al., 

2017; Weinshenker, 2018; Dickson et al., 2008; Szot, 2006).   
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There were no trends observed in neuron or fibre counts across the serotonergic system in PD 

and LBD, along with no associations between serotonergic neuronal loss and DLB 

symptomatology or other non-motor symptoms. This may arise due to methodological reasons. 

For example, the anti-TPH2 antibody provided staining in the dorsal raphe nuclei (DRN), but 

then no binding was visible in the other brain regions, perhaps due to the quality of the tissue 

or insufficient deparaffinisation and fixatives (i.e. formalin) which may have masked the 

epitopes, solutions of which have been provided in Table 5.1 (Chapter 5.5.1). Another 

limitation was the method of fibre quantification. Scanned images were used to quantify fibres 

in the regions of interest, however occasionally due to the quality of the images it would be 

very difficult to distinguish neuronal fibres from non-specific binding or debris. During 

immunohistochemistry, some tissue would dissociate from the slide or rupture completely, 

preventing analysis from being conducted. Therefore, tissue sections could be baked for 

approximately 1 hour at 60C to prevent breakage during the immunohistochemistry process. 

Subsequent analysis of neuronal fibres could be augmented using automatic methods, as 

discussed in Chapter 5.5.1, which may prove to be a more accurate approach for fibre 

quantification. 

 

Furthermore, time restrictions prevented further non-dopaminergic neurotransmitter systems 

from being explored. For example, the histaminergic neurons maintain wakefulness and 

modulate the basal ganglia (Benarroch et al., 2015). Originating from the hypothalamic 

tuberomamillary nucleus (TMN), histaminergic neurons project extensively to innervate 

several brain areas involved in cognition, such as the basal forebrain, cerebral cortex, cingulate 

cortex, amygdala and thalamus (Chazot, 2010; Baronio et al., 2014). The H3 receptor is an 

autoreceptor in the somata and axon terminals of histaminergic neurons that regulate the 

synthesis and release of histamine (Lethbridge & Chazot, 2016; Baronio et al., 2014). Histidine 

decarboxylase synthesizes histamine from L-histidine, and diamine oxidase and histamine N-

methyltransferase (HNMT) are involved in its metabolisation (Lethbridge & Chazot, 2016; 

Baronio et al., 2014).  The histaminergic TMN can be filled with neurofibrillary tangles (NFTs) 

in AD, particularly localised in the histaminergic perikarya compared with surrounding areas 

(Lethbridge & Chazot, 2016; Airaksinen et al., 1991; Nakamura et al., 1993). The quantity of 

TMN histaminergic cell bodies was similar to that of normal brains (Airaksinen et al., 1991), 

although another group reported a significant decrease in the quantity of TMN histaminergic 

cell bodies (Nakamura et al., 1993). Histamine decarboxylase (HDC) is a common marker of 
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the histaminergic system, which is also decreased in AD than elderly controls (Schneider et al., 

1997). This indicates dysfunctions in the histaminergic system in AD, however, there is 

currently minimal literature on histaminergic system alterations in DLB. Histaminergic 

neuronal loss has been reported in the TMN of DLB cases, which could potentially contribute 

to motor, sleep, and autonomic manifestations (Benarroch et al., 2015). 

 

Generally, the neuronal markers discussed above are restricted to the pre-synaptic terminals, 

which prevents a wider understanding of the entire network. Therefore, Chapter 6 focused on 

exploring post-synaptic terminals through the investigation of noradrenergic and serotonergic 

cell surface receptors in LBD. 

 

8.4. Could there be Reduced Cell Surface Receptor Expression in LBD? 

 

Neurotransmitter systems were explored further through the assessment of their cell surface 

receptors. Receptor modifications have been previously implicated in LBD (Cross et al., 1984; 

CROW, 1984, Anon, 1982; Cheng et al., 1991a; Jansen et al., 1990; Blin et al., 1993; Cheng et 

al., 1991b; Lanctôt, Herrmann & Mazzotta, 2001). For instance, greater density of 5-

HT1A receptor in the temporal cortex of PDD and DLB patients correlated with depression 

(Sharp et al., 2008; Francis, 2009). Scarce, out-dated literature on the role of receptors in LBD 

encouraged further investigation, along with the importance post-synaptic terminals for a 

comprehensive understanding of the entire network. Therefore, there remained a need to better 

understand the role of cell surface receptors in LBD. The receptors selected for investigation 

were 2A-adrenergic receptor (AR), serotonin transporter and 5-HT2A receptor. Selection was 

performed based on manufacturer availability, and the current literature around potential 

receptors involved in LBD pathophysiology, as discussed in Chapter 6.   

 

Performing RNAscope in Chapter 6 revealed that 5-HT2A receptor (Hs-HTR2A-C3) may be 

most abundant in comparison to the 2A-AR (Hs-ADORA2A) and serotonin transporter (Hs-

SERT-C2) in the frontal cortex (Figure 8.3B), and sparsely in the hippocampus, of a PD patient 

than a PDD or DLB patient. Neocortical and hippocampal pyramidal neurons exhibit a classical 

polarity model, whereby axons synapse onto dendrites of the adjacent neuron (Figure 8.3A). 

The synaptic inputs are received by the cell surface receptors on dendrites and integrate at the 

soma to trigger an action potential (Goaillard et al., 2020). Hence, it could be speculated that 
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LBD patients may have lower expression of receptors in the frontal cortex and hippocampus 

than PD patients, perhaps due to end-stage disease and more widespread degeneration. A 

possible rationale behind these findings could be that in early-stage disease, there may be 

upregulation of cell surface receptors on post-synaptic dendritic terminals to compensate for 

denervation. In late-stage disease, post-synaptic dendritic terminals degenerate, which reduces 

cell surface receptor expression, and any remaining receptor binding sites become occupied 

with its corresponding neurotransmitter. Unbound neurotransmitters may linger in the synaptic 

cleft, disrupting synaptic transmission and initiation of subsequent action potentials. Further 

disruption in adjacent neurons may occur via damage to vital mitochondrial components, 

presence of reactive oxygen species (ROS) and perhaps even pathological proteins, resulting 

in more widespread degeneration of the entire post-synaptic neurons, which may underly 

reduced expression of receptors in LBD observed in Chapter 6. This may hinder efficient 

functioning of noradrenaline or serotonin in any particular brain region, which could lead on 

to the onset of non-motor symptoms (Figure 8.3A).  

 

This data may have contributed the current literature with some promising results that could 

suggest changes in receptor patterns in LBD. Nevertheless, the RNAscope technique needs 

to be revised for optimum signal detection as discussed in Chapter 6.5.2. RNAscope 

technology is robust, sensitive and adopts a unique ‘tree-like’ amplification method (Chan et 

al., 2018). Multiple probes are able to hybridise to the target transcript, followed by pre-

amplification via an adapter so that several amplifier probes attach. Finally, detection probes 

bind to the amplifiers for signal detection (Chan et al., 2018). Future studies should also 

consider performing RNAscope on various brain regions of the noradrenergic and 

serotonergic systems, in order to obtain a more complete overview of receptor and transporter 

expression in PD and LBD. This could be complimented by the investigation of other receptor 

markers to determine their expression patterns in each phenotype. For example, studies have 

shown noradrenaline transporter (NET) decreases in AD patients (Gannon et al., 2015; Tejani-

Butt, Yang & Zaffar, 1993), especially in the LC (Tejani-Butt, Yang & Zaffar, 1993), as shown 

by autoradiography studies (Gulyás et al., 2010) and radioligand binding studies (Tejani-Butt, 

Yang & Zaffar, 1993). As NET is responsible for noradrenalin reuptake to the presynaptic 

neurons, a decrease in NET sites would increase the amount of noradrenalin in the synapse 

(Gannon et al., 2015).  
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Figure 8.3: Illustration to demonstrate a potential theory for cell-surface receptor loss in LBD. (A) Merged images of 

RNAscope in frontal cortex of PD patient. Hs-ADORA2A (green) localised to the neuronal cell bodies, with punctate Hs-SERT-C2 

(red) and Hs-HTR2A-C3 (blue). This results in (B) Receptor damage and inability of neurotransmitter-receptor binding disrupts 

downstream action potentials, and phenotypically presented as symptom onset. 
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8.5. Could Pathological α-syn cause Reduced Neurotransmitter Release and 

Receptor Damage Simultaneously? 

  

Findings from across this thesis may be providing an interesting narrative into the cause of 

network dysfunction in LBD. Recently in June 2022, Kulkarni and colleagues published a 

review highlighting α-syn-induced synaptopathy and neural network dysfunction in PD. This 

study proposes a ‘synapse to network prodrome cascade’ that provides insights into the 

synaptic and network-level dysfunction observed in prodromal PD to better understand the 

mechanisms underlying motor and non-motor symptom presentation (Kulkarni et al., 2022). 

This model may provide an alternative approach in piecing together the key findings, and 

possibly explain the patterns observed in LBD: (1) predominance of α-syn in the limbic brain 

regions, (2) effect on neurotransmitter release, and (3) behaviour of postsynaptic receptors and 

their interactions with α-syn. 

 

In Chapter 3, protein load, particularly α-syn was predominant in limbic brain regions 

(cingulate cortex, hippocampus, and thalamus). Kulkarni and colleagues (2022) reported that 

pathological α-syn interacts with synaptic machinery to disrupt synaptic signalling (Calo et al., 

2016) between the presynaptic and postsynaptic components. This is achieved through α-syn 

interference with the pre- and/or postsynaptic plasma membrane integrity through dislocation 

of voltage-gated Ca2+ channels, N-methyl-D-aspartate (NMDA) receptors, or by formation of 

pore-like structures. These pathological interactions of α-syn cause increased intracellular 

Ca2+ influx, which exacerbates α-syn aggregation and oligomer formation. At the synpase, α-

syn can damage synapses, retract synaptic spines to interrupt neuronal connectivity, 

mitochondrial oxidative stress, eventually leading to cell death in the later stages of PD 

(Schulz-Schaeffer, 2015; Scott et al., 2010; Calo et al., 2016). This may also be a possible 

occurrence in LBD. The accumulation of pathological α-syn in the presynaptic membrane 

disrupts the synaptic pool maintenance and synaptic proteins which cause reductions in 

neurotransmitter release, perpetuating synaptic and postsynaptic dendritic loss (Nemani et al., 

2010; Froula et al., 2018).     

 

Pathological α-syn also interacts with postsynaptic neurons via various receptor mechanisms. 

For example, postsynaptic density modifications are associated with changes in NMDA 

receptor subunit composition, possibly induced by α-syn-mediated impairment in synaptic 
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transmission (Costa et al., 2012), or the direct interaction between α-syn and NMDA receptors 

(Ferreira et al., 2017; Kulkarni et al., 2022). Therefore, it may be plausible that α-syn interacts 

with noradrenergic and serotonergic receptors in a similar manner, such as α2A-AR or 5-HT2A 

receptors explored in Chapter 6, in an effort to impair signal propagation in the subsequent 

neuron, thereby impeding the connection between the pre-synaptic and post-synaptic terminals. 

Resultantly, the early pathological onset, impaired synaptic transmission, neurons with 

pathological α-syn inclusions, collectively cause network dysfunction overtime (Volpicelli-

Daley et al., 2011a), and could occur concomitantly with the onset of non-motor symptoms 

(Schulz-Schaeffer, 2010; Picconi, Piccoli & Calabresi, 2012). Disruptions in multiple synapses 

disrupt neuronal circuits and aberrations in large functional networks. Desynchronisation of 

oscillatory activity manifests as either hyper- or hyposynchrony, impairing communication, 

driven by altered synaptic proteins levels (Volpicelli-Daley et al., 2011b), within and between 

networks and impede function (Alekseichuk et al., 2017; Kulkarni et al., 2022).  

 

Furthermore, low expression of the cell-surface receptors may be reflective of late-stage 

disease. Death of vulnerable neurons leads to either hyper- or hypo-excitability among 

interconnected neurons, which causes damage to the entire network. Prolonged damage to 

neurons induces synaptic homeostatic adaptations to restore neuronal activity (Turrigiano & 

Nelson, 2004; Turrigiano, 1999). This is achieved through increased expression of ion channels 

or enhancing synaptic scaling such that if one neuron has a low firing rate, it would increase 

synaptic strength to enable cells to increase firing to the homeostatic rate. Therefore, it is 

plausible that synaptic strength may drive neuronal circuitry in the early stages of PD to 

establish homeostatic plasticity before significant neuronal death, which ultimately later 

spreads to the entire network (Kulkarni et al., 2022). 

 

The ‘synapse to network prodrome cascade’ proposed by Kulkarni and colleagues (2022) 

facilitates in connecting the concepts outlined in previous chapters. Upon further evaluation, 

there seems to be some caveats. For instance, they have provided a fairly generalised approach 

to the underlying mechanism of network dysfunction, such that it remains unclear as to whether 

the proposed concept can be applied to every or some brain regions. Following the findings 

presented in Chapter 3, it seems apparent that LBD pathology is not entirely straightforward. 

Hence, it may be postulated that the theory proposed by Kulkarni and colleagues (2022) may 

only be relevant for some brain regions, perhaps in those areas with a greater abundance of 

pathology such as the limbic system components. This also supports the fact that pathology in 
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different brain regions leads to onset of different symptoms, as suggested in Chapter 3. Another 

issue with the theory was that the broadly discussed ‘networks’. In Chapter 4 and Chapter 5, 

the noradrenergic and serotonergic systems have been addressed respectively, but the proposed 

theory may or may not be applicable to these autonomous neuronal networks, as there are 

variations in function and pathology (e.g. types of neurons affected, projection sites, the way 

responses are gated), which ultimately impacts their modulation of large-scale network 

dynamics. The direct relationships between network dysfunction and clinical phenotypes also 

remains to be determined. 

 

In conclusion, pathological α-syn could impact neural function and communication between 

adjacent synapses, eventually causing impaired network dynamics. The ‘synapse to network 

prodrome cascade’ may hold partly true, considering it is a more generic approach and that 

there may be differences amongst the non-dopaminergic neurotransmitter systems. Following 

on from this thesis, it may be plausible that the theory could be applied to limbic brain regions 

(especially Papez circuit components), where there is α-syn mediated synaptic dysfunction, 

reduced neurotransmitter release, disrupted postsynaptic receptors, and eventually cell death, 

which ultimately contributes to non-motor presentations. However, whether the concept holds 

true for both noradrenergic and serotonergic networks remains to be determined. 

 

8.6. Clinical Considerations on LBD Patient Care could be modified 

following COVID-19 Pandemic 

 

Coronavirus disease 2019 (COVID-19) began in December 2019 in Wuhan, Hubei, China, 

spreading across the entire world at an alarming rate with its causal agent as severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) (Chen et al., 2021). COVID-19 pandemic 

had been recognised globally to be unprecedented with high morbidity and mortality rates in 

modern medicine. Healthcare systems were forced to modify medical care priorities, 

dramatically impacting patients with chronic conditions such as PD and AD. Appointments 

were postponed, surgical procedures and infusion therapies delayed, and some patients decided 

to skip or postpone appointments due to risk of being exposed to the virus.     

 

Lockdown, self-isolation and social distancing raised concerns of patient wellbeing, which 

clinicians should be aware of for future consultations. Restricted access to healthcare and 
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physical exercise, and consequences of prolonged immobility increased psychological stress 

and anxiety (Killen et al., 2020). Olfactory dysfunction is a characteristic feature of COVID-

19. Early olfactory and limbic region damage indicates a cascade of neurodegenerative 

processes in a similar manner to the early stages of AD, PD and LBD, including cortical 

degeneration. Therefore, prolonged olfactory dysfunction, along with cognitive and emotional 

disturbances from COVID-19 may instigate the preliminary precursors of delayed onset 

dementia (Kay, 2022).  

 

New initiatives were introduced to assist patients living with neurodegenerative diseases, 

which clinicians may continue to use to modify their practice. The pandemic has stimulated 

the use of online solutions, such as telemedicine, to deliver urgent and ongoing healthcare 

(Killen et al., 2020). Telemedicine is the use of electronic information and communication 

technology to support healthcare when physical distancing measures apply. For example, video 

conferencing, smartphone health care applications, simple telephone communication, email 

and text messages are all included, and remote wearables could be used to monitor the patients’ 

wellbeing, as well as obtaining some clinical data. These strategies enable clinicians to remain 

connected and monitor their patients without the need of face-to-face contact (Killen et al., 

2020).  

 

Now, with lives reverting to the ‘new normal’, it is increasingly important for clinicians to 

appreciate the impact of the pandemic on LBD patient, and that some may still be experiencing 

its effects which may exacerbate non-motor symptoms. For example, symptom management 

going forward could consider whether patients have previously been exposed to the virus, any 

effects of long COVID, as well as personal patient experiences of lockdown and self-isolation. 

Clinicians should also adopt alternative patient care and management opportunities available, 

modifying their practice and be more open to using platforms such as telemedicine alongside 

direct face-to-face consultations. 
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8.7. LBD Management Points to a Hopeful Future… 

 

This study may have provided some further insights into the underlying LBD pathophysiology. 

Based on the findings presented herein, pharmacological interventions could be focused on the 

components of the limbic system, especially the Papez circuit. Another option could be to use 

limbic system retraining programs. These combine several mindfulness and therapy-based 

approaches to improve brain plasticity (Vellinga, 2021). Alternatively, a non-pharmacological 

therapy could be the use of Dynamic Neural Retraining System (DNRS). This program focuses 

on increasing neuroplasticity, based on the premise that neural network damage impedes 

mechanisms in the limbic system to fire, which causes impairment that is observed 

phenotypically as dysfunctions in emotion, learning, memory (Anon, 1997). DNRS is an 

amalgamation of cognitive-behavioural therapy, behaviour modification therapy, mindfulness-

based cognitive restructuring, incremental training, neural-linguistic programming, and 

emotional restructuring therapy (Vellinga, 2021).  

 

Charitable organisations are an invaluable resource for patients are caregivers. For example, 

The Lewy Body Society was established in June 2006 with a mission to sponsor scientific LBD 

research projects, raise awareness and educate medical professionals, carers, and the wider 

society about the disease. The Lewy Body Society carries out various fund-raising activities 

and funds new research projects every year. One of their largest initiatives was in October 2022 

- ‘A Scarf for Lewy’ - in which a 1600-metre (1 mile) scarf was wrapped seven times around 

the entire circumference of the Royal Albert Hall in South Kensington, London (The Lewy 

Body Society, 2022). The event also symbolised the ‘wraparound’ support available for LBD 

patients and carers. 

 

Along with patient care, it is crucial to consider prospects for caregiver management, as they 

endure increased levels of chronic stress, financial pressures, and diminished mood and health 

(Tan, Williams & Morris, 2012), which heightens with a sense of social isolation from the 

wider social network (Vatter et al., 2018). The STrAtegies for RelaTives (START) scheme has 

been proposed, an eight-session coping therapy, individually delivered based on carer 

requirements. In a randomised controlled trial, START has shown to reduce depression and 

anxiety and increase quality of life in carers. Recently, an adaptation of the START platform 



 247 

for LBD carers revealed that it may provide the necessary vital support, reassurance, and 

education with regards to coping with the disease (Foley et al., 2020).      

 

Non-dopaminergic neurotransmitter systems play a pivotal role in LBD pathophysiology. DLB 

patients have a poorer prognosis, shorter survival, faster rate of cognitive decline than those 

with PD, PDD, or even AD. Greater rates of hospitalisation, shorter disease duration, and 

higher mortality risks reinforced the highly debilitating nature of DLB. Patients in a care home 

environment also experience limited mobility, greater dependence on their caregiver, and 

higher mortality risk (Zweig & Galvin, 2014). Neuroleptic sensitivity, higher hospitalisation 

rates (due to delirium/encephalopathy) and higher rates of autonomic dysfunction can further 

accelerate mortality in DLB (Capouch, Farlow & Brosch, 2018). Current clinical trials offer 

promising pharmacological agents that tackle pathological substrates, thus clinicians should be 

encouraged to implement these in their future practice and ultimately ameliorate patient quality 

of life. 

 

The hypothesis of the present thesis was that the underlying pathology in non-dopaminergic 

neurotransmitter systems would be more severe in DLB patients compared to other PD 

cognitive subtypes and would correlate with symptom presentations – a statement that may not 

hold true in its entirety. Hence, the findings provided herein contribute to LBD literature in 

several ways (Table 8.1): 

1. The Papez circuit may be involved in LBD pathophysiology: Limbic system 

components may act as a central hub or, possibly a junction, through which other 

pathways and brain regions could become affected. LBD phenotypes could be 

differentiated, to an extent, through their limbic involvement in the Papez circuit, 

where α-syn accumulation may contribute to non-motor symptoms.  

2. LBD has a very complex, heterogenous neuropathological fingerprint: The 

behaviour of each protein type may be extremely heterogenous within each region of 

the noradrenergic and serotonergic systems, such that it correlates with the onset of 

different symptoms.  

3. Reduced cell surface receptor expression in LBD: There may be lower expression 

of receptors in the frontal cortex and hippocampus in LBD than PD patients, perhaps 

due to end-stage disease and more widespread degeneration, which may also 

contribute to symptom onset. 
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Table 8.1: Summary of the thesis findings, their significance to the wider literature, and considerations for future studies. 

Key Finding Significance Future Considerations 

The Papez circuit 

may be involved in 

LBD 

pathophysiology 

Papez circuit components – 

cingulate cortex, thalamus and 

hippocampus, could be targets for 

biomarkers or therapeutic 

interventions. 

What are the precise 

connections between these 

Papez Circuit brain 

regions?  

 

How are these connections 

affected in LBD? 

LBD has a very 

complex, 

heterogenous 

neuropathological 

fingerprint 

Each type of protein (α-syn, tau, 

or Aβ plaques) may act differently 

within each brain region of the 

noradrenergic and serotonergic 

systems, such that it correlates 

with the onset of different 

symptoms. 

If these proteins are 

heterogenous in each brain 

region, how could they be 

managed? 

 

How could therapy be 

individually tailored to these 

areas?    

Cell surface receptor 

expression could be 

reduced in LBD 

Suggestions of changes in cell 

surface receptor expression, 

which could better inform clinical 

trials. 

Optimise RNAscope 

technique. 

 

Perform RNAscope on 

various brain regions of the 

noradrenergic and 

serotonergic systems.  

 

Investigation of other 

receptor markers to 

determine their expression 

patterns in PD and LBD 

phenotypes. 
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Appendix 1: Clinical Report of a PD case in the Cohort, Derived from the 

Parkinson’s UK Tissue Bank at Imperial College London 

 

Clinical report PD706 

 

General remarks 

Sex:  M DoB: 01-Feb-1947       Died:  17-02-2014 

Quality of notes: fair-poor (no notes before 2008 or after 2012) 

Age of onset:  56 Date of onset: 2003 Disease duration:  11 yrs 

Occupation: Sales and marketing 

Cause of death: ? 

Health Care professional access:  

Neurologist: Prof. N. Wood 

Reporting Neurologist: Claudio Ruffmann 

 

For the neuropathology report 

Presentation: Anxiety and cognitive impairment (mainly concentration, short-term memory, 

attention) 

Clinical diagnosis: Dementia with Lewy bodies (DLB), with cognitive onset follow by 

extrapyramidal akinetic-rigid syndrome, partially responsive to L-Dopa 

Clinical History  

2003: Onset with cognitive and neuropsychiatric symptoms – anxiety, forgetfulness, 

difficulty concentrating and planning. Low scores on MMSE improved with anti-depressant 

(Citalopram).  

2007: Onset of stooped posture and shuffling gait.  

2008: Cognitive assessment with WAIS-III showing mild verbal and severe non-verbal 

intellectual decline. Focal cognitive tests showed severe visual perceptual, frontal executive 

and attentional impairment. No falls. Denies visual hallucinations or vivid dreams. On 

examination – increased extrapyramidal tone in all four limbs, no tremor; slow gait with 

reduced arm swing; reduced postural reflexes. Started on levodopa. 

2009: Stable from a motor point of view. Mild shuffling of gait, good postural stability, no 

problems rising from chair. No evidence of bradykinesia. Mild hypophonia and hypomimia. 

Still gets muddled, especially processing new information. Currently taking galantamine 8  

mg/day. Low mood, with occasional suicidal ideation.  
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2010: more confused, has hallucinations (strangers in the room). Does not always 

recognize wife. Some response to L-Dopa, but overall unsatisfactory. Low mood and 

anxiety.  

2011: tends to wake up repeatedly at night with pains in legs; nocturia, with assistance from 

wife. Can walk up to half a mile with stick. Slightly stooped posture. Constipation managed 

with movicol. Increased tone on the right. Sees people in the house (hallucinations).  

2012: Significant deterioration, several falls; difficult to get out of chair unaided. Mirtazapine 

stopped, started on quetiapine 25 mg bds. Also on galantamine. On examination – restricted 

up gaze, hypophonia; confused at times. Found it difficult to rise from chair unaided; stooped 

gait requiring stick and assistance from wife; severe left sided rigidity and bradykinesia. 

Myoclonic jerks in left arm, and apraxia. Has leg spasms. Nightmares. Very disturbed sleep. 

Not helped by Sinemet CR nocte.  

 

Complications:       

Autonomic: 2005 sexual/erectile dysfunction 

Psychiatric: 2008 Dementia (possibly earlier onset) 

Premorbid & Risks:  

Non smoker 

Social drinker 

Family History: IHD (father died at 54 from MI)  

Other medical:  

1999 - cholecystectomy 

Neuroimaging:  

Medication: PD – levodopa, quetiapine, galantamine, ropinirole; Non-PD – gabapentin, 

pregabalin 

Drugs around time of death:       
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Appendix 2: PD Cohort of 20 PD, 20 PD-MCI, 20 PDD and 20 DLB  

Abbreviations: -syn = -synuclein, PD = Parkinson’s Disease, PD-MCI = PD with Mild 

Cognitive Impairment, PDD = Parkinson’s Disease Dementia, DLB = Dementia with Lewy 

Bodies  

 

Cases Gender Age at 

Onset 

Age at 

Death 

Disease 

Duration 

Cognitive 

Phenotype 

Braak 

α-syn 

Braak 

tau 

PD060 M 78 84 6 DLB 6 2 

PD089 M 69 70 1 DLB 5 2 

PD098 M 64 76 12 DLB 6 2 

PD120 F 80 83 3 DLB 6 3 

PD134 M 64 74 10 DLB 6 3 

PD152 M 69 77 8 DLB 6 2 

PD163 M 71 77 6 DLB 6 1 

PD189 M 62 71 9 DLB 6 2 

PD195 M 76 80 4 DLB 6 2 

PD255 M 53 80 27 PDD 6 2 

PD267 F 73 79 6 PD 6 3 

PD284 F 57 77 20 PD 6 2 

PD286 M 64 82 18 PDD 6 1 

PD294 M 72 78 6 DLB 6 1 

PD296 M 62 71 9 DLB 6 1 

PD301 F 64 83 19 PDD 5 2 

PD304 F 76 87 11 PDD 6 1 

PD307 F 70 83 13 PDD 6 3 

PD331 M 66 77 11 PD-MCI 6 1 

PD336 M 74 82 8 PDD 6 2 

PD343 M 80 81 1 DLB 6 1 

PD347 F 69 85 16 PD 5 2 

PD348 M 72 78 6 PD 6 2 

PD371 M 63 77 14 PDD 6 1 

PD378 F 54 80 26 PD-MCI 6 1 

PD385 M 75 80 5 DLB 6 1 
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PD386 M 84 91 7 PD-MCI 6 1 

PD391 M 68 79 11 PDD 6 0 

PD398 M 51 75 24 PD 5 0 

PD399 F 66 77 11 PDD 6 2 

PD404 M 77 87 10 DLB 6 1 

PD415 F 68 79 11 PDD 6 2 

PD416 F 73 85 12 PD 6 2 

PD419 M 75 84 9 PD 6 1 

PD422 M 70 75 5 DLB 6 1 

PD424 M 65 68 3 DLB 6 2 

PD428 F 73 76 3 PD 6 1 

PD433 F 55 74 19 PD 6 2 

PD453 M 62 69 7 DLB 6 2 

PD465 F 77 86 8 PD-MCI 6 1 

PD479 M 75 80 5 PD-MCI 6 3 

PD503 M 54 76 22 PD-MCI 6 2 

PD506 M 60 68 8 PD 6 0 

PD511 M 71 84 13 PD-MCI 5 0 

PD517 M 54 69 15 PD-MCI 6 0 

PD539 M 69 82 13 PDD 5 2 

PD541 M 66 72 6 PD-MCI 5 2 

PD542 F 76 81 5 PD 5 1 

PD546 F 71 84 13 PD 5 3 

PD550 F 77 84 7 PD-MCI 6 1 

PD564 M 66 84 18 PDD 6 2 

PD565 F 62 81 19 PD 6 1 

PD566 M 56 63 7 DLB 6 2 

PD568 F 66 80 14 PD-MCI 6 1 

PD618 F 58 77 19 PD-MCI 6 2 

PD619 F 83 88 5 PD-MCI 6 2 

PD633 M 71 81 10 PD-MCI 6 2 

PD639 F 46 77 31 PDD 6 3 

PD640 F 52 67 15 PD-MCI 6 1 
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PD644 M 62 78 16 PD-MCI 6 2 

PD647 F 72 79 7 PD 5 1 

PD655 M 67 79 12 PD 6 2 

PD656 M 68 77 9 PDD 5 1 

PD660 M 71 79 8 PDD 6 2 

PD662 M 73 78 5 PDD 6 3 

PD669 M 55 65 10 DLB 6 2 

PD675 F 70 81 11 PD 4 1 

PD677 M 78 82 4 PDD 6 2 

PD679 M 71 79 8 PDD 5 2 

PD680 M 72 80 8 PD-MCI 5 1 

PD683 F 62 74 12 PD 4 2 

PD690 F 60 78 18 PD-MCI 6 2 

PD695 M 72 79 7 PD 4 2 

PD706 M 56 67 11 DLB 6 2 

PD722 M 61 70 9 PD-MCI 6 1 

PD732 M 69 81 12 PD 5 2 

PD741 M 69 79 10 PD-MCI 4 3 

PD747 M 74 83 9 PD 6 2 

PD759 F 66 83 17 PDD 6 3 

PD763 F 67 83 16 PDD 6 3 
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Appendix 3: Control Cohort  

 

Cases Gender Age of Death Cause of Death 

PDC033 M 77 Coronary Artery Haemorrhage Following 

Stent                    , Operation Coronary 

Artery Disease, 

PDC037 F 94 Pulmonary Oedema, Acute Left Ventricular 

Failure, Hypertensive Heart Disease, 

Chronic Obstructive Airway Disease, Stage 

Three Chronic Kidney Disease 

PDC041 M 66 Carcinoma of lung 

PDC044 F 97 Died at home 

PDC046 M 85 Parkinson’s disease; ischaemic heart 

disease 

PDC048 F 90 Metastatic carcinoma of the ovary 

PDC051 M 85 Malignant neoplasia 

PDC052 F 74 Infected exasperation of COPD 

PDC054 F 67 Bowel obstruction – omental metastases 

from ovarian carcinoma 

PDC056 F 71 Sepsis, stage IV peritoneal ca, ischemic 

heart disease 

PDC058 F Unknown Unknown 

PDC067 M 93 Metastatic prostate cancer 

PDC069 M 90 Major malignant disease, unknown primary 

PDC083 Unknown Unknown Unknown 

PDC094 F 81 Advanced bladder cancer 

PDC095 F 88 Frailty and old age 

PDC096 F 95 Pneumonia, frailty in old age, dementia 

PDC097 M 89 Ischaemic heart disease, Alzheimer’s 

disease, chronic kidney disease 

PDC101 F 66 Suicide - hanging 
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PDC103 F 95 Heart failure, several mitral tricuspid valve 

regurgitation, age frailty, ischemic heart 

disease, hypotension, ex-smoker 
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Appendix 4: Pharmacological Agents of the PD Cohort  

Highlighted (blue): medications selected for analysis 

 

Medication Description References 

Alendronic acid Biophosphonates; Adsorbed onto 

bone hydroxyapatite crystals to 

reduce growth rate and dissolution 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Amantadine Weak dopamine agonist with modest 

antiparkinsonian effects 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Amisulpiride Selective dopamine receptor 

antagonist with high affinity for 

mesolimbic D2 and D3 receptors 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Amitriptyline Treatment of abdominal pain and 

major depressive disorder  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Apomorphine Dopamine agonist (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Artane  Trihexyphenidyl; reduces effects of 

cholinergic excess that may occur 

due to dopamine deficiency 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022)  

Atenolol Treatment of hypertension and 

angina; Beta blocker 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Baclofen GABA-B agonist used as a muscle 

relaxer 

 and an antispasmodic agent. 

 

 

(Ochs, 1993; 

Drugs.com, 2022) 

Beclometasone Corticosteroid; Treatment of oral 

ulceration and asthma 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

https://www.drugs.com/condition/muscle-spasm.html
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Bendroflumethiazide  thiazide diuretic; treatment of oedema 

and hypertension 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Benzhexol Trihexyphenidyl; reduces the effects 

of cholinergic excess that occurs due 

to dopamine deficiency 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Benzodiazepines Antipsychotic agent used to treat 

anxiety or insomnia  

(The European 

Monitoring Centre 

for Drugs and Drug 

Addiction 

(EMCDDA), n.d.) 

Betahistine Anti-vertigo medication (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Bromocriptine  Stimulates dopamine receptors  (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Cabergolide  Stimulates dopamine receptors (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Calcichew Calcium carbonate; phosphate 

binding in renal failure and hyper-

cholesterolaemia; Calcium deficiency  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Candesartan Angiotensin II receptor antagonist; 

Treatment of hypertension 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Carbamazepine Treatment of seizures  (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Celecoxib nonsteroidal anti-inflammatory drug; 

treatment of pain and inflammation in 

osteoarthritis and rheumatoid arthritis  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Citalopram Selective serotonin re-uptake 

inhibitor 

(National Institute 

for Health and Care 
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Excellence (NICE), 

2022) 

Clonazepam  Benzodiazepine; Treatment of 

epilepsy  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Co-Beneldopa Combination of benserazide 

hydrochloride and levodopa  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Co-proxamol Analgesics; Treatment of pain (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Dexamethasone Glucocorticoid; Treatment of 

inflammatory and allergic disorders 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Diamorphine  Treatment of acute pain (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Diclofenac nonsteroidal anti-inflammatory drug 

for the treatment of pain and 

inflammation of the oral cavity and 

throat 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Orphenadrine  Orphenadrine hydrochloride; 

Antiparkinsonian action that reduces 

the effects of cholinergic excess due 

to dopamine deficiency  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Domperidone Dopamine-2 receptor antagonist that 

provides relief from nausea, vomiting, 

and gastro-intestinal pain in palliative 

care 

(Reddymasu, 

Soykan & 

McCallum, 2007; 

National Institute for 

Health and Care 

Excellence (NICE), 

2022) 

Domperidone  Anti-sickness medication (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Donepezil Reversible non-competitive 

acetylcholinesterase inhibitor 

(National Institute 

for Health and Care 
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Excellence (NICE), 

2022) 

Doxazosin Treatment of hypertension and 

benign prostatic hyperplasia 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Entacapone  Breaks down levodopa through 

catechol-O-methyltransferase 

inhibition 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Ferrous Fumarate  Treatment of iron deficiency anaemia (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Finasteride Treatment of benign prostatic 

hyperplasia; 5α-reductase inhibitor 

that metabolises testosterone into 

dihydrotestosterone 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Fludrocortisone  High mineralocorticoid activity with 

reduced glucocorticoid activity  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Fluoxetine Selective serotonin re-uptake 

inhibitor  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Fluticasone Corticosteroid; Treatment of nasal 

symptoms  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Furosemide Loop diuretic that inhibits 

reabsorption from the ascending limb 

of the renal tube loop of Henle  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Fybogel Laxative to treat constipation   

Galantamine  Reversible acetylcholinesterase 

inhibitor and has properties of 

nicotinic receptor agonist 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Lamotrigine Anticonvulsant to treat epilepsy and 

prevent low mood (depression) in 

adults with bipolar disorder 

 

(Multum, 2020) 
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Lansoprazole Proton pump inhibitor that impedes 

gastric acid secretion 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Latanoprost Xalatan; Treatment of ocular 

hypertension 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Levodopa Dopamine precursor (Gandhi & 

Saadabadi, 2022) 

Lisinopril angiotensin-converting enzyme 

inhibitor; treatment of hypertension, 

heart failure, and myocardial 

infarction 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Loratidine Antihistamine medication in the 

treatment of allergies  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Lorazepam Benzodiazepine; treatment of 

anxiety, insomnia, and acute panic 

attacks 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Sertraline Sertraline; Selective Serotonin Re-

uptake Inhibitors (SSRIs); Treatment 

of depression and anxiety disorders 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Madopar Co-beneldopa; Combination of 

levodopa and benserazide; 

Antiparkinsonian agent 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022; Pakkenberg 

et al., 1976) 

Meloxicam nonsteroidal anti-inflammatory drug 

for the treatment of pain and 

inflammation in rheumatoid arthritis 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Metformin Decreases gluconeogenesis and 

increases peripheral use of glucose 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Midazolam Benzodiazepine; Anaesthesia or 

procedural sedation   

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 
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Mirtazapine  Presynaptic alpha2-adrenoreceptor 

antagonist that increases 

noradrenergic and serotonergic 

neurotransmission 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Moduretic  amiloride and hydrochlorothiazide; 

Treatment of hypertension  

(Cunha, 2022) 

Morphine Sulphate Treatment of severe pain (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Movicol Laxative for the treatment of 

constipation 

 

Nifedipine Calcium-channel blocker  (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Novomix 30 Insulin injection (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Olanazapine Dopamine D1, D2, D4, 5-HT2, 

histamine-1-, and muscarinic-

receptor antagonist 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Oxybutynin Treatment of urinary incontinence  (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Paroxetine Selective serotonin re-uptake 

inhibitor 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Pergolide  Dopamine-receptor agonist (Waller & Kaplan, 

2006) 

Pramipexole Non-ergot dopamine agonist  (Drug Bank Online, 

2022) 

Pregabalin  Treatment of epilepsy, neuropathic 

pain, and generalised anxiety 

disorder 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Prochlorperazine 

(Stemetil) 

Anti-sickness medication  (National Institute 

for Health and Care 
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Excellence (NICE), 

2022) 

Promazine Treatment of psychomotor agitation (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Propranolol  Non-selective beta-adrenergic 

receptor antagonist 

(Lee et al., 2021) 

Quetiapine Dopamine D1, dopamine D2, 5-HT2, 

alpha1-adrenoceptor, and histamine-

1 receptor antagonist 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Quinine  Treatment of malaria (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Ranitidine Treatment of benign gastric 

ulceration 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Rivastigmine Reversible non-competitive 

acetylcholinesterase inhibitor 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Ropinirole Non-ergoline dopamine agonist with 

selective affinity for dopamine D2-like 

receptors. It is an adjunct to levodopa 

in patients with advanced PD. 

 

(Matheson & 

Spencer, 2000) 

Salbutamol β₂ adrenergic receptor agonist; 

Treatment of asthma 

 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022)  

Salmeterol  β₂ adrenergic receptor agonist; 

treatment of asthma and 

maintenance of chronic obstructive 

pulmonary disease  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Selegine Monoamine-oxidase-B inhibitor (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Senna Stimulant laxative (National Institute 

for Health and Care 
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Excellence (NICE), 

2022) 

Simvastatin Competitive inhibitor of 3-hydroxy-3-

methylglutaryl coenzyme A (HMG 

CoA) reductase – component of 

cholesterol synthesis; treatment of 

hypercholesterolaemia 

 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Sinemet 125 & CR 

(Co-Careldopa) 

  

Solpadol Co-codamol; moderate pain (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Spironolactone  Treatment of oedema  (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Stalevo  Levodopa with carbidopa and 

entacapone 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Sulindac Nonsteroidal anti-inflammatory drug 

(NSAID) 

 

(Davies & Watson, 

1997) 

Tamsulosin Alpha-blocker; Treatment of benign 

prostatic hyperplasia 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Tiotropium Antimuscarinic; Treatment of chronic 

obstructive pulmonary disease 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Tramadol  Opioid; treatment of moderate to 

severe pain 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Travatan Eye drops  (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 
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Trihexyphenidyl  Reduced central cholinergic excess 

that occurs due to dopamine 

deficiency  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Valproate Sodium valproate; Treatment of 

epilepsy and bipolar disorder  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Venlafaxine serotonin and noradrenaline re-

uptake inhibitor 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Ventolin  Inhaler to relieve asthma and 

breathlessness  

(NHS, 2021) 

Verapamil Calcium-channel blocker (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Viscotears Sodium hyaluronate with trehalose; 

Eye drops  

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Warfarin Anticoagulant  (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Zelapar Selegine; monoamine-oxidase-B 

inhibitor 

(National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Zolpidem Treatment of insomnia (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 

Zopiclone  Treatment of insomnia (National Institute 

for Health and Care 

Excellence (NICE), 

2022) 
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Appendix 5: Modelling the Relationship between PD Cognitive Phenotypes 

and Noradrenergic or Serotonergic Fibre Counts using MATLAB Software 

 

Introduction  

 

Developed by MathWorks, MATLAB is a programming platform with a distinct matrix-based 

language that enables communication of computational mathematics. Linear mixed-effects 

models (LMEM) provide an account for multiple effects in a single model. These models 

describe the relationship between a response variable and an independent variable and consists 

of fixed effects and random effects. Fixed effects include conventional linear regression, 

whereas random effects comprise of individual experimental units drawn at random from a 

specific population. LMEM test the size and significance of the fixed effect (e.g., healthy 

control or disease phenotype) by modelling distribution of the data for a better fit. Therefore, 

these means of coding enable the use of more flexible statistical software, allowing us to 

evaluate and craft tests best suited to the data (MathWorks, 2023).  

 

 

Methods  

 

The MATLAB software was used to devise a coding model as an alternative means of statistical 

analyses to determine whether PD phenotypes influence variance within total tyrosine 

hydroxylase (TH) and tryptophan hydroxylase-2 (TPH2) scores across noradrenergic and 

serotonergic systems respectively. LMEM were used to evaluate whether PD phenotypes or 

healthy controls influence variance within TH+ and TPH2+ fibre counts in each brain region, 

or total fibre counts across the noradrenergic or serotonergic systems respectively. Models 

included subjects as random effects, and all p-values were FDR corrected for multiple 

comparisons. These analyses were conducted using MATLAB2019a (MATLAB, 2023). In line 

with best practice for open research (Nosek et al., 2015), all code and analyses outputs are 

accessible online (Kurtin, 2022).   

 

 

Preliminary Results and Conclusion 

 



 351 

LMEM assessed whether PD-related cognitive phenotypes or healthy controls explained the 

variance in TH+ or TPH2+ fibre counts in each brain region, or total fibre counts across the 

noradrenergic and serotonergic systems respectively. LMEM included subjects as random 

effects, and all p-values were FDR corrected for multiple comparison.  

 

All PD phenotypes and healthy controls explained the variance in TH+ fibre count within the 

amygdala. PD phenotypes explained the variance in TPH2+ fibre count within the amygdala, 

frontal and cingulate cortices, as well as the total TPH2+ fibre count across the entire 

serotonergic system. It has been noted the small sample size may reduce the ability to generalise 

these results. However, some of the large variance associated with smaller sample sizes has 

been addressed by including subjects as random effects in our models. These findings need to 

be validated in future studies.  
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Appendix 6: Preliminary Results on Pathological Protein Deposition in the Hypothalamus 
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