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Abstract 
 
Cholinergic dysfunction has long been associated with cognitive impairment in Alzheimer’s disease 

(AD). However, neuropathological and functional imaging studies have also found significant cortical 

cholinergic deficit in Lewy body disorders (LBD), but in a different pattern from that in AD. There is 

topographical cholinerigic innervation to the cortex and the hippocampus from the basal forebrain. In 

light of differences in cognitive deficits seen in LBD and AD, I hypothesised that cholinergic basal 

forebrain subregions are differentially affected in these disorders. 

 

In this thesis, novel tissue techniques have been developed for the visualisation of pathology in human 

post-mortem brain tissue in three-dimensions. Based on a thorough review of the literature and my 

personal observations, I have established a simplified subdivisional scheme of the nucleus basalis of 

Meynert (nbM) in the human brain. Using this scheme, a quantification of nbM cholinergic neurons 

and assessment of neuropathological burden were performed in a large cohort of LBD and AD cases. 

Severe neuronal depletion across the entire nbM was observed in LBD with cognitive impairment and 

relative sparing of the anterior nbM was found in AD, supporting findings from previous 

neuropathological and imaging studies. Further investigation was carried out in the more rostral, 

hippocampal-projecting cholinergic group in the vertical limb of the nucleus of the diagonal band of 

Broca. Significant neurodegeneration in this area was identified in LBD with cognitive impairment, but 

not AD, suggesting its possible role in retrieval memory function via projection to the hippocampal 

CA2 subfield. In the final section, it was demonstrated that lactacystin injection into the rat nbM can 

replicate certain pathological and clinical features of LBD with dementia and this may be a useful 

model for the disease.   

 

Results from these studies support my initial hypothesis regarding differential susceptibility of the 

basal forebrain subregions in LBD and AD.  
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Three-dimensional visualization of neurofilament immunohistochemical staining in post mortem 

human cortical tissue. A 3-mm block of human cortex was immunostained using anti-neurofilament 

antibody (green). Stained tissue was visualized using a 10× objective (EC Plan-Neofluar, numerical 

aperture, 0.3; working distance, 5.2 mm) with an imaging depth to 771.67 μm (z-stack step size 5.3 
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Supplementary video 2  

Three-dimensional visualization of a Lewy body in the human nucleus basalis of Meynert. A 3-mm 

block of human nucleus basalis of Meynert was immunostained using anti-alpha-synuclein antibody 

(green). Stained tissue was visualized using a 20× objective (Plan Apochromat DIC, numerical aperture, 
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Three-dimensional visualization of monoaminergic fibres and Lewy pathologies in the post mortem 

human midbrain tissue. A 3-mm block of human midbrain tissue was immunostained using anti-alpha-

synuclein antibody (green) and tyrosine hydroxylase (red). Stained tissue was visualized using a 20× 

objective (Plan Apochromat DIC, numerical aperture, 0.8; working distance, 0.55 mm) with an imaging 
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Chapter 1 – Introduction  
 
1.1 Parkinson’s disease 

1.1.1 History of Parkinson’s disease 

The eponym Parkinson’s disease (PD) (or maladie de Parkinson) was a term coined by French 

neurologist Jean-Martin Charcot in the 19th century to credit James Parkinson for his detailed 

description of the clinical syndrome in “An essay of the shaking palsy” in 1817 (Reformatted and 

published in (Parkinson, 2002)).  In his monograph, the general practicioner from Hoxton Square 

described the clinical presentation and course of Paralysis agitans (or shaking palsy) in six patients 

(three of whom he met on the street in London). All of the cases were characterised by the presence 

of “Involuntary tremulous motion”, stooped posture (“propensity to bend the trunk forwards”), 

postural and gait instability with festination (“pass from a walking to a running pace”). He made an 

important distinction between the passive, resting tremor seen in Paralysis agitans and active forms 

of tremor that advance with age and can be triggered by excess alcohol consumption or the presence 

of a brain lesion. The distinction between different kinds of tremor was further elaborated by Charcot. 

He identified tremor can be slow (4-6 Hz) and high frequency (8-9 Hz), where PD and multiple sclerosis 

were of the slow frequency type. Charcot also noted PD tremor occurs at rest and had a 

pathognomonic “pill-rolling” (or as Charcot described “as if to spin wool”) motion, distinguished from 

intention tremor presented in multiple sclerosis (Goldman and Goetz, 2007). Furthermore, he 

identified rigidity to be a key feature of PD, which is distinguished from spasticity seen in other 

neurological lesions (Goldman and Goetz, 2007).    

 

Parkinson suggested that tremor in Paralysis agitans was probably similar to that described by Galen 

through the middle ages (AD 129 – 199) and classified by Sylvius de la Boë in 1680 (Parkinson, 2002; 

Stern, 1989). However, description of parkinsonian motor symptoms can be found even earlier in 

ancient Indian and Chinese texts. Kampavata (kampa: tremor; vata: force of movements and 

sensations, Sanskrit) which is synonymous to tremor in PD has been described in Ayurevedic (ancient 

Indian medical system) literature in 4500 – 1000 BC (Manyam, 1990). In China, the earliest mention 

of PD tremor can be dated back in 1589 (Ming Dynasty) when the Chinese scholar Kentang Wang 

described ‘shaking-action’ (顫振; 顫:shaking; 振:motion/movement) due to the imbalance of ‘wind’ 

in the liver in his encyclopaedic Standards for Diagnosis and Treatment consists of 44 volumes (Zheng 

Zhi Zhun Sheng; Chinese:證治準繩) (Wang, 1959). His description originates from brief mention in The 

Emperor's Inner Canon (Huangdi Neijing; Chinese:黃帝內經) first published in the Qin-Han Dynasty 

(around 221 BC to 220 AD) (Jiang and Li, 2015).  
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In 1867, one of Charcot’s students, Leopold Ordenstein introduced belladonna alkaloids (Atropa 

belladonna, or the “deadly nightshade”), an anticholinergic agent, as a treatment for parkinsonian 

tremors in his medical doctoral thesis (Fahn, 2015). Ordenstein also documented Charcot’s 

prescription of hyoscyamine as a preferred agent for treating PD but only for palliative relief (Sourkes, 

1999). British neurologist, William Gowers also employed hyoscamine as a tremorolytic medication 

for PD, but he further noted, in his own experience, that a combination of arsenic and “Indian hemp” 

(cannabis) with or without opium had beneficial symptomatic reliefs for PD patients (Gowers, 1892). 

The use of anticholinergics remained the mainstay of treatment for PD throughout the 19th century 

until the mid-20th century, when severe striatal dopaminergic depletion was identified in the brains of 

patients with PD and post-encephalitic parkinsonism ((Ehringer and Hornykiewicz, 1960) translated in 

(Ehringer and Hornykiewicz, 1998)). This subsequently led to the use of the levodopa which became 

the miraculous treatment for PD (reviewed in (Fahn, 2015; Lees et al., 2015)). DL-3’4-

dihydroxyphenylalanine (DL-Dopa) was first synthesized by Funk in 1911 (Funk, 1911) and levodopa 

(L-Dopa) was isolated from fava beans, Vicia faba by Markus Guggenheim in 1913 (Fahn, 2015). DL-

Dopa (McGeer et al., 1961) and L-Dopa (Fahn, 2015) were tested on patients with drug-induced 

parkinsonism, and low dose L-Dopa was used on PD patients with only mild improvement of PD 

symptoms ((Birkmayer and Hornykiewicz, 1961) translated in (Birkmayer and Hornykiewicz, 1998), 

(Birkmayer and Hornykiewicz, 1964)). In 1967, George Cotzias provided evidence that the use of high 

dose, long-term levodopa therapy could successfully alleviate PD motor symptoms (Cotzias et al., 

1967). 50 years on, levodopa therapy remains the gold standard symptomatic treatment for PD 

nowadays. The traditional Indian remedy Atmagupta or Mucuna pruriens (also known as “Cowitch” 

and “cowhage” plants in English), has been reported to contain levodopa (Lampariello et al., 2012) 

which may explain its effectiveness in treating Kampavata.  

 

Although Parkinson mentioned “the senses and intellects being uninjured” in patients with this illness, 

he noted the end-stage phenomenon of “constant sleepiness, with slight delirium, and other marks of 

extreme exhaustion, announce the wished-for release”, suggesting PD is more than just a motor 

disorder. Non-motor symptoms in PD, including fatigue, pain and autonomic dysfunctions, were also 

described by Charcot and Gowers (Garcia-Ruiz et al., 2014).   

 

The anatomical origin of PD was proposed to be in the medulla oblongata by James Parkinson. In 1893, 

Blocq and Marinesco reported a case of hemiplegic parkinsonism and tremor due to a tuberculoma 

found in the right cerebral peduncle (Okun and Koehler, 2007). Based on their findings, Edouard 

Brissaud hypothesised that parkinsonism is a consequence of a lesion in the substantia nigra (SN) 
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(Okun and Koehler, 2007). In 1913, Friedrich Lewy was the first to identify concentric hyaline-rich 

inclusions within surviving neurons of the dorsal motor nucleus (Figure 1.1) and the nucleus basalis of 

Meynert (nbM) in the substantia innominata (Figure 1.2) (Lewy, 1913). Subsequently, Tretiakoff, in his 

medical thesis in 1919, reported neuronal loss, depigmentation and gliosis of the SN in post-mortem 

PD brains. He also noted the presence of inclusion bodies described by Lewy in surviving nigral neurons, 

which he named them ‘Corps de Lewy’ (Lewy bodies; LB) (Lees et al., 2009). Further detailed 

anatomical investigation was performed by Foix and Nicolesco in which they reported pathological 

lesions within the SN and the striatum, as well as dorsal motor nucleus and substantia innominata 

degeneration in the brains of PD patients (Goldman and Goetz, 2007).  

 

Figure 1.1. Friedrich Lewy’s illustration of ‘Lewy bodies’ in the surviving neurons of the dorsal motor nucleus. Image 
reproduced from (Lewy, 1913) 
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1.1.2 Epidemiology of Parkinson’s disease 

PD is primarily a disease of the aged population. As life expectancy increases, the number of people 

over the age of 50 with PD is predicted to double from 4.1 million in 2005 to about 9 million globally 

by 2030 (Calabrese, 2007). It affects people of all race and socioeconomic backgrounds anywhere 

around the world. Despite being the second most common neurodegenerative condition (de Lau and 

Breteler, 2006), PD is still a relatively uncommon disease in general. The overall prevalence of PD in 

the general population is about 0.3% (de Lau and Breteler, 2006) and 1-3% in the over 80s (Nussbaum 

and Ellis, 2003).  

 

The incidence of PD is defined by the occurrence of a newly diagnosed case among a defined group of 

people at a specific time interval, and it is a better indicator than prevalence as a proxy for risk. In a 

systemic review by Twelves et al (Twelves et al., 2003) with 25 incidence studies reviewed, the 

incidence of PD varies from 1.5 to 19 per 100,000 person per year with a mean of approximately 17 

per 100,000 per year. Another study which included 9 prospective population-based incidence studies 

from different geographical locations reported the PD incidence rate from 8 to 18 per 100,000 person-

years (de Lau and Breteler, 2006). Assuming one lives until the age of 90, there is a lifetime risk of 

approximately 1.6% from birth for an individual to develop PD (Elbaz et al., 2002). Men generally had 

a higher risk for developing PD and one study reported the age-adjusted incidence rate was 

Figure 1.2. Friedrich Lewy’s illustration of ‘Lewy bodies’ in the surviving neurons of the nucleus basalis of Meynert. 
Image reproduced from (Lewy, 1913) 
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approximately double that of women (Van Den Eeden et al., 2003). In a meta-analysis with 7 incidence 

studies, men have an approximately 1.5-fold higher incidence of PD than women (Wooten et al., 

2004). These suggest sex hormones or X-chromosome-associated susceptibility to PD (Gillies et al., 

2014). Racial differences also affect the incidence of PD. In a study using data from a large healthcare 

practice within a multiethnic population in Northern California, the age- and gender-adjusted 

incidence rates for PD were highest among Hispanics, followed by non-Hispanic Whites, and 

individuals of Asian and African descents (Van Den Eeden et al., 2003). In another study using Medicaid 

billing claims to determine incidence of PD in a socioeconomic status-matched, racially diverse cohort 

of middle-aged individuals reported White race were twice as likely to be diagnosed with PD as 

African-Americans (Dahodwala et al., 2009).  Genetic differences (Gao et al., 2009) and possibly the 

protective role of dermal melanin to neurotoxins (Lerner and Goldman, 1987; Mårs and Larsson, 1999) 

may underlie racial susceptibility to PD. 

 

1.1.3 Genetics of Parkinson’s disease 

Familial forms of PD only account for approximately 10% of all cases (Klein and Westenberger, 2012). 

However, the study of genetic causes of PD can provide us with clues to the underlying molecular 

mechanisms and etiology of PD. In 1997, using traditional linkage-analysis, Polymeropoulous and 

colleagues reported a single point mutation in the alpha-synuclein (αSN) gene (SNCA) which caused 

familial PD in an Italian and three Greek families (Polymeropoulos et al., 1997). This landmark study 

has demonstrated the genetic basis of PD which triggered further studies in the following years and 

currently more than nine genes are identified to be causative of monogenic PD/parkinsonism. These 

include SNCA, LRRK2 (Leucine-rich repeat kinase 2/ Dardarin) and VPS35 (Vacuolar protein sorting 35) 

which cause autosomal dominant forms of PD; and PARK2 (Parkin/ubiquitin E3 ligase), PINK1 

(Phosphatase and tensin homolog (PTEN)-induced putative kinase 1), PARK7 (DJ-1/Daisuke Junko-1), 

ATP13A2 (Lysosomal type 5 ATPase), FBX07 (F-box only protein 7) and PLA2G6 (Phospholipase A2) 

which cause autosomal recessive PD (Hernandez et al., 2016). LRRK2 mutation is currently the 

commonest genetic cause of PD identified in up to 40% of familial cases (Klein and Westenberger, 

2012). There is an ethnic susceptibility to LRRK2 G2019S mutation in which a large portion of patients 

were Ashkenazi Jews (Ozelius et al., 2006) and of Arab descent (Lesage et al., 2006). There is a large 

degree of clinical and neuropathological heterogeneity in PD patients with LRRK2 mutation with LB 

pathology only identified in some (Klein and Westenberger, 2012). The pathological mechanism of 

LRRK2 mutation is currently unknown but it is thought to be implicated in autophagy, kinase activity 

and vesicular trafficking (Hernandez et al., 2016). Other monogenic/ Mendelian genetic mutation 

accounts for approximately 30% of familial and up to 5% of sporadic cases (Hernandez et al., 2016). It 
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is, however, important to consider these genes to be causative for parkinsonism rather than PD as not 

all patients with genetic mutation listed have the characteristic Lewy bodies identified at post-mortem 

examinations, such as those with Parkin, DJ-1 and LRRK2 mutations (Jellinger, 2011). A number of 

genes were identified as risk factors for PD, including those which have been shown to cause 

monogenic PD such as SNCA and LRRK2. The gene GBA (encodes for lysosomal enzyme β-

glucocerebrosidase) which is associated with the lysosomal storage disorder, Gaucher’s disease, is of 

particular interest (Neumann et al., 2009). Currently GBA mutation is the commonest genetic risk 

factor for PD (Lesage et al., 2011) and is found in 8-14% of neuropathologically-confirmed cases of PD 

(Klein et al., 2009). 

 

To date, 21 chromosomal loci, which were given the PARK nomenclature and chronologically 

numbered, are identified to be linked with PD (Kalinderi et al., 2016) (Table 1.1). Most of these loci 

were identified using traditional linkage-analysis and candidate gene approach. However, with the 

advancement in next generation sequencing in recent years, a further 20 genes were identified to be 

linked with PD and are pending validation (Olgiati et al., 2016). This list is expected to expand and will 

hopefully further contribute to our understanding of the molecular pathogenesis of PD.  
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PARK  
Gene 
locus Gene Protein Inheritance 

Mode of 
identification 

Presence 
of LB General neuropathology Clinical phenotype 

Presence of 
dementia Proposed mechanism References 

PARK1 4q21-22 SNCA Alpha-synuclein 
Autosomal 
dominant Linkage analysis Yes 

Neuronal loss in SN and 
LC; gliosis 

Early onset (A53T,G51D) or 
later onset (A30P, E46K, 
H50Q) parkinsonism, 
aggressive course Yes 

Gain of function: Promoting 
self-aggregation of proteins  

(Appel-Cresswell et al., 2013; 
Krüger et al., 1998; Lesage et 
al., 2013; Polymeropoulos et 
al., 1997; Proukakis et al., 
2013; Zarranz et al., 2004) 

PARK2 
6q25.2-
q27 PARK2 

Parkin (ubiquitin 
E3 ligase) 

Autosomal 
recessive Linkage analysis 

Yes in 
some 

Neuronal loss in SN and 
LC Early onset parkinsonism No 

Loss of function: Reduced 
ability for ubiquitination 

(Hattori et al., 1998; Kitada et 
al., 1998; Lücking et al., 1998; 
Matsumine et al., 1997) 

PARK3 2p13 Unknown Unknown 
Autosomal 
dominant Linkage analysis Yes 

Neuronal loss in SN and 
LC, gliosis, with tau 
neurofibrillary tangles 
and senile plaques Classical parkinsonism Yes Unknown (Gasser et al., 1998) 

PARK4 4q21 
SNCA 
(triplication) Alpha-synuclein 

Autosomal 
dominant Linkage analysis Yes 

Similar to typical Lewy 
body disease Early onset parkinsonism Yes 

Gain of function: Promoting 
self-aggregation of proteins  (Singleton et al., 2003) 

PARK5 4p13 UCHL1 
Ubiquitin c 
terminal hydrolase 

Autosomal 
dominant 

Functional candidate 
gene approach Yes 

Similar to typical Lewy 
body disease Classical parkinsonism Unknown 

Abberation of proteolytic 
pathway and aggregation 
of protein (Leroy et al., 1998) 

PARK6 1p35-p36 PINK1 

Phosphatase and 
tensin homolog 
(PTEN)-induced 
putative kinase 1 

Autosomal 
recessive Linkage analysis Yes 

Neuronal loss in SN; LB 
and LN in SN, nbM and 
brainstem reticular 
nuclei Early onset parkinsonism No 

Loss of function: Decreased 
mitochondrial activity 

(Samaranch et al., 2010; 
Valente et al., 2004) 

PARK7 1p36.23 PARK7 
DJ-1 (Daisuke 
Junko-1) 

Autosomal 
recessive Linkage analysis Yes 

DJ-1 protein only 
localised to a few nigral 
LBs Early onset parkinsonism Rare 

Loss of function: Increased 
oxidative stress 

(Bandopadhyay et al., 2004; 
Bonifati et al., 2003; Taipa et 
al., 2016) 

PARK8 12q12 LRRK2  

Leucine-rich 
repeat kinase 2 
(Dardarin) 

Autosomal 
dominant Linkage analysis 

Yes 
(~50%)  

Extensive SN 
degeneration; 
heterogenous pathology 
including tau, LBs and 
TDP-43 Classical parkinsonism 

Yes 
(variable) 

Gain of function: reduced 
autophagy and increased 
kinase activity  

(Funayama et al., 2002; 
Paisán-Ruíz et al., 2004; 
Zimprich et al., 2004) 

PARK9 1p36 ATP13A2 
Lysosomal type 5 
ATPase 

Autosomal 
recessive Linkage analysis Yes 

Neuronal loss with LBs, 
amyloid-beta, tau 
neurofibrillary tangles 

Kufor-Rakeb syndrome; 
atypical parkinsonism with 
dementia, spasticity and 
supranuclear gaze palsy Yes 

Putative lysosomal 
dysfunction (Ramirez et al., 2006) 

PARK10 1p32 Unknown Unknown Risk locus Linkage analysis N/A N/A Classical parkinsonism Unknown Unknown (Hicks et al., 2002) 

PARK11 2q36-27 

Unknown 
(not 
GIGYF2) Unknown 

Autosomal 
dominant Linkage analysis N/A N/A Late onset parkinsonism Unknown Unknown (Pankratz et al., 2003b) 

PARK12 Xq21-q25 Unknown Unknown X-linked Linkage analysis N/A N/A Classical parkinsonism Unknown Unknown (Pankratz et al., 2003a) 

PARK13 2p12 HTRA2 
HTRA serine 
peptidase 2 

Autosomal 
dominant 

Candidate gene 
approach N/A N/A 

Classical parkinsonism 
(Levodopa responsive) Unknown 

Loss of function: 
mitochondrial dysfunction (Strauss et al., 2005) 

PARK14 22q13.1 PLA2G6 Phospholipase A2 
Autosomal 
recessive Linkage analysis Yes LB pathology 

Early-onset dytonia-
parkinsonism; rapid cognitive 
decline Yes Unknown (Paisan-Ruiz et al., 2009) 
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PARK  
Gene 
locus Gene Protein Inheritance 

Mode of 
identification 

Presence 
of LB General neuropathology Clinical phenotype 

Presence of 
dementia Proposed mechanism References 

PARK15 22q12-q13 FBX07 
F-box only protein 
7 

Autosomal 
recessive Linkage analysis N/A N/A 

Early-onset parkinsonian-
pyramidal syndrome Yes Unknown 

(Di Fonzo et al., 2009; Paisán-
Ruiz et al., 2010) 

PARK16 1q32 Unknown Unknown Risk locus GWAS N/A N/A Classical parkinsonism Unknown Unknown (Satake et al., 2009) 

PARK17 16q11.2 VPS35 
Vacuolar protein 
sorting 35 

Autosomal 
dominant 

Next generation 
sequencing N/A N/A Late onset parkinsonism No 

Reduced lysosomal 
trafficking 

(Vilariño-Güell et al., 2011; 
Zimprich et al., 2011) 

PARK18 3q27.1 EIF4G1 

Eukaryotic 
translation 
initiation factor 4 
gamma 1 

Autosomal 
dominant Linkage analysis Yes LB pathology in SN, LC Classical parkinsonism No 

Impairment in mRNA 
translation initiation (Chartier-Harlin et al., 2011) 

PARK19 1p31.3 DNAJC6 

DNAJ/HSP40 
homolog subfamily 
C member 6 

Autosomal 
recessive 

Next generation 
sequencing N/A N/A 

Juvenile atypical 
parkinsonism Unknown 

Impairment in clathrin-
mediated endocytosis (Edvardson et al., 2012) 

PARK20 21q22.11 SYNJ1 Synaptojanin 1  
Autosomal 
recessive 

Next generation 
sequencing N/A N/A 

Juvenile atypical 
parkinsonism, severe epilepsy 
with developmental delay Yes 

Impairment in clathrin-
mediated endocytosis (Quadri et al., 2013) 

PARK21 3q22.1 DNAJC13 

DNAJ/HSP40 
homolog subfamily 
C member 13 

Autosomal 
dominant 

Next generation 
sequencing Yes LB pathology in SN, LC Late onset parkinsonism Yes 

Impairment in vesicular 
trafficking, endosomal 
recycling and the endo-
lysosomal degradative 
pathway. (Vilariño-Güell et al., 2014) 

 

Table 1.1. Chromosomal loci (PARK genes) associated with Parkinson’s disease or parkinsonism. Adapted and expanded from (Jellinger, 2011). Abbreviations: LB, Lewy bodies; LC, locus coeruleus; LN, 
Lewy neurites; nbM, nucleus basalis of Meynert; SN, substantia nigra; TDP-43, TAR DNA-binding protein 43 



 
 

1.1.4 Non-genetic risk factors for Parkinson’s disease 

In 1983, Langston and colleagues reported incidental parkinsonism in four young drug addicts who 

had intravenously injected themselves with a new “synthetic heroin”, meperidine (Langston et al., 

1983). However, it was discovered that the drug was contaminated with the neurotoxin 1-methyl-4-

phenyl-1,2,5,6-tetrahydropyridine (MPTP), which is a by-product of meperidine synthesis. This small 

outbreak of parkinsonism due to accidental exposure to MPTP and the use of MPTP in animal studies 

which reproduces the nigral dopaminergic neuronal depletion seen in PD cases (Przedborski et al., 

2001) suggested that PD could be caused by a number of environmental risk factors (Table 1.2).  

 
1.1.4.1 Herbicides, pesticides and rural living 

The chemical structure of the herbicide, paraquat, bears striking resemblance to that of MPTP. In fact, 

MPTP, paraquat and the pesticide, rotenone, have been used in animal models to induce parkinsonism 

by inhibiting the mitochondrial complex I to cause degeneration of dopaminergic neurons in the SN 

(Bezard and Przedborski, 2011). Hence, exposure to pesticides and herbicides and associated exposure 

as a farmer, living in the rural area and drinking of well water were hypothesised to increase the risk 

of PD (de Lau and Breteler, 2006). These factors were confirmed to demonstrate an increase risk in a 

recent meta-analysis with greatest risk with the exposure of pesticides (Odds ratio, OR = 1.78, 95% 

confidence interval (CI) = 1.50-2.10), followed by rural living (OR = 1.43; 95% CI = 1.13-1.81), farming 

(OR = 1.26; 95% CI = 1.10-1.44) and drinking of well water (OR = 1.21; 95% CI = 1.04-1.40) (Noyce et 

al., 2012).  

 

1.1.4.2 Heavy metal  

Glutathione, an antioxidant, is found at a low level within the SN in the brain. The accumulation of 

heavy metal (usually with age), particularly iron, in the SN, promotes the auto-oxidation of dopamine, 

which releases hydrogen peroxide and depletes glutathione stores leading to an increased in oxidative 

stress (Zecca et al., 2004). Dietary intake of iron has a trend increase in the risk of PD (OR = 1.7; 95% 

CI = 1.0-2.7) and a nearly two-fold risk was observed with a combined iron and manganese intake 

compared with lower intake of other dietary nutrients (OR = 1.9; 95% CI = 1.2-2.9) (Powers et al., 

2003). However, the association of occupational exposure to heavy metal (a more likely exposure 

Increased risk Decreased risk 

Pesticide and herbicide exposure 
Drinking of well water 
Farming/agriculture 
Living in rural areas 
Beta blockers 
Head injury 
Mood disorder 

Cigarette smoking 
Coffee consumption 
Alcohol 
Exercise 
Intake of polyunsaturated fatty acids 
NSAIDs 
Calcium channel blocker 

Table 1.2. Non-genetic risk factors for PD 
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route to lead, managanese and copper) with the risk of PD is currently inconclusive (Lai et al., 2002). 

Some studies reported an increased risk (Gorell et al., 2004; Racette et al., 2005), particularly with 

long term manganese exposure (OR = 10.63; 95% CI = 1.07-105.99) (Gorell et al., 2004), while two 

cohort studies on Danish and Swedish welders failed to identify an increased risk of PD (Fored et al., 

2006; Fryzek et al., 2005).  

 

1.1.4.3 Dietary factors 

Several types of food and nutrients have been associated with an increased or decreased risk for PD. 

However, an objective quantitative assessment of dietary intake is difficult to measure and it was 

often assessed using a dietary questionnaire. Hence, the best indicator for dietary factor risk was 

obtained using population-based longitudinal cohort studies. Dietary fat has been associated with a 

higher risk of PD due to the increased oxidative stress from lipid peroxidation (Farooqui and Horrocks, 

1998). However, longitudinal studies reported no association between total fat, saturated fat, animal 

fat, cholesterol and total calories and the risk of PD (Abbott et al., 2003; Chen et al., 2003b; de Lau et 

al., 2005). Interestingly, an inverse association between total fat and the risk of PD was reported in 

the Rotterdam Study (de Lau et al., 2005). The intake of polyunsaturated fatty acids, which have anti-

inflammatory properties, were reported to associate with a reduced risk of PD  in two population-

based longitudinal studies (Abbott et al., 2003; de Lau et al., 2005). Dietary antioxidant intake such as 

vitamins C and E may have a role in reducing oxidative stress in PD. However, prospective studies were 

inconclusive regarding vitamin supplements and the risk of PD (de Lau and Breteler, 2006). Other 

dietary factors such as milk and beta carotene have also been suggested to alter the risk of PD, but a 

lack of association was reported in the Honolulu Asia Aging Study (Abbott et al., 2003).  

 

1.1.4.4 Lifestyle factors: smoking, alcohol, coffee and physical exercise 

A consistent and significant inverse association of cigarette smoking, coffee and alcohol consumption 

with risk of PD highlight their neuroprotective role in PD. A large meta-analysis reported the largest 

reduction of risk in current smoker (vs never smoker; Relative risk, RR = 0.44; 95% CI = 0.39-0.50), 

followed by coffee (OR = 0.67; 95% CI = 0.58-0.76) and alcohol (OR = 0.90; 95% CI = 0.84-0.96) 

consumption (Noyce et al., 2012). Cigarette smoking has been the most studied lifestyle risk factor for 

PD and its inverse association with PD has been reported early in the 1990s in two independent 

longitudinal studies with a duration >30 years (Doll et al., 1994; Grandinetti et al., 1994). In a meta-

analysis when smoking habits were classified into current, ever and past smoking, the greatest inverse 

association was identified in current vs never smoker (RR = 0.44; 95% CI = 0.39-0.50), followed by ever 

vs never smoker (RR = 0.64; 95% CI = 0.60-0.69) and past vs never smoker (RR = 0.78; 95% CI = 0.71-
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0.85) (Noyce et al 2012). Several neuroprotective mechanisms of smoking have been suggested and 

they are most likely related to nicotine. Nicotine can increase the availability of striatal dopamine 

through direct stimulation via α4β2 nicotinic receptors (Chang et al., 2014) and the reduction of 

monoamine oxidase (MAO)-B activity to prevent breakdown of dopamine at the synapse (Fowler et 

al., 1996). Furthermore, nicotine has been shown to prevent nigral cell loss in rodent model of PD 

(Prasad et al., 1994). In addition, biochemical studies have demonstrated nicotine may inhibit αSN 

fibril formation (Hong et al., 2009), which is thought to prevent the formation of Lewy pathologies in 

PD.  Consistent inverse association of coffee drinking and the risk of PD have been reported in several 

longitudinal studies (de Lau and Breteler, 2006). The reduction in risk was observed to be dose-

dependent (Ross et al., 2000) but this effect appears to differ between the sexes (Ascherio et al., 2001), 

which may be affected by the use of oestrogen-replacement therapy (Ascherio et al., 2004). Caffeine 

is an adenosine A2 antagonist which has been shown to protect striatal dopaminergic loss and improve 

motor deficit in rodent models of PD (Richardson et al., 1997). Regarding alcohol consumption, 

although a mild inverse association to the risk of PD has been reported (Noyce et al., 2012), its exact 

biological mechanism has yet to be discovered.  

 

Physical exercise has been beneficial for many health conditions (Pate et al., 1995) and a high degree 

of physical activity has significant inverse association with the risk of developing AD (Hamer and Chida, 

2009). Animal studies have shown that vigorous exercise ameliorates striatal dopaminergic loss and 

restores motor deficits induced by parkinsonian toxins, MPTP and 6-hydroxydopamine (6-OHDA) 

(Ahlskog, 2011). Physical exercise has also been shown to associate with an improved physical 

functioning and an improved health-related quality of life in PD patients (Goodwin et al., 2008). 

However, the types and intensity of exercise is difficult to standardise and classify so this leads to 

inconsistent results regarding the benefit of exercise to the risk of PD in several epidemiological 

studies (Logroscino et al., 2006; Xu et al., 2010; Yang et al., 2015). A recent meta-analysis comparing 

the highest and the lowest level of physical activity has demonstrated a significant inverse association 

between physical exercise and risk of developing PD (OR = 0.66; 95% CI = 0.57-0.78) (Yang et al., 2015).  

 

1.1.4.5 Infection, inflammation and head trauma 

The link between infection and PD has been hypothesised to be due to the outbreak of post-

encephalitic parkinsonism (or von Economo’s disease) which overlapped with the influenza pandemic 

in 1918 (Ravenholt and Foege, 1982). However, there has been no convincing epidemiological 

evidence thus far regarding the association of particular infectious agent with the risk of PD (Kasten 

et al., 2007). Perhaps inflammation, either post-infection or chronic, may better contribute to 
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degenerative changes in PD. Increased inflammatory cytokine levels are found in the post-mortem 

brain, peripheral blood and cerebrospinal fluid of PD patients compared with controls (Nagatsu and 

Sawada, 2005; Sawada et al., 2006). The use of non-steroidal anti-inflammatory drugs is found to be 

inversely associated with the risk of PD in longitudinal studies (Abbott et al., 2003; Chen et al., 2003a). 

However, a recent meta-analysis failed to identify significant association between the use of aspirin 

(OR = 1.11; 95% CI = 0.93-1.32) or paracetamol (OR = 1.02; 95% CI = 0.76-1.36) and the risk of PD 

(Noyce et al., 2012).   

 

Head trauma has been associated with an increased risk of PD in a number of case-control studies, 

and a meta-analysis reviewing 19 of those studies reported an approximately 1.6-fold increased in risk 

of PD development following any types of head injury with or without loss of consciousness (Noyce et 

al., 2012). However, it may be important to note that repeated episodes of head injury may lead to a 

newly classified tauopathy called chronic traumatic encephalopathy (CTE) (McKee et al., 2013), in 

which patients present with parkinsonian motor deficits and cognitive impairment bearing remarkable 

resemblance to those seen in Lewy body disorder patients.  

 

1.1.5 Motor symptoms of Parkinson’s disease 

PD was named Paralysis agitans (shaking palsy) as James Parkinson noted tremor as a key feature of 

the illness, along with festination and gait instability which he also described (Parkinson, 2002). 

Subsequently Charcot added further description about the character of tremor and claimed rigidity to 

be a better defining feature for PD. Nearly two centuries on and these features remain important 

diagnostic signs of PD. The UK Parkinson’s Disease Society, founded in 1969, established clinical 

diagnostic criteria for the diagnosis of PD in which they defined the parkinsonian syndrome with the 

presence of two out of four cardinal motor symptoms including bradykinesia, rigidity, resting tremor 

and postural instability (Figure 1.3) (Gibb and Lees, 1988). These criteria are useful tools for clinicians 

for the diagnosis and exclusion of PD, and are still widely used in the clinical setting nowadays. 

However, since the motor signs for PD are often wrongly assumed to be caused by aging, depression 

or rheumatic conditions, a delay in the diagnosis is still common (Lees et al., 2009). Tremor is probably 

the most common and well recognized symptom in PD. In a clinicopathological study with 100 clinically 

diagnosed cases of PD, those with sufficient clinical notes for retrospective analysis revealed 69% had 

tremor at disease onset (Hughes et al., 1993). Tremor in PD typically occurs at rest, has a 

pathognomonic but rare “pill-rolling” characteristic and is unilateral at onset. It is a slow frequency 

tremor (4-6 Hz) and may disappear with action or mental concentration which differentiates it from 

the high frequency (5-10 Hz) essential tremor (Jankovic, 2008). In addition, resting tremor in PD can 
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affect several facial muscles but rarely involves the neck and larynx unlike the “head-nodding tremor” 

seen in essential tremor (Dubinsky et al., 1993; Jankovic, 2008). Apart from rest tremor, postural 

tremor also presents in PD, which is a type of tremor that occurs when holding a position (typically 

outstretched) against gravity. PD-type postural tremor is also known as a re-emergent tremor due to 

its latency in occurrence after an outstretched horizontal position, and this type of tremor can have 

more disabling effects than resting tremor in PD patients (Jankovic et al., 1999). Another motor feature 

of PD is bradykinesia, defined as a slowness of movement, can sometimes be misdiagnosed as 

depression. This feature is often noticed by close family members or friends of patients from the loss 

of facial expression (hypomimia), monotonous voice and the inability to perform daily tasks (Jankovic, 

2008; Lees et al., 2009). Bradykinesia in PD can be diagnosed simply by asking the patients to perform 

rapid, repetitive movements, such as opening and closing the hands, index finger and thumb tapping, 

and palm pronation-supination (Massano and Bhatia, 2012). Sudden akinesia in the form of freezing 

can occur in almost half of the PD patients in a survey of 6620 patients (Macht et al., 2007), particularly 

at the initiation of gait, at turning corners or facing obstacles. It greatly affects activity of daily living 

as it is associated with a greater risk of falls (Bloem et al., 2004).  

 

Rigidity is defined by an increase in muscle tone as a resistance to passive movement. In PD, this occurs 

commonly in the flexors and extensors, and has a “leadpipe-like” characteristic (Broussolle et al., 

2007). At the wrist joint, PD patients also present with “cogwheel” rigidity due to the superimposed 

low-frequency resting tremor (Jankovic, 2008). Rigidity at wrist can be exacerbated with the “stiff wrist 

test” or the Froment’s manoeuvre where voluntary movement of the contralateral limb leads to 

sudden stiffness in the testing limb (Broussolle et al., 2007). The final cardinal feature of PD is postural 

and gait instability, which is a significant contributor to morbidity in PD patients as it commonly leads 

to falls and increases risks for fractures and head injury (Williams et al., 2006). Postural instability often 

presents late in the course of PD and it can be diagnosed by the pull test which assesses the degree of 

retropulsion or propulsion in PD patients (Jankovic, 2008). Furthermore, postural instability is often 

associated with postural deformities such as the stooped/flexed posture seen in some patients.  

 

The presence of the aforementioned motor symptoms defines parkinsonism but not PD. A non-

exhaustive list by Jellinger (Jellinger, 2011) shows there is at least 30 different causes of parkinsonism 

(including multiple system atrophy, progressive supranuclear palsy, vascular parkinsonism, etc.) in 

which careful exclusion of differential diagnosis is needed for the definitive clinical diagnosis of PD. In 

addition, due to the clinical heterogeneity of PD, it can be further sub-classified according to its 

predominant motor phenotype. Traditionally, either based on initial presentation or dominant motor 
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symptoms, PD can be classified as tremor-dominant (TD), akinetic-rigid (AR) or postural instability and 

gait disturbance (PIGD) and mixed subtypes (Thenganatt and Jankovic, 2014). More recently, using 

data-driven cluster analysis, PD can be classified into four subtypes (van Rooden et al., 2010): 1. Young-

onset PD; 2. TD PD; 3. Non-TD PD with significant cognitive impairment and mild depression; and 4. 

Rapid disease progression with no cognitive impairment.  

1.1.6 Non-motor symptoms of PD 

The spectrum of symptoms in PD exhibits a high degree of heterogeneity and it does not limit to 

motor presentations. Nowadays, there is an increased emphasis on autonomic, neuropsychiatric, 

sleep, gastrointestinal, sensory and other non-motor domains in PD due to their significant burden 

to the patients' quality-of-life (Chaudhuri et al., 2006; Docherty and Burn, 2010; Emre, 2003; 

Kalaitzakis and Pearce, 2009) (figure 1.4).  In a recent survey in the UK with 1000 patients with PD, 

their carers and family members, the top 10 research priorities in current PD research were 

identified and half were non-motor symptoms (Table 1.3) (Deane et al., 2014) which further 

highlights the significance of these symptoms in PD patients.  

 

Figure 1.3. UK Parkinson’s Disease Society diagnostic criteria for PD. Adapted from (Gibb and Lees, 1988) 
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Rank Research priority 

1 Gait and Balance 
2 Stress and anxiety 
3 Dyskinesia 
4 Targeting different subtypes in PD 
5 Dementia in PD 
6 Mild Cognitive Impairment in PD 
7 Monitoring response to treatment in PD 
8 Sleep disorders 
9 Improving dexterity 
10 Urinary problems 

 

Table 1.3 Top 10 research priorities identified by patients with PD and their caregivers (Deane et al., 2014). Symptoms 
in bold indicates non-motor symptoms in PD.  

Figure 1.4. The different domains of PD non-motor symptoms.  
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1.1.6.1 Autonomic dysfunction 

Autonomic dysfunction, in particular orthostatic hypotension, is a key feature for multiple system 

atrophy (MSA) and pure autonomic failure (or Bradbury-Eggleston syndrome) (Chaudhuri, 2001; 

Hague et al., 1997). It is also a common non-motor symptom for PD patients, which is particularly 

prevalent as the disease severity progresses (Visser et al., 2004). In a survey interviewing 141 PD 

patients and 50 healthy controls regarding the presence of various autonomic symptoms, orthostatic 

dizziness (attributed to orthostatic hypotension), erectile dysfunction, hyperhidrosis, and bladder 

dysfunction were significantly more prevalent among the PD group, with erectile dysfunction (64%) 

being the most common symptom of autonomic dysfunction (Magerkurth et al., 2005). With advanced 

PD, the prevalence of blood pressure and bladder disturbances were 48% and 71% respectively in a 

20-year longitudinal study with 30 surviving patients (Hely et al., 2008).  

 

1.1.6.2 Gastrointestinal disturbances 

Constipation and difficulty in voiding bowels are the commonest gastrointestinal symptoms in PD, 

which have a significant overlap with autonomic dysfunction (Chaudhuri et al., 2006).  The presence 

of constipation is due to impaired motility of colonic smooth muscles, and it has been suggested to 

precede the onset of PD motor symptoms (Savica et al., 2010). In the Honolulu-Asia Aging Study where 

6790 men were followed up over a 24-year period, those with a reduced number of bowel movements 

had a 2.7-fold increase in risk of developing PD (Abbott et al., 2001), suggesting constipation can be a 

risk factor for PD. However, the definition of constipation is non-specific and this symptom is also 

common in the aged population. Although the loss of dopaminergic neurons in the enteric nervous 

system is found in post-mortem PD colonic tissues (Singaram et al., 1995), dopaminergic therapies 

used in PD were not effective in alleviating constipation symptoms, which suggests non-dopaminergic 

disturbances are probably involved in its pathogenesis (Ahlskog, 2005).   

 

1.1.6.3 Sleep disturbances 

Sleep disturbances are being increasingly recognised to be an important feature specific to PD and 

other Lewy body disorders. In a survey conducted on 220 PD patients, almost all of them (96%) 

reported problems with sleep (Lees et al., 1988). The three main problems with sleep in PD patients 

include insomnia, excessive daytime somnolence and rapid-eye-movement (REM) sleep behavioural 

disorder (RBD). Patients with PD show a fragmented, superficial sleeping pattern with 

polysomnography which greatly affects the quality of life (Poewe and Högl, 2000). There are multiple 

contributing factors to the disturbed sleep including the use of dopaminergic drug for the treatment 

of motor symptoms in PD, such as apomorphine, bromocriptine and pergolide (Poewe and Högl, 
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2000). However, certain aspects of sleep disturbances are also modifiable and can be improved by 

practising good sleep hygiene (Adler, 2005). Excessive daytime somnolence/sleepiness could be 

partially due to the fragmented sleep pattern. Additionally, dopaminergic agents may also lead to 

sleepiness in PD patients, which could significantly affect activity of daily living (Adler, 2005).  

 

RBD, which is characterised by violent acting-out of dreams (often unpleasant), is present in about 

33% of the PD patients measured with polysomnography (Gagnon et al., 2002). The presentation of 

RBD can even precede PD motor presentations by more than 12 years (Savica et al., 2010). In a 

prospective cohort study with 29 patients diagnosed with RBD, 11 (38%) developed a clinically possible 

PD and 73% of those developed RBD 10-29 years before the occurrence of parkinsonian motor 

symptoms (Schenck et al., 1996). In a separate cohort study, 44 patients were diagnosed with 

idiopathic RBD between 1991-2003 where 36.4% was diagnosed as PD at follow-ups in 2005 and 2013. 

One of the patients diagnosed with PD clinically subsequently underwent post-mortem examination 

and severe Lewy body pathology accompanied with cell loss were detected in areas responsible for 

regulating atonia during REM sleep which includes the locus coeruleus (LC), gigantocellular reticular 

nucleus and the pedunculopontine nucleus (PPN) (Iranzo et al., 2013). Disturbingly, the presence of 

RBD alone has an approximately 80% conversion rate to any neurodegenerative conditions, with 

synucleinopathies being the most common (Iranzo et al., 2013; Schenck et al., 2013), indicating the 

consideration of RBD as a potential risk factor for PD.  

   

1.1.6.4 Sensory disturbances 

Pain in PD can present in different forms but it is commonly a musculoskeletal-type ache secondary 

to rigidity, “frozen” syndrome and dystonia in PD (Adler, 2005). Deep visceral pain, mouth burning and 

genital pain can sometimes occur but are under-recognised (Chaudhuri et al., 2006). Olfactory 

disturbance (or anosmia/hyposmia) is very common in PD and has a prevalence rate of approximately 

90% (Doty, 2012). Using standardized odor testing on 96 clinically diagnosed PD cases, 74% had 

significant olfactory impairment compared with healthy controls (Hawkes et al., 1997). Anosmia can 

occur early or even precede motor symptoms in PD which is independent of dopaminergic 

disturbances (Doty, 2012). In a longitudinal cohort study, 2267 men underwent testing for olfactory 

function. Those who had olfactory test score in the lowest quartile had 5.2-fold increased odds of 

developing PD compared with those in the top two quartiles at 4-year follow-up (Ross et al., 2008). 

However, the increase in odds disappeared at 8-year follow up, suggesting a short prodromal period 

for PD. Hyposmia/Anosmia is a highly sensitive but not specific marker for pre-motor PD as up to a 

third of the elderly population exhibit some degree of olfactory disturbance (Postuma et al., 2012). 
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Nevertheless, anosmia in PD is unlikely to be purely due to ageing as the severity of olfactory 

impairment is significantly greater compared with age-matched controls according to a cross-sectional 

modelling study (Hawkes, 2008). Recently, it was suggested that a combination of olfactory testing 

with dopamine transporter imaging have a high sensitivity and specificity in the early detection of PD 

(Ponsen et al., 2010). Pathologically, neuronal loss in the anterior olfactory nucleus had been reported 

in PD cases and it significantly correlates with disease duration (Pearce et al., 1995). Also, the severity 

of αSN pathology in the olfactory bulb correlates with αSN burden in other brain regions suggesting 

olfactory biopsy might aid early diagnosis of PD (Attems et al., 2014).   

 

1.1.6.5 Neuropsychiatric symptoms 

Common neuropsychiatric symptoms in PD include delusions, hallucinations, agitation, anxiety, 

apathy and disinhibition are commonly assessed using the Neuropsychiatric Inventory (NPI) 

(Cummings et al., 1994). In a study with 139 PD patients, approximately 60% presented with at least 

one neuropsychiatric symptom, with depression and hallucinations being the most common (Aarsland 

et al., 1999). In another study where only PD patients with dementia (PDD) were included, up to 90% 

had at least one symptom on the NPI and 77% had two or more symptoms. In that study, it was 

identified that neuropsychiatric symptoms in PD present in five clusters: 1) Infrequent and mild 

symptoms only; 2) Mood disturbances; 3) Apathy; 4) Agitation and 5) Psychosis (Aarsland et al., 2007). 

These symptoms create great burden to both the patients and their carers, but they are under-

recognised by clinicians and are not well managed (Aarsland and Kramberger, 2015).  

 

Depression and anxiety are the two most common mood symptoms and are seen during early stages 

of PD (Aarsland et al., 1999). They often present simultaneously in the same neuropsychiatric 

symptom cluster (Aarsland et al., 2007; Bronnick et al., 2005). Since depression is characterised by low 

mood and anhedonia leading to somatic changes such as fatigue and psychomotor retardation, which 

overlaps with motor symptoms in PD, it can be difficult to diagnose in PD patients (Aarsland et al., 

2009b). However, in a study which assessed the various depressive symptoms in 173 PD patients, the 

presence of sad mood was significantly associated with the clinical diagnosis of depression with the 

Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV clinical criteria for major depression, 

independent of the Hoehn and Yahr stages for the progression of PD (Starkstein et al., 2008). As a 

result, it was recommended the use of low mood as a core criterion for diagnosing depression in PD. 

Anxiety can include generalised anxiety disorder (feelings of threat or worry independent of stressful 

events) panic attacks, agoraphobia (fear of open or public spaces) and social phobias. In a cross-

sectional multicentre study with 342 PD patients, anxiety disorder (as diagnosed with the DSM) is 
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present in 34% of patients with general anxiety disorder being the most prevalent (Leentjens et al., 

2011). There is a large degree of overlap between anxiety symptoms and depression in PD (Brown et 

al., 2011), however, no significant increase in the prevalence of anxiety is found in demented 

compared with non-demented PD patients. The etiology of depression in PD is multifactorial which 

includes biochemical disturbance (predominantly dopamine) and psychological factors such as 

patient’s perception of handicap from physical impairment in PD (Schrag et al., 2001). However, exact 

neurochemical and functional basis of stress and anxiety in PD is currently largely unknown. One 

double-blind placebo-controlled study reported dose-dependent effect on improvement in mood and 

anxiety exists with intravenous infusion with L-Dopa (Maricle et al., 1995). For anxiety disorders which 

co-exist with depression, treatment with dopaminergic drugs can be beneficial. However, in some 

patients, no improvement in anxiety symptoms was found after dopaminergic therapy, suggesting 

non-dopaminergic neurotransmitter deficits is probably involved in its pathogenesis. A combination 

of dysfunction in dopaminergic, serotoninergic and noradrenergic systems were suggested to be 

involved in the pathogenesis of anxiety (Barone, 2010). However, the cholinergic role of anxiety is not 

to be neglected. Anatomically, there is cholinergic connectivity between the basal forebrain and 

amygdala (Mesulam et al., 1983a), which is the fear conditioning centre of the brain. Recently, 

colocalisation of Lewy neurites with cholinergic fibres has been reported in the amygdala of Lewy body 

dementia cases (Dugger and Dickson, 2010). Also, a randomised, double-blind, placebo-controlled 

international study, McKeith et al (McKeith et al., 2000) reported that rivastigmine had anxiolytic 

properties on PD patients. Further studies are required to investigate the role of cholinergic system in 

mood disorders in PD.  

 

Psychosis is a combination of hallucinations and delusions: Hallucinations are false senses of 

perception without a real external stimulus; and delusions are disorders of thought leading to a fixed 

false belief. It is a severely disabling symptom and was found to be a major predictor for nursing home 

placement in PD (Aarsland et al., 2000). Visual hallucinations are the most common psychotic 

symptom in PD occurring in 25-40% of patients (Emre et al., 2007), with a higher prevalence in those 

with dementia (Kulisevsky et al., 2008). The visual hallucinations experienced by patients are usually 

well formed, complex, non-threatening (commonly with people and animals) and usually occur during 

evenings (Adler, 2005; Fénelon et al., 2000). Other types of hallucination such as auditory, tactile and 

olfactory hallucinations can also occur in PD (Fénelon et al., 2002, 2000; Tousi and Frankel, 2004).  

Clinical experience and earlier studies have suggested the use of dopaminergic agents may be 

associated with a greater risk of hallucinosis in PD (Fénelon and Alves, 2010; Goodwin, 1971). 

However, more recent evidence is inconclusive regarding the role of dopaminergic drugs in the 
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development of hallucinations, in particular there is only a weak association between dose of 

levodopa and visual hallucination (Fénelon and Alves, 2010). Cholinergic dysfunction may have a 

strong association with the occurrence of visual hallucinations. Atropine psychosis is a well-known 

phenomenon where the antagonism of cholinergic receptors can precipitate psychotic episodes and 

cognitive impairment which has a similar clinical picture to PD (Erikssen, 1969; Longo, 1966). 

Furthermore, the use of anticholinergic agents for the treatment of motor symptoms in PD can induce 

visual hallucinations in patients (Cummings, 1991). Conversely, the treatment of PD cognitive 

symptoms with acetylcholinesterase inhibitors including donepezil and rivastigmine has 

demonstrated improvement in visual hallucination symptoms (Aarsland et al., 2004b), highlighting the 

cholinergic basis of psychosis in PD.  

 

1.1.6.5.1 Cognitive impairment and dementia in PD  

James Parkinson described many motor and some non-motor features of PD in detail, but he missed 

out cognitive dysfunction: “the senses and intellects being uninjured”, perhaps due to the shorter 

survival duration of patients with PD. Nowadays, cognitive impairment and dementia are being 

increasingly recognised in PD. They create a huge socio-economical and caregiver burden and are 

associated with a greater risk of psychosis development, increased institutionalisation rate and higher 

mortality to patients (Aarsland et al., 2000; Chaudhuri et al., 2006; Levy et al., 2002). According to the 

DSM, dementia (now renamed as major neurocognitive disorder by the DSM-5) is a non-specific 

syndrome defined by the decline in multiple cognitive domains sufficient to interfere with an 

individual’s independence of daily living (American Psychiatric Association and others, 2013). This 

definition is broad and does not specifically apply to PDD. In particular, the cognitive domains affected 

in PDD are distinctly different from those seen in AD (Bronnick et al., 2007). In 2009, the Movement 

Disorder Society Task Force systematically reviewed the literature around the epidemiology, clinical 

presentation and clinicopathological correlation about dementia and cognitive impairment in PD to 

establish a consensus criteria for the diagnosis of PDD (Figure 1.5) (Emre et al., 2007). In particular, 

the presence of at least two of the four cognitive features (including attentional deficit, executive 

dysfunction, visuospatial impairment and recall memory impairment) and at least one of the five 

behavioural symptoms (apathy, depressed or anxious mood, hallucinations, delusions and excessive 

daytime somnolence) will qualify for a diagnosis of Probable PDD. Detailed discussion regarding PDD 

and its comparison with AD and dementia with Lewy bodies (DLB) will be reviewed in the section 

below.  
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Mild cognitive impairment (MCI), defined as significant cognitive decline from age-matched norm but 

not sufficient to interfere with functional activities of daily living, is common among PD patients. In a 

critical review conducted by the Movement Disorder Society Task Force which includes 8 studies with 

974 PD patients, a mean of 26.7% (range, 18.9-38.2%) non-demented PD patients have MCI (Litvan et 

al., 2011). Subsequently, diagnostic guidelines for PD with MCI (PD-MCI) were established (Litvan et 

al., 2012) (Table 1.4).  

 

Inclusion criteria  Diagnosis of Parkinson’s disease as based on the UK PD Brain Bank Criteria 

 Gradual decline, in the context of established PD, in cognitive ability reported by either the 
patient or informant, or observed by the clinician 

 Cognitive deficits on either formal neuropsychological testing or a scale of global cognitive 
abilities 

 Cognitive deficits are not sufficient to interfere significantly with functional independence, 
although subtle difficulties on complex functional tasks may be present 

Exclusion criteria  Diagnosis of PD dementia based on MDS Task Force proposed criteria 

 Other primary explanations for cognitive impairment (e.g., delirium, stroke, major 
depression, metabolic abnormalities, adverse effects of medication, or head trauma) 

 Other PD-associated comorbid conditions (e.g., motor impairment or severe anxiety, 
depression, excessive daytime sleepiness, or psychosis) that, in the opinion of the clinician, 
significantly influence cognitive testing 

Specific guidelines for 
PD-MCI level I and 
level II categories 

Level I (abbreviated assessment) 

 Impairment on a scale of global cognitive abilities validated for use in PD or 

 Impairment on at least two tests, when a limited battery of neuropsychological tests is 
performed (i.e., the battery includes less than two tests within each of the five cognitive 
domains, or less than five cognitive domains are assessed) 

  
Level II (comprehensive assessment) 

 Neuropsychological testing that includes two tests within each of the five cognitive 
domains (i.e., attention and working memory, executive, language, memory, and 
visuospatial) 

 Impairment on at least two neuropsychological tests, represented by either two impaired 
tests in one cognitive domain or one impaired test in two different cognitive domains 

 Impairment on neuropsychological tests may be demonstrated by 
o Performance approximately 1 to 2 SDs below appropriate norms or  
o Significant decline demonstrated on serial cognitive testing or  
o Significant decline from estimated premorbid levels 

Subtype classification 
for PD-MCI  
(optional, requires two tests 
for each of the five cognitive 
domains assessed) 

 PD-MCI single-domain—abnormalities on two tests within a single cognitive domain 
(specify the domain), with other domains unimpaired or 

 PD-MCI multiple-domain—abnormalities on at least one test in two or more cognitive 
domains (specify the domains) 

 

Table 1.4 Movement Disorder Society Task Force diagnostic criteria for PD-MCI. Table adapted from (Litvan et al., 2012)  
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Figure 1.5. Movement Disorder Society Task Force diagnostic criteria for Possible and Probable PDD. Flowchart adapted 
from (Emre et al., 2007) 
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There is good evidence from cross-sectional and prospective studies that PD-MCI is associated with 

progression to dementia (Goldman et al., 2014; Litvan et al., 2011). In a longitudinal epidemiological 

study where 145 patients with PD were recruited, 62% of the patients diagnosed with MCI were 

demented at the 4-year follow up compared with only 20% PD patients without cognitive impairment 

at baseline (Janvin et al., 2006). Another study where 182 patients with incident PD underwent serial 

neuropsychological tests over a 3-year period, those with MCI at baseline had a significantly higher 

rate of conversion to dementia than those without cognitive impairment at baseline (Pedersen et al., 

2013). However, the concept of PD-MCI has stimulated debate and controversy regarding its 

usefulness in clinical research and practice. There are lessons to learn from the AD field where the 

introduction of MCI in the stratification of patient cohorts did not bring real difference in the 

therapeutics and the diagnosis of prodromal AD (Goldman et al., 2014). Not all patients diagnosed 

with MCI will progress to AD or in fact any type of dementia (Goldman et al., 2014; Landau et al., 

2010). In the case of PD, some PD-MCI patients can even revert to normal cognition (Pedersen et al., 

2013). In addition, the profile of cognitive impairment in PD is heterogeneous. One study showed that 

PD-MCI could be presented as frontostriatal-type, temporal-type or mixed; whilst another suggested 

specific visuospatial impairment-type non-amnestic MCI also exist (Janvin et al., 2006). In a 

comprehensive review on the current literature surrounding PD-MCI, Goldman and colleagues 

suggested it may be more useful for future studies to subclassify MCI based on the specific affected 

cognitive domain(s). This idea is mainly based on the first large population-based, longitudinal studies 

with detailed neuropsychological evaluation called the CamPaIGN study. In that study (Foltynie et al., 

2004; Williams-Gray et al., 2013, 2009), two distinct phenotypes of early MCI in PD were identified: 1) 

A frontostriatal-type with dominant executive dysfunction and 2) A posterior cortical-type with 

visuospatial and sematic fluency impairment. It was hypothesised that the frontostriatal-type MCI is 

caused by underlying dopaminergic disturbances due to its association with COMT polymorphisms 

(encodes for an enzyme responsible for the breakdown of levodopa). Importantly, this subtype is not 

associated with subsequent dementia development. On the other hand, the posterior cortical-type 

MCI is associated with homozygous H1/H1 MAPT tau haplotypes and heterozygous GBA mutations 

that were hypothesised to contribute to cortical LB formation and have a strong association to 

dementia development. In addition, different motor subtypes in PD may also affect the development 

of cognitive dysfunction, particularly postural and gait instability can be associated with the non-

dopaminergic, posterior cortical-type cognitive impairment which progresses to dementia (Williams-

Gray et al., 2013). Careful stratification of the types of cognitive impairment presented in PD patients 

may have important implication in the identification of at-risk population group for the development 

of future biomarkers and targeted therapeutics to halt the conversion to dementia.   
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1.1.7 Treatments for Parkinson’s disease 

The introduction of levodopa by Arvid Carlsson, André Barbeau, Oleh Hornykiewicz, George Cotzias, 

and Melvin Yahr in the 1950s-60s completely revolutionised the treatment of motor symptoms in PD 

(Lees et al., 2015). Nowadays, levodopa remains the gold standard pharmacological treatment for the 

management of PD (Fahn, 2015). Many other medications with similar mechanisms of action which 

replace the depleted nigrostriatal dopamine were also available (Connolly and Lang, 2014). These 

include dopamine receptor agonists (e.g. pramipexole, ropinirole, rotigotine), MAO-B inhibitors (e.g. 

selegiline, rasagiline) and catechol-O-methyltransferase (COMT) inhibitors (e.g. entacapone, 

tolcapone). Mechanism of actions for pharmacological agents targeting the striatal circuitry for the 

management of motor symptoms of PD are illustrated in figure 1.6 below.  

 

 

Figure 1.6. Pharmacological targets for motor symptoms in PD.  Figure showing nigrostriatal dopaminergic, cortostriatal 
glutamatergic and intrinsic striatal cholinergic synapses onto striatal medium spiny neuron. Blue texts indicate converting 
enzymes for chemicals; red texts indicate transporters for neurotransmitters; Green texts in rounded rectangle indicate 
class of medication. Note that COMT inhibitor can act on peripheral COMT (entacapone) or both peripheral and central 
COMT (tolcapone). Abbreviations: 3-MT, 3-methoxytyramine; 3-OMD, 3-O-methyldopa; ACh, acetylcholine; AChE, 
acetylcholinesterase; ChAT, choline acetyltransferase; COMT, catechol-O-methyltransferase; ChT, high-affinity choline 
transporter; D2-R, D2 dopaminergic receptor; DA, dopamine; DAT, dopamine transporter; DD, dopamine decarboxylase; 
DOPAC, 3,4-dihydroxyphenylacetic acid; EAAT, excitatiory amino acid transporter; Glu, glutamate HVA, homovanillic acid; 
L-DOPA, levodopa; mAChR, muscarinic acetylcholine receptor; MAO-B, monoamine oxidase B; NMDA-R, N-methyl-D-
aspartate receptor; TH, tyrosine hydroxylase; vAChT, vesicular acetylcholine transporter; vGluT, vesicular glutamate 
transporter; vMAT, vesicular monoamine transporter 
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Due to the clinical heterogeneity of PD, a wide range of pharmacological and non-pharmacological 

interventions are being used for specific motor and non-motor symptoms in PD. The current 

recommended treatment options are listed in table 1.5 below.  

 
 Pharmacological treatment Non-pharmacological intervention 

Motor symptoms Levodopa + peripheral dopamine decarboxylase inhibitor 
(Benserazide, carbidopa)  
Dopamine agonists (Bromocriptine, Carbergoline) 
MAO-B inhibitors (Selegilline, resagilline)  
COMT inhibitors (Tolocapone) 
Mild NMDA-receptor antatonist (Amantadine)  
Anticholinergics (Trihexyphenidyl; Orphenadrine; Benztropine)*  

Deep brain stimulation 
Surgery 
Stem cell transplantation 
Gene therapy 
Rehabilitation 
Physical exercise  
 

Non-motor symptoms 

Dementia and mild 
cognitive impairment 

Acetylchoinesterase inhibitors (rivastigmin, donepezil, galantamine)   

RBD Clonazepam 
Melatonin 

 

Excessive daytime 
somnolence 

Methylphenidate 
Modafinil 

Improve sleep hygiene 

Orthostatic 
hypotension 

Fludrocortisone Increase water and salt intake; 
Elevation of head-end of bed during 
sleep  

Constipation Macrogol High-fibre diet; fluids 

Urinary dysfunction Antimuscarinics* Water restriction at night 

Depression Selective serotonin reuptake inhibitors (SSRIs) 
Serotonin–norepinephrine reuptake inhibitors (SNRIs)  
Tricyclics antidepressants* 

Cognitive behavioural therapy (CBT) 

Anxiety Low dose benzodiazepines Cognitive behavioural therapy (CBT) 

Psychosis Antipsychotics (Quetiapine, clozapine)* 
Rivastigmine  

 

 
It is important to note that many of the treatments for PD modulate the central and peripheral 

cholinergic systems. In fact, before the levodopa era, anticholinergics were the first efficacious 

treatment for motor symptoms in PD (Goetz et al., 2002). Nowadays, anti-muscarinics such as 

trihexyphenidyl and benztropine are still shown to be effective in treating tremor in PD (Connolly and 

Lang, 2014).  The mechanism of action of anticholinergic agents for tremor is still largely unknown, 

but it has been hypothesized to restore the dopamine-acetylcholine imbalance of the striatum, where 

a loss of nigrostriatal fibres has led to a striatal “hypercholinergic” state which contributes to the 

motor deficits in PD (Pisani et al., 2007). For non-motor symptoms, anti-muscarinics such as 

oxybutynin are commonly used for the treatment of urinary incontinence (hyperactive bladder) 

(Schrag et al., 2015). Conversely, pro-cholinergic agents or acetylcholinesterase inhibitors such as 

donepezil, rivastigmine and galantamine are beneficial for dementia and MCI in PD for the global 

improvement in cognitive function (Connolly and Lang, 2014). Recent trials have reported 

acetylcholinesterase inhibitors improved apathy in PD and can possibly be beneficial for the treatment 

of psychosis. Interestingly, a recent phase II clinical trial has also demonstrated donepezil improves 

axial motor function as measured by a reduction of falls in PD patients (Kalia et al., 2013). This is in 

Table 1.5 Pharmacological and non-pharmacological treatments for PD. Table compiled from (Connolly and Lang, 2014; 
Metman and Slavin, 2015; Schrag et al., 2015; Tolosa et al., 2015). *Indicates use with caution on PD patients with cognitive 
impairment.  
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line with the improvement in gait function from deep brain stimulation (DBS) of the brainstem 

cholinergic PPN (Metman and Slavin, 2015). Finally, two Phase-I clinical trials targeting the basal 

forebrain cholinergic nbM, have been approved recently for the treatment of cognitive impairment in 

DLB and PDD respectively (NCT01340001 and NCT01701544).  

 

1.1.8 Neuropathology of Parkinson’s disease 

Pallor of the SN within the midbrain is the key macroscopic feature for PD. Microscopically, the 

identification of αSN-immunopositive LB in the pigmented dopaminergic neurons accompanied with 

neuronal depletion (particularly in the ventrolateral part) of the SN pars compacta are the diagnostic 

neuropathological features for PD (Jellinger, 2003). As described in the section earlier, 

neurodegenerative changes and the presence of LB were reported in the SN, nbM, LC and dorsal motor 

nucleus of the brains with PD by Lewy, Trietiakoff, Foix and Nicolesco in the early 20th century. 

However, the functional correlates of the nigrostriatal circuitry damage were not identified until 

Hornykiewicz and Ehringer reported a significant 10-fold reduction in striatal dopamine level in 6 post-

mortem brains with parkinsonism (4 with post-encephalitic parkinsonism, 2 with PD) ((Ehringer and 

Hornykiewicz, 1960) translated in (Ehringer and Hornykiewicz, 1998)). Following the discovery that 

mutation of the SNCA gene causes familial PD in 1997, it was identified that αSN is the major 

component of LB in the brains of PD patients (Spillantini et al., 1997). Subsequently, PD along with DLB 

and MSA were 3 major diseases classified as α-synucleopathies due to the identification of abnormal 

αSN protein aggregation in the form of LB, Lewy neurites (LN) and glial cytoplasmic inclusions. 

Synucleins were isolated from purified synaptic vesicles from torpedo fish in 1988 and were found to 

localize at the presynaptic nerve terminals (Maroteaux et al., 1988). There are currently four members 

of the synuclein family including the α, β, γ synucleins and synoretin (Galvin et al., 2001). The middle 

of the αSN protein contains a non-amyloid-β component which is responsible for the propensity of β-

pleated sheet formation (Iwai et al., 1995). In addition, αSN has been shown to be more fibrillogenic 

than β- and γ-synucleins (Biere et al., 2000). LBs found in PD and DLB (collectively known as Lewy body 

disorders, LBD) come in two forms: a classical brainstem type and cortical type. Classical LB are 8-

30µm in diameter, eosinophilic, spherical, intra-cytoplasmic neuronal inclusions with a characteristic 

halo; Cortical LB are typically smaller, irregular in shape, without the characteristic halo and are found 

in the pyramidal neurons in deep cortical layers (Jellinger, 2003). In 2003, Braak and colleagues 

proposed a staging system for the progression of Lewy pathologies in PD based on hierarchical 

topographic distribution of LB in the brain (Braak et al., 2003). However, the Braak αSN synuclein 

staging system has faced a number of criticisms as it has a poor clinicopathological correlation largely 

due to the inherent selection bias of cases used for the development of this system: only cases with 
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LN and LB pathology in a “specific subset and predilection sites” for PD pathology were selected (Braak 

et al., 2003). Furthermore, this staging system was found to be difficult to implement among 

neuropathologists with a great inter-rater discrepancy on assigning a Braak stage within the same case 

(Alafuzoff et al., 2009). As a result, a simplified consensus modified from the McKeith typing of Lewy 

pathologies was developed by the BrainNet Europe to classify LBD into Brainstem, Limbic or 

Neocortical types (Alafuzoff et al., 2009) (figure 1.7).  

  
  

 

 
1.2 Lewy body dementias: DLB and PDD  

In 1961, Okazaki and colleagues reported the presence of abundant LB-like inclusions in the brains of 

two cases of progressive dementia, one with prominent hallucinations, without the presence of 

parkinsonism (Okazaki et al., 1961). The relatively sparse presence of senile plaques and the absence 

of neurofibrillary changes suggested that the dementia was not caused by AD. Subsequently, a series 

of case reports were published by various Japanese groups described the presence of numerous or 

diffuse cortical LBs in the brains of patients with progressive, atypical-type dementia with or without 

parkinsonism motor symptoms (Ikeda et al., 1980; Kosaka and Mehraein, 1979; Kosaka et al., 1976). 

In 1984, Kosaka and colleagues proposed the term “diffuse Lewy body disease” to describe the clinical 

syndrome of dementia with parkinsonism reported in the literature (Kosaka et al., 1984). Following 

that, multiple European and North American groups also reported similar cases with LB and AD-type 

changes in demented patients and proposed other terms such as “LB variant of AD” (Hansen et al., 

1990), “AD with PD changes” (Ditter and Mirra, 1987), “senile dementia of LB type” (Perry et al., 1990) 

and “dementia with cerebral LBs” (Eggertson and Sima, 1986). In October 1995, a consensus 

conference was held in Newcastle where the term “dementia with Lewy bodies” (DLB) was 

recommended to stress the importance of LB in the pathogenesis of dementia regardless of other co-

existing neurodegenerative or vascular changes (McKeith et al., 1996). A consortium of DLB was also 

Figure 1.7. BrainNet Europe protocol for the assignment of McKeith type for Lewy body disorders. Abbreviations: dmV, 
Dorsal motor nucleus of vagus; irx, intermediate reticular zone; LC, locus coeruleus; R, raphe; SN, substantia nigra; nbM, 
nucleus basalis of Meynert; AC, amygdala; CA2, cornu Ammonis subregion 2 of hippocampus; TOcx, temporo-occipital cortex; 
LB, Lewy body; LN, Lewy neurite. Figure reproduced from (Alafuzoff et al., 2009) with permissions.  
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established and a consensus criteria for the diagnosis of probable and possible DLB was proposed 

(Table 1.6) (McKeith et al., 1996).  

 
Central feature Progressive cognitive decline significant enough to interfere with activities of daily living 

Core features   Fluctuation of cognitive states 

 Recurrent episodes of visual hallucinations 

 Presence of parkinsonism motor symptoms 
Presence of 1 = Possible DLB 
Presence of ≥2 = Probable DLB 

Due to the presence of parkinsonism motor symptoms in a large proportion of DLB cases, it was often 

considered that DLB and PDD fall within a spectrum of Lewy body dementia (LBDem). Clinically, a ‘one-

year rule’ was recommended for the distinction between DLB and PDD (McKeith et al., 2005, 1996): If 

dementia occurs before or within one year of the onset of Parkinonism motor symptoms, it is classified 

as DLB. Otherwise, it will be classified as PDD (Figure 1.8).    

 
 
1.2.1 Clinical boundary issues between PDD, DLB and AD 

Dementia in PDD, DLB and AD all affect different cognitive domains. Here the clinical presentation 

between various types of dementia are compared.  

 

1.2.1.1 PDD and DLB vs AD: Subcortical vs cortical dementia 

In the 1970s, there was an emerging concept to classify dementia into 'cortical' and 'subcortical' types 

(Darvesh and Freedman, 1996; Kalaitzakis and Pearce, 2009; Pillon et al., 1993). In fact the term 

"subcortical dementia" was coined in 1932 by von Stockert to describe the cognitive profile of post-

encephalitic lethargica patients (Cummings and Benson, 1984). Then in 1974, Albert and colleagues 

described the "subcortical" cognitive profile of patients with progressive supranuclear palsy (PSP) 

characterised by memory loss, bradyphrenia, personality change with mood disturbance and an 

inability to manipulate learned information (Albert et al., 1974). Huntington's disease was later 

described to share similar characteristics of intellectual decline with the absence of aphasia, alexia, 

Table 1.6 Criteria for the clinical diagnosis of DLB. Table adapted from (McKeith et al., 2005)  

Figure 1.8.  Diagram illustration of the ‘One-year rule’ for the differentiation between PDD and DLB 



56 
 

agnosia or amnesia which are features of "cortical" dementias like AD and Creutzfeldt–Jakob disease 

(Cummings and Benson, 1984). Since dementia in PD is characterised by the presence of dysexecutive 

symptoms and visuospatial impairment without significant impairment in storage memory, it is also 

classed as a "subcortical dementia" due to the underlying frontal-striatal disturbances (Darvesh and 

Freedman, 1996). Although there were numerous lesion studies and neuroanatomical correlates to 

support this concept, the debate about this classification of dementia is still ongoing and some have 

challenged the usefulness and practicality of the classification of dementia into "cortical" or 

"subcortical" types (Mayeux et al., 1983; Whitehouse, 1986).  In a comprehensive review of the 

literature, Emre and colleagues compared the impairment of five individual cognitive domains 

between PDD and AD where they concluded attention, executive function and visuospatial function 

are more impaired in PDD and DLB than in AD, whereas language functions are relatively preserved in 

PDD compared with AD. Both PDD and AD demonstrate memory impairment, but retrieval memory is 

more affected in PDD compared with encoding and storage memory which are more affected in AD 

(Emre et al., 2007).  

 

1.2.1.2 PDD vs DLB 

The cognitive profiles for dementia in PDD and DLB share great similarities. Apart from the slightly 

older age of onset and the greater levodopa responsiveness in PDD patients compared with DLB 

(Dodel et al., 2008), currently, the only distinguishing feature for these LBDem is the temporal onset 

of parkinsonism motor symptoms in relation to dementia. In 2006, a DLB/PDD working group was set-

up to address the boundary issues in distinguishing DLB and PDD (Lippa et al., 2007). In summary, they 

reported similar neuropsychological deficits and other non-motor impairments between DLB and PDD 

but subtle changes including a greater prevalence of psychotic episodes and a more severe attentional 

deficit in DLB compared with PDD subjects (Lippa et al., 2007). In terms of motor deficits, a greater 

asymmetry was found in PDD compared with DLB patients (Lippa et al., 2007). In addition, a higher 

prevalence of adverse reactions to neuroleptic agents was found in DLB patients (Aarsland et al., 

2005a). Pathologically, a greater degree of nigral cell loss in PDD was found (Lippa et al., 2007) whereas 

αSN pathology in the striatum and hippocampal CA2 subfield were greater in DLB than PDD (Duda et 

al., 2002; Jellinger, 2006a). Furthermore, amyloid-beta (Aβ) pathology was more frequently found in 

DLB compared with PDD (Lippa et al., 2007). Recently, a meta-analysis was conducted to compare the 

differences in individual cognitive domains between AD, PDD and DLB (Brønnick, 2015). A slightly more 

severe executive function and attention impairment was found in DLB than PDD but the differences 

did not reach statistical significance (Brønnick, 2015). For visuospatial function, PDD had a significantly 

greater deficit than AD but is less severely affected than DLB patients (Brønnick, 2015). In particular, 



57 
 

performance on a visual construction task was worse in DLB compared with PDD patients (Aarsland et 

al., 2003). Memory function, although it remains severely affected, appeared to be better preserved 

in PDD compared with DLB and AD (Brønnick, 2015). A significantly better verbal and visual memory 

was reported in PDD compared with DLB cases (Brønnick, 2015). In summary, the current reported 

differences in clinical presentation, neuropathology and responsiveness to pharmacological treatment 

between PDD and DLB are summarised the table 1.7 below.  

 
  Differences between PDD and DLB 

Clinical features Motor symptoms Greater asymmetry in PDD than DLB 
 Hallucinations  More frequent in DLB vs PDD 
 Attention PDD = DLB 
 Executive function PDD = DLB 
 Visuospatial function PDD > DLB 
 Verbal memory PDD > DLB 
 Visual memory PDD > DLB 

Neuropathology Substantia nigra cell loss PDD > DLB 
 Striatal αSN pathology DLB > PDD 
 CA2/3 αSN pathology DLB > PDD 
 Co-existence of Aβ pathology DLB > PDD 

Treatment Responsiveness to cholinesterase inhibitors PDD = DLB  
 Neuroleptics sensitivity Greater adverse effects in DLB than PDD 

 
1.2.2 Epidemiology of Lewy body dementia  

Using autopsy material, DLB has frequently been reported to be the second commonest dementing 

disorder following AD, with a frequency ranging from 8-27% of all cases examined (Barker et al., 2002; 

Parkkinen et al., 2001). In a systematic review of the prevalence of DLB, 7 studies using the consensus 

diagnostic criteria for DLB first introduced in 1996 were included, prevalence rates ranging from 0-5% 

among the whole population and 0-30.5% among the demented group were reported (Zaccai et al., 

2005). Only one prospective study fulfilled the criteria which reported an incidence rate of 1 per 1000 

person-year in the general population and 32 per 1000 person-year among those with dementia 

(Miech et al., 2002). In a more recent systematic review which includes studies using the revised 

diagnostic criteria for DLB in 2005, the mean prevalence among the elderly population (age > 65) was 

0.36% (Vann Jones and O’Brien, 2014). Among those with dementia, a mean of 4.24% had DLB. In 

terms of incidence rate, there is a mean of 87 cases of DLB diagnosed per 100,000 person per year, 

and up to 4% of cases with dementia were diagnosed with DLB (Vann Jones and O’Brien, 2014).  

  

For PDD, the incidence and prevalence were often reported among PD patients. There is up to 6-fold 

increased risk of dementia development among those with PD compared with the general population 

(Aarsland et al., 2001). PD patients with dementia have an approximately 5-fold increased risk of 

mortality (Louis et al., 1997), greater risk of nursing home placement (Aarsland et al., 2000) and an 

Table 1.7 Differences in clinical features, neuropathology and treatment between PDD and DLB. 
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approximately 3-fold increased expenditure and medical resource use for the management of PD 

(Pressley et al., 2003) compared with those without dementia. In an early systematic review with 27 

studies and over 4000 patients, the prevalence of PDD was averaged to be 40%. However, most of the 

studies were in a neurology clinic setting which do not represent the true prevalence in the general 

population. In another systematic review with a stricter inclusion criteria, the mean prevalence of 

dementia in PD was 31.3% (Aarsland et al., 2005b). The estimated prevalence of PDD among the 

general population was 0.03%; and among the elderly population (aged 65 years or older) was 0.5%. 

Approximately 3.6% of cases with dementia was diagnosed with PDD (Aarsland et al., 2005b). 

However, these value are probably an underestimation of the true prevalence rate among PD due to 

the greater mortality rate in PDD compared with PD. Cumulative prevalence may be a better estimate 

for the frequency of dementia in PD. In a prospective study on newly diagnosed PD patients in Sydney, 

25 of the 30 the survivors (83.3%) developed dementia at the 20-year follow-up, yielding a cumulative 

prevalence of 75% PD patients who developed dementia before death (Hely et al., 2008). In another 

longitudinal study where 224 PD patients were followed-up, the cumulated prevalence of dementia 

in PD was 78.2% at the 8-year evaluation (Aarsland et al., 2003). Prospective studies of community-

based cohorts have reported PDD incidence rates from 54.7 to 112.5 per 1000 PD patients per year 

(Aarsland and Bernadotte, 2015). However, when incident PD cohorts are followed up, which provide 

a more precise estimation of the true incidence of PDD, incidence rates of 54.7 (Williams-Gray et al., 

2013) and 20.5 (Pedersen et al., 2013) per 1000 PD patients per year were reported.  

 

1.2.3 Risk factors for Lewy body dementias  

Similar to the risk to PD, male gender and advanced age increase the risk for LBDem development. 

There is an exponentially increased risk with age and an approximately 1.4-fold greater risk of LBDem 

in males compared with females in all age groups (Savica et al., 2013). In terms of genetics, an 

increased risk of cognitive dysfunction was reported in first-degree relatives of PD patients (Rocca et 

al., 2007). Also, in a case-control study, a family history of PD greatly increased the risk for DLB 

development (OR = 4.6; 95% CI = 2.5-8.6) (Boot et al., 2013). GBA mutation is associated with an 

increased frequency of the presence of cortical LB (Clark et al., 2009), and carriers have a greater risk 

of LBDem development and cognitive decline in PD cases (Clark et al., 2009; Neumann et al., 2009). 

The presence of the apolipoprotein E (APOE) ε4 allele is associated with an increased risk of AD (Corder 

et al., 1993). A significant association was found between the presence of ε4 allele and DLB 

development (OR = 2.2; 95% CI = 1.5-3.3) (Boot et al., 2013). A meta-analysis with 9 studies reported 

the presence of APOE ε4 is significantly associated with an increased risk of dementia in PD patients 

(OR = 1.6; 95% CI = 1.0-2.5) (Huang et al., 2006). However, a subsequent case-control study with strict 
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diagnostic criteria for PDD identified no correlations between ε4 allele frequency and dementia 

development in PD (Jasinska-Myga et al., 2007). Finally, carriers of homozygous H1 haplotype of the 

MAPT gene for tau protein are associated with an increased risk of PD and PDD, and a faster rate of 

cognitive decline than H2 carriers (Goris et al., 2007; Healy et al., 2004; Williams-Gray et al., 2009).  

 

In terms of presence of clinical symptoms, longitudinal follow-up studies on incidental PD cohorts 

reported a greater risk of progression to dementia for patients with MCI (Pedersen et al., 2013; 

Williams-Gray et al., 2009). Specifically, the CamPaIGN study suggested those with a posterior cortical 

deficit (e.g. visuospatial impairment) had a greater risk for PDD compared with those with frontal-

executive deficit (Williams-Gray et al., 2009). In addition, the study also identified non-tremor 

dominant PD to be an independent risk factor for dementia (Williams-Gray et al., 2009). Similar 

findings were also reported in another prospective cohort study with 80 PD patients, where gait or 

axial muscle involvement (OR = 1.15), falls (OR = 3.02) and freezing of gait (OR = 2.63) were significantly 

associated with a greater risk of PDD development (Anang et al., 2014). A recent meta-analysis with 

13 studies confirmed that non-tremor dominant PD patients have lower MMSE scores compared with 

tremor-dominant PD patients (Tremblay et al., 2013).   

 

Other non-motor symptoms can also increase the risk of LBDem development. RBD is frequently 

reported to be associated with parkinsonism, MCI and dementia development (Gagnon et al., 2009; 

Marion et al., 2008; Postuma et al., 2009). In one longitudinal follow-up study of PD patients, the 

presence of RBD at baseline increased the risk of dementia by up to 50 times (Anang et al., 2014). A 

meta-analysis with 2 cohort and 2 case-control studies confirmed RBD is a strong predictor for 

dementia in PD (OR = 8.36, 95% CI = 3.87-18.08) (Xu et al., 2016). Olfactory dysfunction is another 

strong predictor for dementia in PD where one prospective study reported an approximately 18.7-fold 

increased in risk of PDD in PD patients with hyposmia (Baba et al., 2012). Visual hallucination, which 

is a key feature for DLB, has been associated with a faster rate of cognitive decline in PD patients 

(Aarsland et al., 2004a). Findings from a recent meta-analysis with 8 studies have reported a significant 

association between the presence of hallucination and dementia development in PD (OR = 2.47; 95% 

CI = 1.36-4.47) (Xu et al., 2016). Lastly, the presence of mood disorders including anxiety and 

depression significantly increases the odds for DLB development in a case-control study (Boot et al., 

2013). In particular, the presence of anxiety disorder was about 7 times more common in DLB 

compared with controls.  
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Lifestyle factors were also reported to alter risks for LBDem. Cigarette smoking which is associated 

with a lower risk of PD development, was also found to reduce the risk for cognitive impairment in PD 

(Weisskopf et al., 2007). However, the findings were not consistent as a meta-analysis comparing ever 

and never smokers in PD suggested an increased risk of PDD development (Xu et al., 2016). On the 

other hand, caffeine which has been shown to be protective for PD, is also inversely associated with 

the risk of DLB development (OR = 0.29; 95% CI = 0.14-0.57) (Boot et al., 2013). Although the evidence 

for cerebrovascular risk factors as predictor for PDD is inconclusive (Aarsland and Bernadotte, 2015), 

cases with DLB were 3-times more likely to have a past history of stroke compared with controls (Boot 

et al., 2013).   

 

Finally, cholinergic failure occurs early in LBD and is a strong predictive feature for cognitive decline 

(Bohnen and Albin, 2011; Klein et al., 2010; Perez-Lloret and Barrantes, 2016). A recent longitudinal 

study with 3434 elderly subjects reported a higher cumulative use of anticholinergic medications was 

significantly associated with greater risk of dementia development (Gray et al., 2015). Another 

community-based cohort study with 235 PD patients reported cognitive decline is significantly 

associated with not only increasing anticholinergic drug load, but also duration of anticholinergic 

medication use (Ehrt et al., 2010). In an autopsy study, Perry et al reported Aβ plaque density was 

more than 2-fold higher in those with “chronic” anti-muscarinic drug use compared with untreated or 

short-term use which may explain the underlying mechanism of dementia development (Perry et al., 

2003). However, to confirm this, a validation study with a better definition of anticholinergic load and 

a more comprehensive assessment of pathological burden will be required.   

 

All the risk factors associated with LBDem are summarised in table 1.8 below.   

 
Risk factors associated with an increased risk of LBDem 

Age 
Male gender 
APOE ε4 allele 
MAPT H1/H1 haplotype 
GBA mutation 
Presence of MCI 
Axial motor deficits/Postural and gait instability 
Olfactory dysfunction 
Visual hallucination 
REM sleep behavioural disorder  
Cerebrovascular risk factors  
Presence of mood disorders (depression and anxiety) 
Use of anti-cholinergic medications 

 

Table 1.8. Risk factors for Lewy body dementias 
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1.2.4 Neuropathological correlates of Lewy body dementia 

A large number of clinicopathological studies have been published but the exact neuropathological 

correlates for dementia in PD and DLB remain confusing. However, in general, morphological 

substrates for dementia in LBD can be classified into 3 categories: 1) before ubiquitin and αSN 

immunohistochemistry, the main neuropathology associated with Lewy body dementia were 

degeneration of subcortical nuclei including the SN, nbM and LC. 2) Using silver histochemistry, AD 

pathology was also found in the LBDem brains and was associated with dementia. However, these 

studies were performed before PDD and DLB were properly defined clinically. 3) With the introduction 

of ubiquitin and αSN immunohistochemistry, Lewy neuritic pathologies and cortical LB were better 

visualized and their presence became important in the pathogenesis of dementia in LBD. However, 

the current general consensus is that both LB and AD pathologies contribute equally to dementia in 

LBD, and they are often accompanied by subcortical neurodegenerative pathologies (Jellinger, 2011). 

 

1.2.4.1 Subcortical neurodegenerative changes  

Early neuropathological studies reported that the loss of SN neurons, particularly the medial SN, is 

correlated to dementia in PD (Paulus and Jellinger, 1991; Rinne et al., 1989). However, the nigral 

neuronal deficit may be better correlated with the severity of extrapyramidal motor symptoms and 

possibly disease duration, independent of dementia, as suggested by some studies (Gaspar and Gray, 

1984; Zweig et al., 1993). Gaspar and Gray, in a detailed pathological assessment, found a significant 

reduction in nbM and LC but not SN neuronal count in 18 PDD compared with 14 PD cases (Gaspar 

and Gray, 1984). Degeneration of the nbM has been a consistent finding with studies reporting 

neuronal loss from 36.5-77.1% in PDD and DLB patients (Chan-Palay, 1988a; Chui et al., 1986; Perry et 

al., 1993, 1985; Rogers et al., 1985; Whitehouse et al., 1983a). In addition, according to the Braak αSN 

staging scheme, LB pathology occurs simultaneously in the nbM and the SN (Braak et al., 2003), and 

LBs are found in the nbM in almost all PD cases (Kalaitzakis et al., 2008a). Neuronal loss in the LC, 

which is the major noradrenergic output nucleus in the brainstem, was also reported to be more 

severe in PDD compared with PD cases, particularly in the caudal LC where there was a 69% loss 

compared with controls (Zweig et al., 1993). However, the greater degree of neuronal loss may be due 

to a greater motor disability in the PDD group studied (Zweig et al., 1993). In another study, Perry and 

colleagues reported an 83% LC neuronal loss in PD and PDD cases with more severe depletion in the 

latter (Perry et al., 1990). The study also included 16 cases of senile dementia of Lewy type and diffuse 

Lewy body disease (now known as DLB) and a 70% LC loss was observed.  
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The mesolimbic and mesocortical dopaminergic pathways from the ventral tegmental area (VTA) may 

be especially affected in PD due to the presence of frontal-executive dysfunction in patients with 

cognitive deficits. Zweig and colleagues reported neuronal loss in the VTA was significantly greater in 

PDD compared with PD cases (Zweig et al., 1993). However, the VTA dopaminergic neurons were 

found to span across a large area within the midbrain, and McRitchie and colleagues reported no 

significant decrease in the A10 VTA neuronal count in PD or PDD compared with controls when the 

full extent of the VTA was investigated (McRitchie et al., 1997).  

 

Finally, neuronal loss in the cholinergic PPN has been reported in pathological studies in PD (Hirsch et 

al., 1987; Jellinger, 1988; Zweig et al., 1989) and the degree of neuronal loss is associated with 

progressive axial involvement in PD as measured by the Hoehn and Yahr stage (Rinne et al., 2008). It 

has been suggested the PPN and laterodorsal tegmental nucleus are involved in REM sleep. However, 

in a study with 11 LBD cases with RBD and 10 LBD without RBD, cholinergic neuronal loss in the PPN 

with significant αSN pathology were found in LBD cases independent of the presence of RBD (Dugger 

et al., 2012). Another study focusing on hallucinating PD and DLB cases found significant PPN pars 

compacta cholinergic neuronal loss in the PD but not DLB cases compared with controls (Hepp et al., 

2013). However, further study is needed with better clinical characterisation of the cohorts.    

 

1.2.4.2 Alzheimer’s disease pathology  

Paired helical filament tau in neurites and neurofibrillary tangles (NFT) and amyloid beta plaques are 

key pathological constituents of AD and their presence correlate clinically with dementia. Abundant 

senile plaque and NFT pathologies have been observed in some cases of PD (Hirano and Zimmerman, 

1962). Alvord first suggested the co-existence of AD among PD cases (Alvord, 1971). In an early 

clinicopathological study with 29 autopsy-confirmed PD cases with adequate clinical records, senile 

plaques and NFT were found in all cases with severe dementia, 42.9% of those with mild dementia 

and only 23.1% with cognitively normal cases (Boller et al., 1980). Furthermore, a significant 

correlation between cortical NFT and senile plaque burdens and dementia in PD was reported (Irwin 

et al., 2012). Comparing with PDD, Aβ pathology is more commonly found in DLB cases (Lippa et al., 

2007). Although the presence of AD-type pathology is common in LBDem cases, the burden is often 

not severe enough to satisfy a diagnosis of AD pathologically (Ballard et al., 2006; Halliday et al., 2008; 

Jellinger and Attems, 2008; Tsuboi and Dickson, 2005). Clinically, the accuracy in diagnosing DLB is 

higher in cases with a low AD-pathology burden (McKeith et al., 2005). As a result, the burden of AD 

pathology as assessed with the National Institute on Aging (NIA)-Reagan diagnostic criteria 

(classification into low, intermediate and high AD-pathology burden) (NIA, 1997) and Braak tau staging 
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system (Alafuzoff et al., 2008) has to be taken into consideration for deciding the likelihood of 

dementia in LBD is due to the presence of Lewy-pathologies (Table 1.9).  

 
  AD-pathology 

 
 NIA-Reagan Low 

(Braak tau stage 0-2) 
NIA-Reagan Intermediate 

(Braak tau stage 3-4) 
NIA-Reagan High 

(Braak tau stage 5-6) 

Lewy-pathology 
(McKeith type) 

Brainstem Low Low Low 

Limbic High Intermediate Low 

Neocortical High High Intermediate 

 
1.2.4.2.1 Striatal amyloid beta  

In 2006, Jellinger and Attems (Jellinger and Attems, 2006) suggested striatal amyloid beta pathology 

can distinguish PDD from DLB pathologically. They reported moderate to high severity of amyloid beta 

plaque pathology in the striatum of 17 DLB cases whereas amyloid beta plaques were absent in 14 out 

of 17 cases (82.4%) of PDD. αSN and tau pathology in the striatum were also found to be higher in DLB 

cases and hence synergistic effect between αSN and Aβ (and αSN and tau) was hypothesised. 

However, a high proportion of DLB cases have moderate to severe concomitant AD pathology (neuritic 

Braak tau stage >3) compared with PDD cases. Using a strict selection criteria to exclude cases with 

Braak tau stage >2, Kalaitzakis and colleagues (Kalaitzakis et al., 2008b) found a significantly increased 

striatal Aβ burden in 16 PDD cases studied compared with 14 PD cases. However, when a prospective 

cohort with 10 DLB and 12 PDD cases were used with the exclusion of cases with comorbid AD and 

grading criteria by Kalaitzakis et al, Halliday and colleagues (Halliday et al., 2011) reported a 

significantly lower striatal Aβ burden score in PDD compared with DLB and concluded that striatal Aβ 

burden is associated with temporal onset of dementia compared with parkinsonism motor symptoms 

rather than being a contributing factor for all forms of dementia in LBD. As a follow-up on this study, 

Kalaitzakis and colleagues (2011) carried out a further study to compare Aβ burden between PD, PDD, 

DLB and other parkinsonism symptoms. Although the mean burden of Aβ was greater in DLB than in 

PDD, no significant difference was detected and they suggested morphological difference in plaque 

pathologies, where no cored plaques are present in PDD, can differentiate DLB from PDD.  

 

1.2.4.2.2 Astrocytic tauopathies and chronic traumatic encephalopathy (CTE)-like pathologies 

Recently astroglial tau aggregations have been increasingly recognised to be present within the aging 

brain independently of any co-existing neuropathological disorders or cognitive impairment. This 

unique astroglial tau pathology has been termed aging-related tau astrogliopathy (ARTAG) (Kovacs et 

al., 2016). ARTAG exists in two distinct morphological forms as thorn-shaped astrocytes (TSA) and 

Table 1.9. Assessment of likelihood of dementia in LBD is due to the presence of Lewy pathologies. NIA, National Institute 
on Aging. Table adapted from (McKeith et al., 2005) 
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granular/fuzzy astrocytes (GFA). In addition, these tau immunoreactive astrocytes show a unique 

distribution within the brain, with TSA and/or GFA commonly found in subpial, subependymal and 

perivascular locations, as well as in clusters within the white and grey matters. In a large population-

based cohort study, Wharton and colleagues attempted to elucidate the relationship between 

astroglial tau pathology and neuronal tau and to correlate it with dementia status in aged brains 

(Wharton et al., 2016). Although only a trend correlation was identified, astroglial tau pathology was 

found to be prevalent, with TSA present in 40% of the cases. Of interest, these astrocytic tau 

aggregations were found to be particularly prevalent in the subpial location of the substantia 

innominata, which is heavily implicated in dementia associated with PD and DLB. Future study should 

further investigate the burden of ARTAG and its role in the pathogenesis in LBDem.  

 

1.2.4.2.3 Cerebral amyloid angiopathy 

One clinicopathological study with 140 PD patients identified cerebral amyloid angiopathy (CAA) was 

significantly more prevalent in PDD patients, particularly those with comorbid AD pathology, and the 

severity of CAA directly correlated to an increased Lewy pathology burden (Irwin et al., 2012). 

Similarly, in another study, CAA was reported to be more common in PD cases with co-existing AD 

than those without (Bertrand et al., 2008). Furthermore, Jellinger and Attems reported a significantly 

greater CAA burden in 44 PDD and 20 DLB cases compared with 56 PD cases without dementia 

(Jellinger and Attems, 2008). Finally, our previously unpublished study (presented in abstract form in 

(Harrison et al., 2011)) which investigated CAA pathology in the primary visual cortex in 67 PD, 57 PDD, 

12 DLB, 8 MSA and 18 PSP cases reported a significantly greater CAA burden in those with the presence 

of visual hallucinations compared with non-hallucinators.  

 

1.2.4.3 Alpha synuclein pathology 

The presence of cortical LB which was associated with dementia independent of AD pathology was 

first described by Okazaki and colleagues in 1961. However, they are often difficult to detect due to 

the lack of distinctive morphology and the classical halo seen in classical brainstem-type LBs. With the 

development of ubiquitin and αSN immunohistochemistry for the improved identification of cortical 

LB, the significance of this Lewy pathology in cognitive impairment in LBD was began to be recognised. 

Hurtig et al was the first to use αSN immunohistochemistry to report direct relationship between the 

number of cortical LBs and the presence of dementia in PD (Hurtig et al., 2000). They were found to 

be a highly sensitive and specific marker for PDD compared with other AD-type pathologies. Another 

study identified αSN-immunopositive cortical LBs were present in 43 of the 45 PD cases studied, and 

their presence were significantly associated with cognitive decline, even in the absence of tau and Aβ 
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pathology (Mattila et al., 2000). Harding and Halliday studied 65 cases including 24 DLB, 25 PD and 16 

PDD cases and they were the first to show that cortical LB burden was similar in PDD and DLB (Harding 

and Halliday, 2001). Furthermore, they described LB could be found in multiple cortical layers in the 

anterior cingulate cortex but only in deeper layers in parahippocampal cortex and neocortical regions. 

In addition, they reported the presence of LB in the parahippocampal cortex has a high sensitivity for 

predicting dementia in LBD. Finally, Kovari and colleagues studied the distribution of cortical LB in 22 

PD patients and identified significant correlation between dementia severity and the density of 

cortical LB in the entorhinal and anterior cingulate cortices (Kövari et al., 2003).  

 

1.2.4.3.1 Lewy neurites in the hippocampal CA2 subfield 

Ubiquitin and αSN immunohistochemistry have also revealed the presence of LN in the brains of LBD 

cases. In particular, the specific deposition of LN pathology in the hippocampal CA2/3 subsector was 

noted by Dickson and colleagues in 95.6% of the DLB cases studied (Dickson et al., 1991). This 

pathology was only noted in 3 of the 15 AD cases with incidental LB pathology in the SN, and was 

absent in 16 pure AD cases. In a subsequent study, cases with LN in the CA2/3 was also immunostained 

for tau showing the tau-immunopositive neurites were easily distinguished from the ubiquitin-

immunopositive dystrophic neurites (Dickson et al., 1994). Also the absence of staining in the CA2/3 

with anti-tyrosine hydroxylase (TH) antibodies for monoaminergic fibres suggested the LNs were 

unlikely to be affecting the hippocampal-projecting dopaminergic afferents from the brainstem. The 

presence of LN in the hippocampal CA2/3 in demented PD subjects was reported by Kim and 

colleagues where 77% of pathologically diagnosed PD with AD cases had ubiquitin-positive CA2/3 

neurites (Kim et al., 1995). A significant correlation between CA2/3 LN and cortical LB burden was also 

detected. In a personal retrospective autopsy series with 71 PD (23 with dementia) and 38 DLB cases, 

Jellinger reported the presence of CA2/3 αSN pathology in 79% of the DLB cases but only 26.2% PDD 

cases (Jellinger, 2006b). More recently, a study from our laboratory with 14 PD and 16 PDD cases 

reported significant associations between not only CA2 LN burden but also neuritic tau burden and 

dementia (Kalaitzakis et al., 2009). However, the origin of CA2 fibres affected as well as the extent of 

the contribution of hippocampal CA2 LN to cognitive impairment still require to be further 

investigation.  

 

1.2.4.3.2 Does staging of alpha-synuclein pathologies predict dementia in PD? 

As mentioned above, Braak and colleagues proposed a staging scheme with six distinct stages to 

describe the stereotypical progression of αSN pathology within the brains of PD patients. In the final 

stages (Stages 5-6), αSN pathology could be found in limbic cortical and neocortical regions and it was 
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proposed to be associated with cognitive decline in PD (Braak et al., 2003). In a subsequent study, the 

same group studied the brains of 88 clinically and neuropathologically confirmed PD cases (Braak αSN 

stage ≥ 3) and reported significant correlation between increasing PD Braak stage and a decline in 

cognitive status as measured by the mini-mental state examination (MMSE) scores (Braak et al., 2005). 

However, the clinical relevance of the proposed staging system to predict cognitive decline in PD has 

been challenged (Jellinger, 2008). The presence of a single LB in the neocortex, which automatically 

classifies the case as Braak αSN Stage 6, can be found in 90-100% of all idiopathic PD cases with or 

without dementia (de Vos et al., 1995; Hughes et al., 1993; Mattila et al., 1998). In a large autopsy 

series with 1720 subjects, Parkkinen and colleagues identified 226 subjects with αSN-immunopositive 

lesions identified in the dorsal motor nucleus, SN and basal forebrain, and assigned a Braak αSN stage 

to each case. After exclusion of cases with severe co-existing AD pathology, it was noted only 25% of 

the cases with Braak αSN stage 5 and 50% of the cases with Braak αSN stage 6 had dementia 

(Parkkinen et al., 2008). In addition, the authors also reported the correlation of dementia with 

McKeith-LB type. Only 48-60% of those with neocortical-type LB pathology with a Braak tau stage < 5 

were clinically demented (Parkkinen et al., 2008). In a similar study by Colosimo and colleagues with 

38 PD cases classified as limbic or neocortical McKeith-LB type, only 55% were demented (Colosimo 

et al., 2003). As a result, the currently available αSN staging and typing systems remain imperfect but 

they can provide a rough framework for future studies to correlate anatomical distribution or 

progression of pathology with clinical symptoms presented.    

 

1.2.4.4 Combination of AD and Lewy pathologies as a predictor for dementia in LBD 

Independently, AD and Lewy pathologies have both shown to be important determinants for the 

presence of cognitive problems in LBD. However, the additive pathological burden may be a better 

predictor for dementia. In a study with 44 cases of clinically diagnosed PD, Mattila and colleagues 

reported the burdens of both LB and AD pathologies correlate to cognitive decline in PD with and 

without co-existing AD, particularly in limbic cortical and hippocampal regions (Mattila et al., 1998). 

In another study by Compta and colleagues using tissues from the Queen Square Brain Bank where 

more detailed semi-quantitative and correlation analyses were carried out, it was found that a 

combination of Lewy- and AD- pathologies best correlate to the presence of dementia in PD, compared 

with the burden of any single pathological entity (Compta et al., 2011). The burden of αSN, tau and Aβ 

pathology showed significant correlation with one another. Furthermore, the authors concluded that 

semi-quantitative assessment of pathology provided a better prediction to dementia in PD compared 

with topographical staging schemes particularly Braak αSN stages. However, Braak tau stages did show 

significant correlation with decreasing MMSE scores which is supported by the Horvath et al study in 
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which Braak tau stages and Thal Aβ phases were found to be significantly higher in PDD compared 

with PD groups (Horvath et al., 2013). In their study, they also used a McKeith LB score where a 

neocortical-type pathology was found to have a 4.2-fold increased risk for dementia in PD. In addition, 

significant positive correlations were found between any two of the three pathological staging system. 

Similar findings were also reported on DLB cases. In a study with 34 PDD and 55 DLB cases, Howlett 

and colleagues reported DLB cases had high burdens for αSN, tau NFT and Aβ plaque pathologies 

throughout the entire cortex whereas PDD had a relatively lower NFT burden (Howlett et al., 2015). 

However, a combined burden score derived from semi-quantitative αSN, Aβ and tau burden 

significantly correlated with MMSE decline in frontal, temporal and parietal cortices in PDD, and 

temporal cortex in DLB cases. These results suggest that there may be a synergistic interaction 

between αSN, Aβ and tau, which has been described in various cellular in vitro and in vivo animal 

studies (Badiola et al., 2011; Clinton et al., 2010; Giasson et al., 2003; Swirski et al., 2014), contributing 

to cognitive decline.  

 

1.3 Neurochemical correlates of dementia in Lewy body disease 

Although dopaminergic dysfunction correlates to the motor impairment in PD, treatment aiming to 

restore dopaminergic deficits (e.g. Levodopa) have little (if any) effect on improving cognitive 

impairment in PD (Halgin et al., 1977; Hietanen and Teräväinen, 1988), suggesting neurochemical 

deficits other than dopamine are probably involved in the development of dementia in Lewy body 

disease. Indeed, a combination of monoaminergic and cholinergic deficits appear to contribute to 

different domains of cognitive decline seen in Lewy body disorders (Gratwicke et al., 2015; Kehagia et 

al., 2010).  

 

1.3.1 Dopamine  

Despite the limited benefit from dopamine replacement therapy for the treatment of cognitive 

impairment in LBDem, significant alteration to the dopaminergic system in DLB and PDD cases were 

observed compared with PD cases without cognitive impairment and age-matched controls. The 

presynaptic dopaminergic alteration in LBDem is often identified with in vivo imaging studies. The 

ligand, 18F-6-fluorodopa (F-DOPA), is commonly used in positron emission tomography (PET) imaging 

to measure monoaminergic terminal functions. In PD subjects without cognitive deficits, Rinne et al 

reported a significantly reduced F-DOPA uptake in caudate, putamen and frontal cortex compared 

with controls (Rinne et al., 2000). Performance on Stroop test for attention was significantly associated 

with reduced caudate F-DOPA uptake. Verbal fluency test had a significant positive correlation with 

frontal cortex F-DOPA uptake. These results supported the hypothesis of the impairment of the 
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frontal-striatal loop which gives rise to executive dysfunction early in PD (Cummings, 1993). In another 

study by van Beilen and colleagues, executive function in PD cases without dementia was found to be 

significantly correlated with putamen F-DOPA uptake (van Beilen et al., 2008). The result was 

surprising as the putamen was thought to be purely involved with motor functions, and the finding 

was hypothesized to be related to “mental flexibility” decline in PD. For those with PDD, an early study 

by Ito and colleagues found F-DOPA uptake was significantly reduced in caudate, putamen, left 

anterior cingulate and left amygdala in PDD compared with PD patients (Ito et al., 2002). However, a 

later study by Hilker et al with 17 PD and 10 PDD patients failed to identify any differences between 

PD and PDD in striatal and cortical regions (Hilker et al., 2005). Subsequently, Klein and colleagues 

reported significant reduction in F-DOPA uptake in 8 PDD, 6 DLB and 9 PD subjects compared with 

controls, but no differences were found in multiple anatomical regions among the groups (Klein et al., 

2010). A more specific imaging marker for dopaminergic terminal is 2β-Carbomethyoxy-3β-(4-

iodophenyl)-N-(3-fluoropropyl)-N-nortropane (FP-CIT), which labels dopamine transporter (DAT). It 

has been reported that the use of FP-CIT for striatal DAT binding had a high specificity and sensitivity 

to distinguish DLB from non-DLB dementia (typically AD) and was recommended for clinical use 

(McKeith et al., 2007). In a single-photon emission computed tomography (SPECT) imaging study with 

FP-CIT on 23 DLB, 38 PD, 36 PDD subjects, O’Brien and colleagues reported significant striatal 

reduction of FP-CIT binding in the LBD cases compared with AD and controls (O’Brien et al., 2004). 

Also, the degree of reduction was similar between PD and DLB, but a greater reduction was found in 

PDD cases. In addition, significant correlation between FP-CIT reduction and MMSE was only found in 

the caudate in PDD cases.  

 

In a post-mortem study, Piggott and colleagues reported that a compensatory increase in striatal 

dopamine turnover up to 6-13 times higher than controls can be found at initial stages of PD, as 

measured by the homovanillic acid: dopamine ratio (Piggott et al., 1999). On the other hand, this ratio 

was not found to be significantly elevated in DLB and AD cases compared with controls. In a recent re-

interpretation of the study with further retrospective case-note analysis, those with cognitive deficits 

were found to have a lower turnover ratio compared with those without, to a level comparable to that 

in DLB, AD and controls (Whitfield et al., 2015). The authors attributed this to the failure in 

compensatory mechanism in the presence of dementia in PD.  

 

Post-synaptically, similar to the increased dopamine turnover, striatal dopaminergic D2 receptor 

density as measured by [3H]raclopride appears to be increased in the post-mortem PD brain by over 

70% as a possible compensatory change (Piggott et al., 1999), which was decreased in those with 
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cognitive deficits (Whitfield et al., 2015). A reduction in putamen D2 receptor density was also found 

in DLB cases (Piggott et al., 1999). Similar findings have been reported in an imaging study with 

[11C]raclopride to label D2 receptors in vivo. In that study, 9 PD subjects received one scan before 

commencement of dopaminergic therapy and another one 3-5 years later. A significant upregulation 

of putamen D2 receptor density was found at the initial scan but the level decreased back within the 

normal range at follow-up (Antonini et al., 1997). Finally, using autoradiography with [125I]Epidepride 

binding to D2 receptors, significant reduction in D2 receptor density was found in the temporal cortex 

in 15 DLB cases (Piggott et al., 2007).  

 

Results from these studies provided possible explanations as to why dopaminergic therapies have 

limited effects on LBDem patients and the reduced D2 receptor density could mean that 

antipsychotics adversely affect cognition in LBDem (Piggott et al., 2007).    

 

1.3.2 Other monoamines: noradrenaline and serotonin 

As mentioned previously, significant neuronal loss in the noradrenergic LC was found in LBDem cases 

compared with PD and controls (Perry et al., 1990; Zweig et al., 1993). In one study directly comparing 

the brain noradrenergic innervation between DLB and AD, significantly increased frontal cortex α2 

adrenergic receptor density was found (Leverenz et al., 2001). Similarly, another study by Szot and 

colleagues found significantly elevated α2 adrenergic receptor density in the hippocampus of DLB and 

AD cases (Szot et al., 2006). As α2 adrenergic receptor can be expressed pre- and post-synaptically, 

measurement of post-synaptic mRNA expression of the receptor was conducted. It was found that 

mRNA expression of α2A adrenergic receptor was not different from controls and that of α2C adrenergic 

receptor was even reduced, suggesting the elevated α2 adrenergic receptor was pre-synaptic which 

may be due to compensatory noradrenergic axonal sprouting (Szot et al., 2006). This compensatory 

upregulation of noradrenergic innervation may lead to behavioural disturbances such as impulsivity 

in LBD, and the use of atomoxetine, a selective noradrenaline inhibitor, has been shown to be 

beneficial for PD patients exhibiting such symptoms (Kehagia et al., 2014; Marsh et al., 2009).  

 

Noradrenergic dysfunction also occurs in the peripheral nervous system. Myocardial scintigraphy with 

123I-metaiodobenzylguanidine (123I-MIBG), which is a marker for postganglionic presynaptic adrenergic 

terminal, is used for the detection of sympathetic denervation in the heart. Recently, a meta-analysis 

reported that it has a high sensitivity (98%) and specificity (94%) in detecting DLB from other 

dementias (Treglia and Cason, 2012).  
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The brain serotoninergic system can also be affected in LBDem. Significant depletion of the 

serotoniergic raphe nucleus has been reported in LBDem cases compared with controls (Benarroch et 

al., 2005). Cortical serotonin autoradiography with [3H]ketanserin which binds to 5-HT2 receptors, was 

found to be significantly reduced by 40-55% in the temporal cortex of PDD and DLB cases compared 

with controls (Cheng et al., 1991). However, no difference was found in the serotonin level between 

PD and DLB cases (Perry et al., 1991). Serotoninergic changes may be better correlated with mood 

disorders than with cognitive decline in LBD (Whitfield et al., 2015).  

 

1.3.3 Glutamate 

Memantine, an N-methyl D-aspartate (NMDA) receptor antagonist, has been shown to be beneficial 

for the improvement of cognitive function in DLB and PDD patients (Aarsland et al., 2009a; Emre et 

al., 2010), suggesting an underlying excitatory amino acid disturbances in the brains of LBDem cases. 

However, only few studies have reported alteration to the glutamatergic markers in PDD and DLB. 

Significant reduction of metabotropic glutamate receptor in the frontal cortex and hippocampus has 

been found in DLB cases  (Albasanz et al., 2005; Thorns et al., 1997). However, other studies failed to 

identify significant changes in NMDA receptor level in the hippocampus (Thorns et al., 1997), cortical 

glutamate transporter, or glutamate in the cerebrospinal fluid (Whitfield et al., 2015).   

 

1.3.4 GABA 

Similar to the glutamatergic system, there have been relatively few studies investigating the γ-

aminobutyric acid (GABA)ergic system changes in the brains of LBDem cases. Almost all of the striatal 

medium spiny neurons are GABAergic and they receive input from dopaminergic nigrostriatal 

afferents. Compared with age-matched controls, striatal medium spiny neurons were found to be 

more atrophic and had reduced dendritic aborisations and spine density in PD cases, visualised with 

Golgi-Cox staining method (McNeill et al., 1988; Zaja-Milatovic et al., 2005). Using the same method, 

MSNs from the caudate head of 5 DLB, 5 AD and 5 age-matched controls were compared in a study 

by Zaja-Milatovic and colleagues which they found an approximately 60% reduction in medium spiny 

neuron dendritic length and density in DLB cases but not in AD cases (Zaja-Milatovic et al., 2006). The 

authors hypothesised that the degeneration of caudate medium spiny neurons may be the basis for 

fronto-striatal executive function impairment seen in DLB. Using immunohistochemistry for 

parvalbumin to for the visualisation of GABAergic interneurons in the hippocampus revealed 

significant reduction in neuronal count in the dentate gyrus and CA1 subfield of the hippocampus in 

DLB cases (Bernstein et al., 2011). However, no significant decrease in parvalbumin-immunopositive 
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neurons was found in the cortex of DLB cases, and they were not significantly affected by cortical LB 

pathology (Gómez-Tortosa et al., 2001).  

 

1.3.5 Acetylcholine 

Acetylcholine is widely distributed within the central and peripheral nervous systems. It has important 

roles in cognitive processing as well as autonomic function and motor activities. The cholinergic 

system has been the most well studied neurotransmitter system in dementia research over the past 

half a century. However, our understanding of the cholinergic system’s role in cognition is still not 

complete. Importantly, further evidence emerges which suggest that this system is even more 

severely implicated in LBD compared with AD, where the cognitive role of acetylcholine was first 

identified.  

 

1.3.5.1 Anatomy of the brain cholinergic system 

There are three main clusters for the brain cholinergic system: 1.) The basal forebrain cholinergic 

system which innervates the entire cerebral cortex, hippocampus and the amygdala; 2.) The 

brainstem-reticular cholinergic system which innervates subcortical regions including the thalamus 

and striatum; and 3.) The intrinsic striatal cholinergic system which modulates activities of the striatal 

medium spiny neurons.  

 

Cholinergic outputs throughout the brain originate from eight distinct areas (Ch1 to Ch8) as described 

by Mesulam and colleagues in the 1980s (Mesulam et al., 1984). These are organised into two main 

clusters including the basal forebrain cholinergic group (Ch1-Ch4) and the brainstem cholinergic group 

(Ch5-Ch8). Ch1-Ch4 cholinergic neurons project throughout the cortex, hippocampus, olfactory bulb 

and amygdala. The largest of the basal forebrain cholinergic group is the nbM. Over 90% of nbM 

neurons are cholinergic and they were defined morphologically by their magnocellular appearance. 

The cholinergic component of the nbM (Ch4) appeared to be more compact in human than rhesus 

monkeys and could be divided into six regions which topographically innervate different parts of the 

cerebral cortex. It includes anterior (anteromedial, Ch4am; anterolateral, Ch4al; anterointermediate, 

Ch4ai), intermediate (intermediodorsal, Ch4id; intermedioventral Ch4iv) and posterior (Ch4p) regions 

(Mesulam, 1995). The human nbM anatomy will be further discussed in Chapter 4 of the thesis. The 

rest of the cholinergic basal forebrain consists of the medial septal nucleus (Ch1) and the vertical limb 

of the nucleus of the diagonal band of Broca (Ch2) which project to the hippocampus; and the 

horizontal limb of the nucleus of the diagonal band of Broca (Ch3) which projects to the olfactory bulb. 

The brainstem cholinergic group consists of the PPN (Ch5), laterodorsal tegmental nucleus (Ch6), 
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medial habenula (Ch7) and the parabigeminal nucleus (Ch8), which projects primarily to the thalamus 

and striatum with some innervation of other brainstem nuclei and cerebellum (Mesulam, 1995). In 

humans, only the thalamus-projecting Ch5 and Ch6 are strongly immunostained with choline 

acetyltransferase (ChAT) and these neurons are often rich in nicotinamide adenine dinucleotide 

phosphate (NADPH) diaphorase (Mesulam et al., 1989).  

 

1.3.5.2 Cholinergic neurotransmission 

Acetylcholine was the first neurotransmitter to be identified. It was discovered by Otto Loewi in search 

of the substance which stimulates the frog's heart from the vagus nerve, an experiment designed in 

his dream (Davenport, 1991). Acetylcholine is widely distributed in the nervous system. As an overview 

(Figure 1.9), it is synthesised by choline and acetyl-CoA with the enzyme ChAT. It is then transported 

into a vesicle via vesicular acetylcholine transporter (vAChT) and stored before fusing to the pre-

synaptic membrane to be released across the synapse. Acetylcholine could then act on ionotrophic 

nicotinic acetylcholine receptors (nAChR), or G-protein coupled muscarinic acetylcholine receptors 

(mAChR). There is no reuptake system for acetylcholine, but within the synapse, it is rapidly hydrolysed 

into choline and acetate by the membrane-bound enzyme, acetylcholinesterase (AChE). Then, the 

choline can be recycled through pre-synaptic high-affinity choline transporters (ChT) (Ferguson and 

Blakely, 2004).  

 

However, discoveries over the past two decades have revealed the complexity of the cholinergic 

system. Interestingly, ChAT enzymatic activity is not the rate-limiting step of ACh synthesis as the 

enzyme is almost never saturated (Jope, 1979). Hence, acetylcholine synthesis relies on sufficient 

supply of its precursors. Acetyl-CoA is produced at the inner membrane of mitochondria from 

pyruvate by pyruvate dehydrogenase complex and it has to reach the cytoplasmic ChAT for the 

anabolic action of the enzyme (Tucek, 1985). However, it was identified that the availability of ChT for 

the recycling of choline is the rate-limiting step (Okuda and Haga, 2003). In fact, pharmacological 

studies using hemicholinium-3 to competitively inhibit ChT have been shown to impair the synthesis 

and release of acetylcholine (Happe and Murrin, 1993). Also, the increase in acetylcholine release 

could directly affect choline uptake through ChT in vivo (Simon and Kuhar, 1975). This suggests ChT 

and acetylcholine release are tightly regulated and ChT could be involved in synaptic vesicle cycling. 

Indeed, using immunolabelling on high-affinity ChT with electron microscopy, Ferguson and 

colleagues have found a surprisingly high density of ChT-immunopositivity associated with pre-

synaptic vesicles. With double immunofluorescence technique, they have discovered ChT and vAChT 

co-localise at the pre-synaptic terminals of cholinergic neurons (Ferguson et al., 2003). Furthermore, 
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ChT was almost exclusively found on vAChT-positive synaptic vesicles and about 50% of vAChT-positive 

vesicles are also ChT-positive in the mouse striatum (Ferguson et al., 2003). Since the transport of 

choline through ChT is sodium dependent (Jope, 1979), it is likely that ChT only functions at the pre-

synaptic membrane. Moreover, endocytosis and recycling of ChT-synaptic vesicles are important in 

choline uptake regulation as studies have shown functional ChT accumulation at the presynaptic 

membrane by blocking clathrin-mediated endocytosis (Ribeiro et al., 2003; van der Bliek et al., 1993). 

Therefore, endocytosis is thought to be a negative regulator of choline uptake. As a result, it has been 

postulated that there is a pool of ChT-vAChT synaptic vesicles at the cholinergic pre-synaptic terminals 

to regulate ACh release and synthesis (Ferguson and Blakely, 2004).  

 

 
 

Figure 1.9. The cholinergic synapse. Acetylcholine is synthesised at the presynaptic terminal of the cholinergic neuron 
by choline and acetyl-CoA with the enzyme ChAT. Acetyl-CoA is synthesised at the inner membrane of the mitochondria, 
whereas choline is transported into the cholinergic terminal through ChT. Acetylcholine is then transported into synaptic 
vesicles through vAChT and is stored within the vesicles until releasing into the synapse. Then, acetylcholine could bind 
to pre- or post-synaptic mAChR or nAChR. They could also be rapidly hydrolysed by the membrane-bound AChE into 
choline and acetate. Fusion of synaptic vesicles could make ChT on synaptic vesicles available on the presynaptic 
membrane for choline to be recycled back into the synaptic terminal. Endocytosis of vesicles restores the pool of synaptic 
vesicles and reduces ChT expression to regulate choline uptake and acetylcholine synthesis. Abbreviations: ChAT, choline 
acetyltransferase; ChT, choline transporter; mAChR, muscarinic acetylcholine receptor; nAChR, nicotinic acetylcholine 
receptor; vAChT, vesicular acetylcholine transporter 
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Finally, it has been discovered that the gene for vAChT is encoded within the intron of ChAT gene 

(Eiden, 1998), suggesting the expression of vAChT and ChAT are also tightly regulated. Therefore, 

future research on the cholinergic system could focus on the roles of vAChT and ChT in AD and LBDem.  

 

1.3.5.3 Cholinergic receptors 

1.3.5.3.1 Muscarinic acetylcholine receptors 

It has been long established that anti-muscarinic medication, such as atropine and scopolamine, 

affects cognitive function in animals and human (Longo, 1966). mAChRs are G-protein coupled 

receptors with five molecular subtypes (M1-M5) successfully cloned and identified within the human 

central nervous system (Caulfield and Birdsall, 1998). They have a seven-transmembrane domain 

which contains a large third intracellular (i3) loop for directing specific G-protein coupling pathways 

and the sequence variability of the i3 loop distinguishes the five individual mAChR subtypes (Volpicelli 

and Levey, 2004).  M1/M3/M5 couple with Gq/11 -subunit to activate phospholipase C while M2/M4 

couple with Go and Gi -subunits to inhibit adenylyl cyclase (Caulfield and Birdsall, 1998). Subtype 

specific antibodies have been developed, which enabled the localisation of mAChRs in the brain by 

immunoprecipitation. It was found that M1, M2 and M4 mAChRs are predominantly expressed in the 

rat, rhesus and human brain while M3 and M5 receptors are expressed in low abundance (Volpicelli 

and Levey, 2004). The most abundant mAChR in the cerebral cortex are M1 (35%-60% of total mAChR) 

and M2 (16%-22% of total) in which the occipital cortex has a high M2 expression. In the striatum, M4 

is the predominant receptor subtype, while M1 is the most common in the hippocampus (Volpicelli 

and Levey, 2004).  

 

Functionally, M1 agonistic agents were shown to improve cognitive functioning and could potentially 

reduce A formation among AD patients (Scarr, 2012). However, M1 knock-out mice showed normal 

learning and memory abilities in contextual fear conditioning and Morris water maze tasks 

(Anagnostaras et al., 2003). Also, wild-type and M1 knock-out mice were equally impaired by the 

muscarinic antagonist scopolamine (Anagnostaras et al., 2003), indicating other acetylcholine 

receptors are probably more important in learning and memory. Pharmacological studies for M2 

receptors have yielded contradicting results (Wess, 2004). Some (Carey et al., 2001; Quirion et al., 

1995) but not all (Messer and Miller, 1988) studies found M2 receptor antagonism improves learning 

and memory function. These contrasting results were probably due to M2 is localised both pre- and 

post-synaptically in the cerebral cortex, as found in an ultrastructural study on macaque monkeys 

(Mrzljak et al., 1993). However, its cellular localisation has not been confirmed on human yet.  
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There have been studies suggesting mAChR is involved in Aβ plaque formation and tau 

phosphorylation, mainly based on in vitro studies with the use of muscarinic agonists. The 

downstream neuroprotective effect from muscarinic agonists or direct acetylcholine stimulation is 

illustrated in the figure 1.10 below.  

 
 

 
 

1.3.5.3.2 Nicotinic acetylcholine receptors 

nAChRs are ligand-gated ionotropic receptors widely distributed throughout the nervous system and 

they are formed by five subunits arranged into a homopentamer or a heteropentamer (Gotti et al., 

2006). In the vertebrates, neuronal nAChR subunits are formed by a combination of nine α (α2-α10) 

and three β (β2-β4) subunits, though only α7, α8 and α9 were found to form homopentamers. 

However, α8 has not yet been identified on mammals (Albuquerque et al., 2009). nAChR was originally 

isolated from the electric organ of the Torpedo fish. With the discovery that a snake toxin, α-

bungarotoxin, could irreversibly block nAChR at the neuromuscular junction, a crude classification of 

nAChR subtypes based on its action on Torpedo nAChRs was established - those which are α-

Figure 1.10. Downstream molecular pathway of M1-type mAChR. Direct stimulation of M1/M3 mAChR will promote 
clearance of APP via the non-amyloidogenic pathway, and a reduction of tau phosphorylation by the inhibition of GSKβ via 
activation of PKC. Abbreviations: Aβ, amyloid-beta; ACh, acetylcholine; ADAM10, A Disintegrin and metalloproteinase 
domain-containing protein 10 (associates with α-secretase); AICD, amyloid precursor protein intracellular domain; APP, 
amyloid precursor protein; BACE, beta-site amyloid precursor protein cleaving enzyme (β-secretase); c83, 83-residue C-
terminal fragment; c99, 99-residue C-terminal fragment; Ca2+, calcium ion; DAG, diacylglycerol; Gq/11, Gq protein; GSK3β, 
Glycogen synthase kinase-3 beta; IP3, inositol trisphosphate; mAChR, muscarinic acetylcholine receptor; p3, 3-residue N-
terminal fragment; PLC, phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; pTau, phosphorylated tau; sAPPα, 
Soluble amyloid precursor protein alpha; sAPPβ, Soluble amyloid precursor protein beta; TACE, tumour necrosis factor-α-
converting enzyme (also known as ADAM metallopeptidase domain 17). Pathway adapted from (Eckols et al., 1995; Forlenza 
et al., 2000; Nitsch et al., 1992; Nunan and Small, 2000; Ovsepian et al., 2016) 
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bungarotoxin sensitive (α7,α8, α9, α7α8 and α9α10) and those which are not (Albuquerque et al., 

2009; Dani and Bertrand, 2007; Gotti and Clementi, 2004). Among the α-bungarotoxin sensitive 

subtypes, the α7 homopentamer predominates in the nervous system (Gotti et al., 2006). nAChR could 

be found pre-synaptically, post-synaptically, or extra-synaptically, though it has been shown by 

anatomical and functional studies that pre-synaptic nAChRs have greater importance physiologically 

(Dani and Bertrand, 2007; Gotti et al., 2006). Unlike the nAChR in neuromuscular junctions where they 

direct rapid excitatory nicotinic transmission across the synapse, central nAChRs are mainly involved 

in regulating the release of neurotransmitters within the central nervous system, including glutamate, 

acetylcholine, dopamine, GABA and noradrenaline (Gotti et al., 2006). In particular, glutamate release 

throughout the brain seems to be controlled exclusively by α7nAChR (Gotti et al., 2006).  

 

Detailed anatomical localisation of the nAChR has been found using different techniques including 

immunoprecipitation, immunocytochemistry, in situ hybridisation and radioligand binding studies, 

although none of the ligands currently available is specific to one particular subtype (Table 5) (Gotti 

and Clementi, 2004). α4, α7 and β2 are the main nAChR subunits expressed within the human brain. 

In the cortex, α4β2 and 7 are the principle nAChR subtypes; α7nAChR is highly expressed in the 

hippocampus, while α6β2 and α4β2 are found on dopaminergic neurons in the striatum (Dani and 

Bertrand, 2007; Gotti et al., 2006). α7nAChRs have also been found on other neuronal populations 

including microglia and hippocampal astrocytes (Albuquerque et al., 2009). 

 

Nicotine is the main addictive element in cigarettes. Unlike other neurotransmitter receptors, upon 

chronic nicotine stimulation, nAChRs undergo an upregulation within multiple brain regions (Miwa et 

al., 2011). High-affinity nAChR subtypes, particularly α4β2, are especially prone to upregulation 

(Albuquerque et al., 2009). The selective mesostriatal and mesolimbic upregulation which affects the 

reward pathway of the brain is probably responsible for nicotine dependence in chronic cigarette 

smokers (Miwa et al., 2011). Interestingly, epidemiological studies have shown that cigarette smoking 

is protective against PD (Allam et al., 2004; Quik et al., 2012) but is a risk factor to AD (Cataldo et al., 

2010), although it could be due to a greater vascular involvement in AD. For DLB no such correlation 

has been found (Boot et al., 2013).  

 

There is an emerging role of α7nAChR in AD. Recently, it has been observed that Aβ1-42 binds to 

α7nAChR in high affinity (Wang et al., 2000). Using immunohistochemistry on AD brain revealed Aβ 

plaques have α7nAChR immunopositivity (Wang et al., 2000), although it is unknown why it is found 

on extracellular plaques. Moreover, α7nAChR was reported to facilitate internalisation and 
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intracellular accumulation of Aβ in vitro (Nagele et al., 2002), potentially inducing neuronal death by 

Aβ-mediated cytotoxicity. In addition, α7nAChR has been shown to attenuate inflammation by 

inhibiting the release of tumour-necrosis factor from microglia (Wang et al., 2003). As there is 

accumulating evidence indicating the role of neuroinflammation in neurodegenerative disease (Perry 

et al., 2010), the decrease in α7nAChR on microglia could potentially lead to AD or PD.    

 

1.3.5.4 The concept of volumetric transmission of the cholinergic system  

Ultrastructural studies with electron microscopy have revealed the cholinergic afferents mainly 

synapses at the dendritic shafts, and rarely on dendritic spines and cell bodies of cortical neurons; 

whereas non-cholinergic afferents synapses mainly on dendritic spines (Cuello, 2006). However, M1 

and M2 mAChRs have been found to be located at extrasynaptic sites including pre- and post-

synaptically on dendritic spines of cortical neurons of non-human primates (Mrzljak et al., 1993). Also, 

nAChRs were predominantly found at the presynaptic terminals of cortical non-cholinergic (mainly 

glutamatergic) afferents (Parikh et al., 2008). These lead to the hypothesis there may be volume or 

extrasynaptic transmission of acetylcholine in addition to the classical, wired-synaptic transmission 

(Sarter et al., 2009). As a result, pharmacological intervention targeting the cholinergic system may 

also have modulatory effects on adjacent non-cholinergic neurotransmission.  

 

1.3.5.5 The cholinergic hypothesis in Alzheimer’s disease 

Early pharmacological studies have shown the use of anti-muscarinics could lead to cognitive 

disturbances (Longo, 1966). The importance of acetylcholine in cognition was further consolidated by 

collective evidence from studies in the 1970s and 80s proposed as the "Cholinergic hypothesis" (Bartus 

et al., 1982). A seminal paper published by Bartus and colleagues reviewed animal and human post-

mortem studies and they established that cortical cholinergic deficit is the cause of dementia in the 

geriatric population and in AD (Bartus et al., 1982). 

 

1.3.5.6 Pathological findings of cholinergic dysfunction in PD and Lewy body dementias 

Research in the 1970s and 80s have used ChAT enzyme assay on post-mortem human cortical tissues 

which enabled quantitative analysis for the loss of cholinergic afferents in elderly and AD leading to 

the establishment of the 'cholinergic hypothesis' mentioned above (Bartus et al., 1982). ChAT activity 

at the basal forebrain in AD patients was reported to be depleted by about 70% to near to total 

depletion (Perry et al., 1982), while a milder decrease was seen in the PD brain (Dubois et al., 1983). 

However, the loss of activity does not necessarily indicate the death of cholinergic neurons. Also, 

McGeer and co-workers noted that ChAT enzyme assay is prone to greater variation due to its 
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sensitivities to pre- and post-mortem variables (McGeer et al., 1984). Moreover, the diminished 

cortical ChAT activity could suggest the loss of cholinergic terminals but it does not indicate the 

functionality of remaining terminals as the ChAT anabolic activity is not the rate-limiting step in 

acetylcholine synthesis (Slotkin et al., 1994). Hence, morphological measures could predict the 

condition of the nbM with a greater accuracy. Immunohistochemistry with ChAT antibodies was made 

available in 1983 by Nagai and colleagues and they found an approximately 66% decrease in ChAT-

immunopositive neurons in the basal forebrain area of three patients with AD (Nagai et al., 1983b). 

ChAT-positive neurons were also found to be decreased among PD and PDD patients to an extent 

greater than AD (Perry et al., 1985).  In the cerebral cortex, ChAT immunohistochemistry could be 

helpful in identifying rare cholinergic interneurons (Kasashima et al., 1999), but the visualisation of 

cholinergic terminals is poor.  AChE histochemistry was therefore used to identify cholinergic fibres in 

the neocortex. An almost complete loss of AChE fibres were observed in the cortex of AD brains (Candy 

et al., 1983). Furthermore, Ruberg and colleagues reported significant reduction of AChE activity in 

the frontal cortex of PD and PDD cases compared with age-matched controls. In particular, the 10S 

form of AChE was significantly more reduced in PDD compared with PD without dementia (Ruberg et 

al., 1986). However, AChE is not an ideal cholinergic marker as it is present on both pre- and post-

synaptic membranes (Wevers, 2011), as well as some glial cells and non-cholinergic neurons such as 

dopaminergic neurons (Butcher et al., 1975). Moreover, soluble AChE is found in the brain (Appleyard, 

1992; Greenfield, 1984) making it difficult to be localised by a specific marker. Nevertheless, recent 

advancement in in vivo SPECT and PET imaging has brought the use of AChE back into fashion. There 

are now a number of studies involved the use of AChE PET ligands, methyl-4-piperidinyl propionate 

([11C]PMP) and methyl-4-piperidyl acetate ([11C]MP4A), on patients with AD and LBD (Bohnen et al., 

2003; Klein et al., 2010; Shimada et al., 2015). The cortical AChE ligand binding has been shown to 

correlate well with post-mortem histochemical distribution of AChE (Wevers, 2011), but further 

studies looking at the decrease in cortical cholinergic integrity with AChE histochemisty or 

immunohistochemistry in PD and PDD cases could be valuable. A recent PET imaging study reported 

a frontal-occipital gradient of a decrease in [11C]MP4A binding among PD and DLB patients (Klein et 

al., 2010), indicating the cholinergic integrity is lost in a caudal-to-rostral manner, which is distinct 

from that seen in AD. Therefore, this should prompt further investigations at the posterior cortical 

regions among LBDem.  

 

vAChT and ChT are excellent markers for neocortical cholinergic afferents as they are localised on pre-

synaptic terminals of cholinergic neurons. Studies with [3H]Vesamicol, a radioligand which binds to 

vAChT, have shown that despite the reduction in ChAT markers, there is an increase in vAChT activity 
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in the cortex of AD brain (Ruberg et al., 1990). Conversely, [3H]vesamicol binding significantly 

decreased by 35% in PDD (Kish et al., 1990). This shows that the mechanism leading to dementia is 

different between AD and PDD. It is possible that there is an upregulation of vAChT on synaptic vesicles 

at the cholinergic terminal to compensate the decrease in ChAT activity, whereas the loss of vAChT in 

PDD is due to the death of cholinergic neurons within the nbM. However, rather contrasting findings 

was seen with SPECT imaging studies with [123I] Iodobenzovesamicol (IBVM) which binds to vAChT. It 

was found that there is a 14%-30% loss of cortical vAChT binding in AD compared with a 34% loss in 

PDD cases and a 9% loss in PD (Kuhl et al., 1996). As a result, morphological analysis could be useful. 

With the availability of antibodies raised against vAChT, it became possible for the use of 

immunohistochemistry to visualise cortical cholinergic neuron fibres as it has proven to be more 

superior to ChAT (Schafer et al., 1995). Recently, with the use of vAChT immunohistochemistry, αSN 

and vAChT were found to be co-expressed in the axons of guinea pig rectum (Sharrad et al., 2013). As 

previous studies have shown normal αSN promotes soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor (SNARE) complex assembly (Burré et al., 2010), truncated αSN through 

disease process like PD could have an effect on neurotransmitter release, particularly cholinergic 

neurons in this case.   

 

As the synthesis of ACh is limited by the choline transport via ChT on pre-synaptic terminals, measuring 

ChT activity is a good indicator of the state of terminal cholinergic functions. A number of studies have 

looked at the availability of ChT on AD patients with a radioligand [3H]Hemicholinium-3 ([3H]HC-3) 

which binds to the high-affinity ChT. Two groups have reported a significant reduction of [3H]HC-3 

binding in the frontal cortex, entorhinal cortex and hippocampus of AD brain compared to age-

matched controls (Pascual et al., 1991; Rodríguez-Puertas et al., 1994). However, when Slotkin and 

colleagues performed the study on rapid autopsy tissues, they actually found a significant increase of 

ChT binding in the frontal cortex of AD cases (Slotkin et al., 1994). ChT change in the brains of patients 

with LBD is still currently unknown. Since ChT activity was found to decay rapidly post-mortem 

(Bissette et al., 1996; Klemm and Kuhar, 1979), further studies looking at protein expression by 

Western blotting, or visualisation with immunohistochemistry at the cortex could be helpful. These 

techniques could now be possible after successful cloning of the cDNA encoding the high-affinity ChT 

by Okuda and colleagues (Okuda et al., 2000). Furthermore, ultra-structural studies involving double 

immuno-labelling of vAChT and ChT could be valuable to evaluate the difference in ChT-vAChT 

synaptic pool population between AD and PD cases.  
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The table below (Table 1.10) summarises the current reported differences in cholinergic terminal 

markers in AD and LBD cases.  

 
Marker AD PD PDD DLB 

AChE ↓ [11C]PMP & [11C]MP4A PET 
ligand binding 
↓  activity in post-mortem 
tissue  
 

↓ [11C]PMP & 
[11C]MP4A PET ligand 
binding 
↓  activity in post-
mortem tissue  
 

↓↓ [11C]PMP & 
[11C]MP4A PET ligand 
binding 
↓ ↓  activity in post-
mortem tissue  
 

↓↓ [11C]PMP & 
[11C]MP4A PET ligand 
binding  

ChAT ↓ activity in post-mortem 
tissue 
 

↓ activity in post-
mortem tissue 
 

↓ activity in post-mortem 
tissue 
 
 

↓↓  activity in post-
mortem tissue 
 

vAChT ↓ [123I]IBVM SPECT ligand 
binding  
↑/↔ [3H]Vesamicol binding 
in post-mortem tissue 
↓ in protein and mRNA 
expression in post-mortem 
frontal cortex tissue (Chen et 
al., 2011) 
 

↔ [123I]IBVM SPECT 
ligand binding 
 

↔ [3H]Vesamicol 
binding in post-
mortem tissue 
 

↓ [123I]IBVM SPECT ligand 
binding 
↓[3H]Vesamicol binding 
in post-mortem frontal 
cortex tissue  
↔ [3H]Vesamicol binding 
in post-mortem temporal 
cortex tissue  

 

ChT ↑ [3H]Hemicholinium 
binding in rapid-autopsy 
post-mortem cortex tissue 

   

 

Receptor autoradiography has been used in localising and quantifying the change in mAChR density 

within the brain among patients with AD and PD. However, the resolution of receptor distribution is 

too low and none of the radioligand is highly selective for one single mAChR subtype. For example, N-

[3H]methyl-scopolamine ([3H]NMS) binds to all mAChRs; pirenzepine binds to M1 with high affinity 

but it was also found to bind to M3 and M4; AF-DX 384, a ligand used to label M2 mAChRs was also 

found to bind to M4 receptors (Wevers, 2011). Therefore, particular caution is needed when analysing 

existing studies involving the use of radioligands. In general, there is a significant increase in overall 

cortical mAChR density in LBD and no significant change in AD as measured by [3H]NMS 

autoradiography (E. K. Perry et al., 1990; Perry et al., 1993). In vivo imaging studies with non-specific 

muscarinic receptor ligands, [11C]-N-methylpiperidyl-benzylate ([11C]-NMPB) and [123I]-quinuclidinyl-

benzylate ([123I]-QNB) have validated these findings as they demonstrated increased binding in the 

frontal lobe of non-demented PD patients (Asahina et al., 1998), and in the occipital lobes in PDD and 

DLB subjects compared with controls (Colloby et al., 2006). For M1 mAChRs, Ballard and colleagues 

reported significantly increased pirenzepine binding in the temporal and parietal cortices of 21 DLB 

cases. No differences was found in hippocampus (Ballard et al., 2000). Warren et al reported 

pirenzepine binding was significantly reduced in the cingulate cortex and not changed in the frontal 

Table 1.10. Summary of changes in cholinergic terminal markers in the cortex of AD and LBD cases. 
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cortex of AD cases, but significant difference was not found in the cingulate and frontal cortices of DLB 

cases (Warren et al., 2008). For PD and PDD, Aubert and colleagues reported no significant change in 

pirenzepine binding in the frontal, temporal and hippocampal regions (Aubert et al., 1992). However, 

Lange and colleagues reported significant increase in pirenzepine binding in the frontal cortex of 5 PD 

and 5 PDD patients (Lange et al., 1993). The difference in results may be due to the co-existance of 

psychotic symptoms as Ballard and colleagues found a significant association between presence of 

delusions and an increase in pirenzepine binding (Ballard et al., 2000). For M2 receptor density, Lai 

and colleagues found a significant reduction in the frontal cortex in AD cases as measured by [3H]AF-

DX 384 binding (Lai et al., 2001). However, AF-DX 384 which has a high affinity to M2 can also bind to 

M4 receptors. With the use of dicyclomine, which is an M4 receptor antagonist, a more specific M2 

receptor density index could be derived and by subtracting this index from the AF-DX 384 binding 

index, a specific M4 receptor density index could be calculated. Using this method, Teaktong et al 

reported a significant increase M2 density, which is also related to psychotic symptoms, but no 

significant difference in M4 density in anterior cingulate cortex of DLB cases (Teaktong et al., 2005). 

However, no significant difference in M2 and M4 densities for DLB and AD in frontal and cingulate 

cortices were found in another study, although a non-significant elevation in M2 binding was seen in 

dorsolateral prefrontal and cingulate of DLB cases (Warren et al., 2008). Studies on cortical M2 and 

M4 receptors for PD and PDD are currently lacking. Although a significant step-wise decrease from 

control to PD to PDD in frontal cortical M2 mAChR density was reported by Lange et al, they used 

autoradiography with [3H]oxotremorine-M, which is a non-specific mAChR agonist (Lange et al., 1993).   

 

For nAChR, using autoradiography with [3H]Nicotine, which mainly binds to the high affinity α4β2 

nAChRs, significant reduction was found in the cortex of AD and LBD cases (E. K. Perry et al., 1990; 

Perry et al., 1993). Summarising from studies with Western blotting and immunohistochemistry on 

specific nAChR subunits, there were significant decrease in α4 and α3, but not β2 nAChR subunits in 

hippocampus and temporal and frontal cortices of AD cases (Court et al., 2001). In vivo imaging studies 

with A-85380 ligands, which have high affinity to α4 nAChR subunits, have also reported widespread 

cortical reduction in ligand binding in PD and DLB cases (Fujita et al., 2006; O’Brien et al., 2008). 

Cortical α7nAChR density, which is labelled by α-bungarotoxin, was shown to be unaltered in AD in a 

number of studies (Perry et al., 2000; Reid et al., 2000), whereas a significant decrease in DLB was 

reported (Francis and Perry, 2007; Reid et al., 2000). Using Western blot, studies have reported little 

or no significant decrease in α7 protein expression in the temporal cortex and hippocampus of AD 

(Court et al., 2001), but a significant reduction in the temporal cortex in PD cases was reported 

(Burghaus et al., 2003).   
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Table 1.11 below summarises the changes in various mAChR and nAChR subtypes in AD and LBD.  

 AD PD/PDD DLB 

mAChR 

Overall  ↔ ↑ ↑ 

M1 ↓/↔ ↑/↔ ↑ 

M2 ↓  ↑/↔ 

M4 ↔  ↔ 

nAChR 

High-affinity nAChR (α4) ↓ ↓ ↓ 

α7 ↔ ↓ ↓ 

 
 
1.3.5.7 Other markers relevant to the cholinergic system: Neurotrophic factors and galanin 

Neurotrophic factors such as nerve growth factor (NGF) are essential for the survival and normal 

functioning of basal forebrain cholinergic neurons. A large proportion of nbM neurons have been 

shown to co-express high-affinity NGF receptor, TrkA, and low-affinity p75NTR receptor (Mufson et al., 

2007). NGF level in the basal forebrain neurons were found to be decreased in AD but its level in the 

cortex was unaltered or even increased (Scott et al., 1995). This suggests retrograde transport of NGF 

could be impaired in AD. Mufson and colleagues reported NGF-immunopositive neurons are also 

significantly reduced in the nbM of PD brains, especially in Ch4al (55.18% decrease) and in Ch4p 

(73.55% decrease) (Mufson et al., 1991). The loss of NGF-containing neurons was even greater in PDD 

(88.6%) but only one case was included in the study (Mufson et al., 1991). However, Perry and 

colleagues reported NGF-immunoreactivity is also reduced in the cortex in PD and DLB (Perry et al., 

1993). This further implies the cholinergic impairment in Lewy body disorders begins subcortically as 

compared to cortically in AD. In addition, cortical pro-NGF binding to TrkA was found to promote 

neurotrophic activity whereas binding to p75NTR was found to induce apoptosis (Mufson et al., 2007). 

A reduced expression of TrkA in mild AD was found which could lead to increase in pro-NGF and p75NTR 

binding (Mufson et al., 2007), thus resulting in cholinergic cell death. Future studies could include the 

investigation of neurotrophic markers of the cholinergic system in PD and PDD. 

 

Galanin is another molecule of interest in the cholinergic system. It is a 29-amino acid long (19 or 30-

amino acid long in human) peptide isolated from the porcine intestine (Tatemoto et al., 1983). Early 

immunohistochemical studies have found interneurons containing galanin innervate cholinergic 

neurons in the nbM (Chan-Palay, 1988b). Although its exact function is still largely unknown, in vitro 

and in vivo studies have suggested that galanin has a role in the inhibition of ACh release (Fisone et 

al., 1987). A significant increase of galanin-immunoreactivity was found in the AD nbM (Beal et al., 

Table 1.11. Summary of changes in cholinergic receptors in the cortex of AD and LBD cases. 
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1990) and similar findings have been reported in both PDD and AD showing galanin hyperinnervates 

surviving cholinergic neurons (Chan-Palay, 1988a), suggesting galanin could exacerbate dementia 

progression. However, a recent review by Counts and colleagues have highlighted that galanin might 

actually be neuroprotective (Counts et al., 2010). Further evidence is still required and perhaps the 

investigation of galanin in LBDem could solve this enigma.  

 
 
1.4 Hypothesis and aims of thesis 

From this comprehensive overview, we have learnt that PD is no longer considered purely as a motor 

disorder but a clinically and pathologically heterogeneous disease with impairment in multiple non-

motor domains. Similarly, dopamine is no longer considered to be the only important neurochemical 

in the pathophysiology of PD. Certain aspects of motor and non-motor deficit, and importantly 

neuropsychiatric impairment in PD can be possibly explained by non-dopaminergic mechanisms. 

Traditionally, cholinergic dysfunction has mainly been associated with cognitive impairment in AD. 

However, historical and current evidence suggests that there may be a more severe generalised 

cholinergic failure for PD and related LBD. Also, cholinergic pre- or post-synaptic markers are 

differentially affected in the cortex of AD, PD and DLB patients, possibly reflecting their differing 

profiles of cognitive deficits. Since cholinergic projections to cortical regions originate from the basal 

forebrain cholinergic group, which is topographically organised, I hypothesise that different 

subregions of the basal forebrain will be differentially affected across the spectrum of LBD and AD. 

 

To investigate the entire basal forebrain is a labour-intensive and time-consuming procedure. Since 

novel techniques have been developed on rodents for the three-dimensional visualisation of brain 

structures, my first aim for the thesis is: 

1. To develop a novel tissue clearing method for three-dimensional visualisation of the 

cholinergic basal forebrain (Chapter 3) 

 

The nbM is an obvious focus for investigation as it is the largest component of the cholinergic basal 

forebrain, and has been shown to topographically innervate the entire cerebral cortex. However, the 

subregions of the nbM were based on study of non-human primates and the anatomy does not 

translate to human precisely, my second aim for the thesis is:  

2. To review the literature and establish a simplified subdivisional scheme for the human nbM 

(Chapter 4) 

 

Once this subdivisional scheme is established, my third aim is: 



84 
 

3. To carry out a clinicopathological investigation of subdivisional nbM changes in LBD and AD 

(Chapter 5) 

 

The second largest component of the cholinergic basal forebrain is the nucleus of the vertical limb of 

the diagonal band of Broca, and it has important projection to the hippocampus. However, the 

anatomical boundary for that nucleus is not well established in human. Hence, my fourth aim is:  

4. To redefine the anatomy of the nucleus of the vertical limb of the diagonal band of Broca and 

to compare neuronal loss within the nucleus between AD and LBD (Chapter 6). 

 

Finally, there is currently no animal model of LBDem which focus on cholinergic dysfunction. As a 

preliminary investigation, my fifth aim is: 

5. To compare cholinergic basal forebrain neuroanatomy and to develop a rodent model of 

LBDem by the injection of a ubiquitin-proteosome inhibitor, lactacystin, into the nbM 

equivalent in the rat brain (Chapter 7).  
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Chapter 2 – Material and Methods 
 

2.1 Human Brain Tissues 

All post-mortem human brain samples used in this study was provided by the Parkinson’s UK Tissue 

Bank at Imperial College London (PD, PDD, DLB and age-matched controls), and Newcastle Brain Tissue 

Resources (NBTR) (AD, DLB, and age-matched controls). Formalin-fixed, paraffin-embedded basal 

forebrain samples containing the nbM and nDBB were obtained for this study.  

 

Cases with available clinical records and neuropathological reports from the Parkinson’s UK Tissue 

bank until 21st June 2015 were reviewed for this study. 

 

2.1.1 Neuropathological assessment  

Neuropathological assessment of cases from the Parkinson’s UK Tissue bank was performed by tissue 

bank neuropathologists including Prof. Steve Gentleman, Dr. Federico Roncaroli, Dr. Ilaria Bravi and 

Prof. Manuel Graeber, with histological staining using haematoxylin and eosin (H&E) and 

immunohistochemical staining for αSN, Aβ and tau on 20 standard sampling blocks (Table 2.1). Cases 

were classified as a LBD with the presence of αSN-immunopositive inclusions within the diagnostic 

slides. Braak αSN stage (Stage 0 to 6) (Braak et al., 2003) and McKeith type (brainstem, limbic or 

neocortical) (McKeith et al., 2005) were assigned based on the topographical distribution of αSN-

immunoreactive inclusions according to the BrainNet Europe (BNE) protocol for the assessment of 

Lewy body disease related pathology (Alafuzoff et al., 2009).  The neuropathological diagnosis of PD 

is based on established criteria (Ince et al., 2008) defined by the depletion of brainstem pigmented 

neurons (in the SN or LC) and the presence of at least one Lewy body in the remaining neurons with 

no co-existing neuropathology that could present with parkinsonism motor symptoms (Gelb et al., 

1999; Hughes et al., 1992). A modified Braak tau stage was also assigned (Stage 0-6) (Braak and Braak, 

1991) with the assessment of neuritic tau pathology on immunohistochemically stained sections with 

AT8 antibodies based on the recommended assessment protocol outlined by the BNE (Alafuzoff et al., 

2008). Aβ plaques and CAA were assessed on slides immunostained with 4G8 antibodies. Concomitant 

vascular lesions (including macro-/micro-infarcts and small vessel disease), demyelinating pathologies, 

malignant lesions were assessed with H&E stained sections.  
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Block 
number (up 
to PD251, 
PDC019) 

Area Block 
number 
(from PD252 
and from 
PDC020) 

Area Coronal level at which blocks 
are taken 

1 Superior frontal gyrus 1 Anterior frontal cortex (F1-F2) Just rostral to temporal pole 

2 Cingulate gyrus 2 Anterior cingulate cortex Nucleus accumbens 

3 Nucleus accumbens 3 Anterior basal ganglia  Nucleus accumbens 

4 Caudate and putamen 4 Temporal cortex (T1-T3) Mammillary body 

5a Nucleus basalis Meynert 5 Middle basal ganglia (nucleus 
basalis of Meynert and globus 
pallidus) 

Anterior commissure 
decussation 

5b Globus pallidus 6 Posterior basal ganglia 
(hypothalamus) 

Mammillary body 

6 Hypothalamus + mammillary 
bodies 

7 Amygdala  

7 Amygdala 8 Thalamus Subthalamic nucleus 

8 Thalamus + subthalamic 
nucleus 

9 Anterior hippocampus Mammillary Body 

9a Anterior hippocampus 10 Posterior hippocampus Lateral geniculate body 

9b Posterior hippocampus 11 Posterior frontal cortex 
(primary motor cortex) 

Pulvinar of the thalamus 

10  Temporal cortex 12 Occipital cortex (with primary 
visual cortex) 

 

11 Motor cortex 13 Parietal cortex 1 cm caudal to splenium 

12 Primary visual cortex 14 Cerebellum (dentate nucleus)  

13 Parietal lobule 15 Upper midbrain (substantia 
nigra) 

Red nucleus 

14 Cerebellum 15a Lower midbrain Decussation of superior 
cerebellar peduncle 

15 Midbrain (substantia nigra) 16 Upper pons (locus coeruleus) Upper pons: Locus coeruleus 

16 Rostral pons with locus 
coeruleus 

16a Lower pons  

17 Medulla with dorsal efferent 
nucleus of vagus 

17 Medulla (upper and lower)  

18 Spinal cord (3 levels) 18 Spinal cord (3 levels)  

19 Optic chiasm 19 Olfactory tract  

20 Pathology (white matter 
lesions) 

20 Optic chiasm/ Pathology  

  
  
2.1.2 Clinical assessment of cases 

Clinical notes from the Parkinson’s UK Tissue Bank were compiled retrospectively using clinical records 

from specialists (neurologists, psychiatrists and geriatricians) and primary care physicians. They were 

then summarised by movement disorder specialists and neurologists (with a template by Dr. Ronald 

Pearce, see Appendix 1 for a sample clinical summary). Only cases with last visit to clinician within 2 

years prior death and clinical records with adequate detail for the whole disease course were included 

for this study. 

 

PD was defined clinically by the presence of at least 2 out of 4 cardinal motor symptoms including 

resting tremor, bradykinesia, rigidity and postural instability using the UK Parkinson’s Disease Society 

Brain Bank consensus criteria (Daniel and Lees, 1993). Based on the initial presenting motor symptom 

and disease course at the initial disease phase, PD cases were further classified into tremor-dominant 

Table 2.1. Corresponding anatomical region from 20 standard sampling blocks from the Parkinson’s UK Tissue Bank  
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(TD) and akinetic-rigid (AR) subtypes. Cases with insufficient details for initial motor symptoms or 

cases with no dominating motor symptoms were classified as mixed/unknown subtype.  

 

PD patients with cognitive deficits severe enough to interfere with independent activities of daily living, 

satisfying DSM-IV (American Psychiatric Association, 2000) and ICD-10 (World Health Organization, 

1992) clinical criteria for dementia and Movement Disorder Society Task Force diagnostic criteria for 

PDD (Emre et al., 2007) were classified as PDD. To distinguish PDD from DLB, the ‘one-year rule’ was 

applied (McKeith et al., 2005): If dementia symptoms occur before the onset or within one year of the 

onset of parkinsonism motor symptom, it is classified as DLB; otherwise, if dementia occurs one year 

after the onset of parkinsonism, it is defined as PDD. Furthermore, for the diagnosis of DLB, the 

presence of two of the three core features according to consensus guidelines from the consortium on 

DLB must be satisfied (McKeith et al., 2005). These include 1) Fluctuation of cognitive states and 

attention, 2) Recurrent visual hallucinations (typically well-formed) and 3) Presence of parkinsonism 

motor symptoms.  

 

PD patients with significant cognitive deficits in any cognitive domains including memory, executive 

function, visuospatial function, attention and language, typically accompanied by psychotic symptoms 

with visual hallucinations, but not to the extent that they affect independent activities of daily living, 

were classified as PD-MCI. 

 

2.1.3 Selection and exclusion criteria 

Only cases with adequate tissue fixation and good tissue quality were selected. Cases were excluded 

if the clinical notes quality was poor or if the records were incomplete, in particular for the onset of 

symptoms (mainly to distinguish DLB from PDD), and at the end of the disease course (to determine 

the presence/ severity of cognitive disability). Hence, only cases with clinical follow-up less than 48 

months before death were included. Cases with extensive vascular lesions in the brain including 

cerebral infarcts, haemorrhage, severe CAA pathologies (in particular capillary CAA) and small vessel 

diseases, which may contribute to cognitive decline, were excluded. For LBD cases, co-existing AD 

pathology with a Braak tau staging IV or above were also excluded. Finally, cases with co-existing 

neuropathology including tumours, demyelinating lesions, fronto-temporal lobar dementia, 

amyotrophic lateral sclerosis, Creutzfeldt-Jakob disease and other parkinsonism pathologies including 

PSP, corticobasal degeneration (CBD) and MSA, were not included. Control cases are free from any co-

existing neuropathology.  
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2.1.4 Summary of cases selected from the Parkinson’s UK Tissue Bank 

Neuropathological reports and clinical summaries of 644 cases along with 62 controls from the 

Parkinson’s UK Tissue Bank were reviewed by myself. Using the selection and exclusion criteria above, 

417 cases were excluded and 217 cases (including 69 PD, 36 PD-MCI, 99 PDD and 13 DLB) (Appendix 

2) with 18 age-matched controls were selected (Appendix 3).  

 

2.1.5 Cases obtained from the Newcastle Brain Tissue Resources (NBTR) 

Additional cases including 24 AD, 12 DLB, 15 Controls were obtained from the NBTR. Selection and 

exclusion criteria for DLB and controls were the same as mentioned in the section above. All AD cases 

have a high likelihood for dementia caused by AD pathology following neuropathological assessment 

using the National Institute of Aging and the Regan Institute Working Group (NIA-Regan) consensus 

guidelines (Hyman and Trojanowski, 1997), where a Braak tau stage of 5/6 and a moderate/frequent 

neuritic plaque score according to CERAD (Mirra et al., 1991) were present. A more contemporary 

modified NIA guidelines for the neuropathological assessment of AD (Montine et al., 2012) was not 

applied due to the lack of Aβ pathology assessment with Thal phase (Thal et al., 2002).  

 

2.1.6 Preparation of formalin-fixed, paraffin-embedded human brain tissues 

In accordance to the standard operating protocol for the Parkinson’s UK Tissue Bank, fresh whole brain 

tissue was hemisected (if post-mortem delay was within 48 hours, otherwise the whole brain was not 

dissected) and, along with spinal cord, immersed in 10% neutral buffered formalin for at least 4 weeks. 

Using a standard 0.5 and 1 cm guide, coronal slices (with the first cut through the mammillary bodies) 

were cut and the aforementioned 20 standard diagnostic blocks were dissected out. Tissues were then 

dehydrated with increasing concentration of ethanol then in xylene and infiltrated with molten 

paraffin with a tissue processor. Finally, tissues were embedded into paraffin blocks manually in the 

embedding centre.  

  

Paraffin blocks were cooled on ice blocks before sectioning to 7 µm thick using a microtome and tissue 

sections were floated onto a 40-43ºC water bath before adhering onto SuperFrost microscope slides. 

Tissue sections were air dried in 37ºC oven overnight prior staining. 

 

2.2 Rodent studies 

All animals were handled according to the standard of National Institute of Health, USA. A Licence to 

Conduct Experiments (Ref No.: (14-817) in DH/HA&P/8/2/3 Pt.65) was obtained from the Department 

of Health in Hong Kong, with approval from the Committee on the Use of Live Animals in Teaching and 
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Research (CULATR) in the Laboratory Animal Unit (CULATR reference numbers: 3161-13 and 3494-14; 

held by Dr. Raymond Chuen-Chung Chang) at the University of Hong Kong, prior the start of animal 

experimentation. Male Sprague-Dawley rats (Outbred; Charles River Lab, USA) weighing between 240-

300g at the start of the experiment were obtained from the Laboratory Animal Unit, the University of 

Hong Kong. All rats were housed in a cage with 2-3 animals, and were kept in a 12-hour light/dark 

cycle at 22ºC, with food and water available ad libitum throughout the study.  

 

2.2.1 Stereotaxic lesioning of the nucleus basalis magnocellularis in rats 

The right nucleus basalis magnocellularis (nbm) in rats was stereotatically lesioned with lactacystin 

(BMP-P1104-0200; Enzo Life Sciences), a proteasome inhibitor. The accurate injection of toxin into the 

nbm was determined by trial stereotaxic injection with blue dyes on five rats using the coordinates 

according to MacInnes et al (MacInnes et al., 2008). Rats were anaesthetised by intraperitoneal 

injection (i.p.) of a mixture of ketamine (80mg/kg) and xylazine (8mg/kg). The absence of reflex of 

pedal withdrawal reflex or tail pinch reflex indicates sufficient anaesthetic effect. For pre-operative 

skin disinfection, the hair was shaved off using a clipper and the scalp was disinfected with alternating 

Betadine and 70% ethanol scrubbing for three times. The animal was then placed on a stereotaxic 

frame (Narishige Scientific Instruments Lab, Japan) fixed with horizontal ear bars and nose clamp with 

incisor bars set at 3.3 mm below the interaural line. It is important to ensure correct head positioning 

in the stereotaxic frame with the eyes of the animal being at the same level and the flat surface of the 

skull parallel to the horizontal line. Local anaesthetic (alcaine) was applied topically onto the scalp and 

a straight incision was made using a scalpel to expose the skull. Once the bregma of the animal was 

identified, a Hamilton syringe was loaded with lactacystin and fitted onto the stereotaxic frame. The 

syringe was then moved to a position when the tip of the needle was directly above the coordinates 

of the nbm (Anterioposterior, AP=1.4mm; mediolateral, ML=2.6mm; relative to the bregma). Then a 

burr-hole was drilled on the skull, exposing the dura. After rinsing off the blood with saline, the needle 

was lowered until the tip just penetrates the dura. The dorsoventral (DV) reference point was recorded 

and the needle was further advanced for 7mm where it reached the nbm. Lactacystin was injected at 

a rate of 1µl/min to prevent a sudden increase in intracranial pressure. The needle was left in situ for 

5 minutes to prevent reflux of the injected material along the injection track before retracting slowly. 

After injection, non-absorbable sutures (Ethilon © size 4-0, polyamide) were stitched to close the site 

of incision on the scalp. The rats were then removed from the stereotaxic frame and placed in a 

warmed bucket until regaining consciousness. Reflex, body temperature, breathing rate, pulse rate 

and oxygen saturation were measured before the surgery and monitored throughout during the 
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surgery every 15 minutes. Anaesthetics were be topped up if the aforementioned reflexes were 

present.  

 

After the surgery, meloxicam at 1.5mg/kg were given once daily for 3 days as analgesic and the rats 

were weighed daily and their conditions were monitored closely to ensure good recovery. Rats were 

euthanised if there was a body weight loss of over 10%, they were unable to feed itself, or the 

presence of massive haemorrhage/inflammation at surgical site.  

 

2.2.2 Behavioural testing 

Behavioural testing on the lactacystin-injected rats was performed by Ms. Anuri Shah (Joint-PhD 

student, the University of Hong Kong & King’s College London) at 3-week and 6-week after stereotaxic 

surgery blinded to the dose of toxin injected. Tests for motor asymmetry were performed due to the 

unilateral toxin injection into the nbm. The procedure of the tests was recorded on a video camera 

and results were obtained with consensus agreement with the review of the videos.  

 

2.2.2.1 Apomorphine-induced rotation test 

Intraperitoneal injection of apomorphine hydrochloride (1 mg/kg, Sigma Aldrich) was administered to 

the rats for the assessment of rotational asymmetry. Apomorphine is a dopamine agonist which has 

been hypothesised to stimulate greater functional motor output on the lesioned striatum due to the 

development of enhanced sensitivity of striatal post-synaptic dopaminergic receptors following 

nigrostriatal denervation (Ungerstedt, 1971). Subsequently, the rats will exhibit a turning bias towards 

the contralateral side from the lesioned hemisphere. Following the injection, the rats were placed in 

a 30 cm-diameter cylindrical container for habituation (15 minutes) before rotational behaviour was 

video-recorded for 30 minutes. The number of full-body contralateral and ipsilateral rotations were 

counted in 5-minute intervals, and the total net number of contralateral rotations (N = number of 

contralateral – number of ipsilateral rotations) was calculated.  

 

2.2.2.2 Vertical cylinder test  

The vertical cylinder test was use for the assessment of asymmetry of forelimb use during explorative 

activity. The rat was placed in a Perspex cylinder (20 cm diameter x 30 cm height) and rearing activity 

was recorded with a video camera for 3 minutes or 10 complete rears (whichever comes first). Two 

mirrors (angled at approximately 120º) were placed behind the cylinder to enable assessment of 

forelimb movement when the animal was rearing with its back facing the camera in front. Frame-by-

frame analysis of movement was carried out on the recorded video with the assessor blinded to the 



91 
 

dose of lactacystin toxin injected. A complete rear consists of a set of motion including ‘push-off’ from 

the bottom of the cylinder, ‘explore’ on the vertical surface and ‘landing’ with the forelimbs. In order 

to qualify for a successful ‘exploratory’ motion, the contact on the wall with forelimb(s) must be 

sufficient to bear weight indicated by the full stretch of the paws on the wall. Each of the three 

behaviour was analysed separately with slow-motion frame-by-frame analysis. The independent use 

of forelimb on the ipsilateral (unaffected) or contralateral (affected) side of stereotaxic lesion, or 

simultaneous use of both forelimbs for each behaviour was recorded. The ratio of ipsilateral forelimb 

use to overall limb use was then calculated with the following formula: (A value closer to 1 indicates 

greater forelimb asymmetry)  

 

𝑅𝑎𝑡𝑖𝑜 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑝𝑠𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑓𝑜𝑟𝑒𝑙𝑖𝑚𝑏 𝑢𝑠𝑒 +

1
2

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑓𝑜𝑟𝑒𝑙𝑖𝑚𝑏𝑠 𝑢𝑠𝑒

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑝𝑠𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑓𝑜𝑟𝑒𝑙𝑖𝑚𝑏 𝑢𝑠𝑒 + 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑎𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑓𝑜𝑟𝑒𝑙𝑖𝑚𝑏 𝑢𝑠𝑒 + 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑓𝑜𝑟𝑒𝑙𝑖𝑚𝑏 𝑢𝑠𝑒
 

 

 

2.2.3 Preparation of formalin-fixed, paraffin-embedded rodent brain tissues 

For pathological investigations, rats were euthanised with an overdose of sodium pentobarbital 

(120mg/kg body weight, i.p.). Next, the rats were transcardially perfused with 0.9% saline to wash out 

excess blood and then with 4% paraformaldehyde (PFA; diluted in phosphate buffer, pH 7.40) until 

the brain was adequately fixed. The brain was then carefully extracted and immersed into 4% PFA 

overnight at 4 ºC. Subsequently, using a brain matrix (Zivic Instruments, USA), a 4mm coronal slice 

(containing the nbm) posterior from the level of the optic chiasm was dissected out (Figure 2.1). Brain 

slices were then washed in phosphate-buffered saline (PBS) for at least 3 hours to remove excess PFA 

and in an increasing concentration of ethanol on a shaker (30%, 30%, 50%, 50%, 70%; 1 hour each at 

RT) and finally in 70% ethanol overnight at 4ºC. On the second day, brain slices were further immersed 

in increasing concentration of ethanol on a shaker (80%, 90% 95%; 30 minutes each at RT; 95%, 100%, 

100%, 100%; 1 hour each at RT), then in xylene (15 minutes, 15 minutes, 30 minutes) and finally in 

molten wax in a vacuum oven at 60ºC (1 hour, then 2 x 1 hour with vacuum). Finally, tissues were 

embedded into paraffin blocks manually in the embedding centre. Paraffin blocks were cooled on ice 

blocks before sectioning to 5 µm thick using a microtome and tissue sections were floated onto a 40-

43ºC water bath before adhering onto SuperFrost microscope slides. Tissue sections were air dried in 

37ºC oven overnight prior staining. 
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2.3 Histological staining 

In general, tissue sections had to be dewaxed and hydrated prior to histological staining – Tissue 

sections were dewaxed in two changes of xylene (10 minutes, 5 minutes) and rehydrated through 

decreasing concentration of industrial methylated spirit (IMS)/ethanol (100%, 100%, 90%, 70%; 5 

minutes each) and subsequently in distilled water (5 minutes). 

 

After staining, tissue sections were dehydrated and cleared through an increasing concentration of 

IMS/ethanol (70%, 90%, 100%, 100%; 5 minutes each) and finally in xylene (2 x 5 minutes), before 

coverslipping with Distrene-Plasticiser-Xylene (DPX). 

 

2.3.1 Haematoxylin and Eosin  

Hydrated sections were immersed in Meyer’s haematoxylin for 5 minutes and then in running tap 

water for blueing. Sections were checked under the microscope and briefly differentiated in 1% acid 

alcohol if necessary. Next, the sections were immersed in 1% eosin solution for 5 minutes. Finally, 

sections were briefly dipped in distilled water and an increasing concentration of IMS/ethanol for 

dehydration (70%, 90%; maximum 5 seconds each) and finally in 100% IMS/ethanol (2 x 5 minutes) 

and cleared with xylene (2 x 5 minutes), before coverslipping with DPX.  

 

2.3.2 Cresyl violet with Luxol fast blue  

Tissue sections were dewaxed as per the protocol above, and immersed into absolute IMS/ethanol (2 

x 5 minutes). Then, tissues were immersed into Luxol fast blue solution (0.1% wt/vol LFB, 0.05% vol/vol 

acetic acid in 100% IMS/methanol) overnight in 60ºC oven. On the second day, tissues were briefly 

immersed in two changes of 100% IMS/ethanol, washed in running tap water and then differentiated 

in saturated lithium carbonate solution (1-2 minutes) until grey and white matter could be 

distinguished macroscopically. Next, tissue sections were briefly rinsed in running tap water before 

immersing in 0.1% cresyl violet solution for 20 minutes in 60ºC oven. Sections were differentiated with 

Figure 2.1. Dissection of rat brain with brain 
matrix. Coronal slice containing the rat nbm 
is taken at the optic chiasm level (red dotted 
line) and 4 mm posterior from the optic 
chiasm (gold dotted line)  
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0.25% acid-alcohol (acetic acid in 95% IMS) until Nissl substance was clearly stained with low level of 

background. Finally, sections were dehydrated briefly, cleared with xylene (2 x 5 minutes) and 

coverslipped with DPX.  

 

2.4 Principles of immunostaining 

Immunohistochemistry was developed by Albert Coons in the 1940s where a fluorophore-conjugated 

antibody was used to recognise streptococcal antigens in sections of rheumatic fever lesions (Coons, 

1971). Such a method is known as direct immunocytochemistry and it has the disadvantage of having 

very weak label detection. Subsequently the increase in detection sensitivity was brought about when 

various signal amplification techniques were developed. One of the most popular techniques was 

avidin-biotin complex (ABC) immunocytochemistry developed by Hsu et al in 1981 (Hsu et al., 1981). 

The ABC reagent comprises of avidin and horseradish-peroxidase (HRP) conjugated biotin. In brief, a 

biotinylated secondary antibody will bind to a primary antibody. ABC complex, which acts as a tertiary 

complex, will bind to the biotin on the secondary antibody. As one avidin molecule binds to four biotin 

molecules, there is a large amplification of immunolabelling. Subsequently, the label is visualised with 

HRP reaction to a suitable chromogen (usually 3’3-diaminobenzidine, DAB).  

 

2.4.1 Immunohistochemistry  

Tissue sections were dewaxed and rehydrated as described above. Then, sections were immersed in 

1% hydrogen peroxide (H2O2)/PBS (pH 7.4) for 30 minutes at room temperature (RT) for quenching of 

endogenous peroxidase activity. After that, tissue sections were washed in distilled water for 5 

minutes and antigen retrieval procedures were performed (if necessary) as described in table 2.2. Next, 

sections were rinsed in distilled water (5 minutes) and PBS (3 x 5 minutes) before incubation with 

primary antibodies at 4ºC overnight. Concentration used for various antibodies are listed in table 2.2 

and the diluent was 0.3% TritonX-100 in PBS. In the case of anti-ChAT antibodies, 2% rabbit serum 

(Vector Laboratories, UK) was also added to the primary diluent.  

 

On the second day, tissue sections were washed with PBS (3 x 5 minutes; RT) and signal amplification 

techniques were carried out. In the case of anti-ChAT antibodies, the ABC method was used. Tissue 

sections were incubated with biotinylated rabbit-anti-goat secondary antibodies (1:100 diluted in 

0.3% Triton-X 100/PBS; Vector Laboratories, UK; BA-5000) for 1 hour at RT. After rinsing with PBS (3 x 

5 minutes), sections were incubated with ABC with the VECTASTAIN Elite ABC Kit (PK-6100; Vector 

Laboratories, UK) for 1 hour at RT. Subsequently, tissues were washed in PBS (3 x 5 minutes) and 

visualised with 3’3-diaminobenzidine (DAB) (5 minutes; RT).  
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In the case of anti-αSN; anti-Aβ and anti-tau antibodies, the Super Sensitive Polymer-HRP 

immunohistochemistry detection system was used (Biogenex, UK). As per the manufacturers’ protocol, 

tissue sections were incubated in the Super Enhancer reagent for 20 minutes (RT). Following a brief 

wash in PBS (2 x 5 minutes), they were incubated with a tertiary layer complex consisting of polymer-

HRP for 30 minutes at RT. Next, tissues were washed in PBS (3 x 5 minutes) and visualised with DAB 

from the kit (10 minutes at RT).  

 

Tissue sections were then washed in distilled water (2 x 5 minutes), briefly counterstained with 

Mayer’s haematoxylin (approximately 30 seconds) and rinsed in running tap water. Sections were then 

dehydrated and cleared as described above and coverslipped with DPX.  

 

The omission of primary antibodies in all cases were used as negative controls for the detection of 

non-specific staining from the secondary or tertiary complex in immunohistochemistry.  

 

 

  



 
 

Antibody Host Clonality Immunogen Company Catalogue 
number 

Dilution Pretreatment Detection 
system 

Alpha-synuclein (Clone 42)  Mouse Monoclonal (IgG1)/ 
Clone 42 

Rat Synuclein-1 aa. 15-123 BD 
Transduction 
Laboratories 

610787 1:4000 10 mins 80% 
formic acid 

Supersensitive  

Amyloid-beta Mouse Monoclonal (IgG2b)/ 
Clone 4G8 

β amyloid aa 17-24 Covance 
(Signet) 

800704/ 
800705/ 
800706 

1:15000 10 mins 80% 
formic acid 

Supersensitive 

Choline-acetyltransferase 
(ChAT) 

Goat Polyclonal Human placental ChAT Millipore  AB144P 1:100 Pressure cooker 
(25 minutes), 
0.01M sodium 
citrate buffer (pH6) 

ABC  

Vesicular acetylcholine 
transporter (vAChT) 

Rabbit Polyclonal Synthetic human vAChT peptide 
conjugated to an immunogenic 
carrier protein 

Novus 
Biologicals 

NB100-91348 1:1000 Nil Supersensitive 

High-affinity choline 
transporter (ChT) 

Mouse Monoclonal Recombinant protein from the C-
terminus of human ChT 

Millipore MAB5514 1:4000 Nil Supersensitive 

Tau (Phospho-PHF-tau 
pSer202+Thr205) 

Mouse Monoclonal (IgG1)/ 
Clone AT8 

Partially purified human PHF-Tau Pierce Thermo 
Scientific  

MN1020 1:1600 Nil Supersensitive 

  
   

Table 2.2. Antibodies tested in this study. ABC, avidin-biotin complex; Supersensitive, Super Sensitive Polymer-HRP immunohistochemistry detection system from Biogenex.  



 
 

2.4.1.1 Antibody selection 

Antibodies used for the visualisation of pathological protein inclusions (αSN, tau and Aβ) were 

validated in comparative studies in multiple pathological laboratories.  

 

For the visualisation of cholinergic neuron somata and their terminals, three antibodies have been 

tested. These included anti-ChAT, anti-vAChT and anti-ChT antibodies. ChAT is a specific marker for 

cholinergic neurons and their axonal processes (Pearson et al., 1983). However, there were reports 

suggesting anti-ChAT antibodies have limited use on human brain tissues as antibody labelling can be 

affected by the pre-mortem agonal state of the patients, post-mortem variables and excessive 

formalin fixation (Halliday et al., 1993). Hence, most published studies only performed ChAT 

immunohistochemistry on frozen human brain sections (McGeer et al., 1984; Nagai et al., 1983a; 

Pearson et al., 1983). Nevertheless, we were able to optimise a protocol and produce good staining 

on paraffin-embedded brain tissues. Clear morphological details could be seen with 

immunohistochemistry with ChAT antibodies (Figure 2.2). Immunostaining with antibodies for vAChT 

and ChT showed somatic staining pattern similar to lipofuscin. Therefore, to test for specificity of the 

antibodies, incubation with 0.25% potassium permanganate (KMnO4; 30 minutes) followed by 2% 

oxalic acid (2x1 minute) was carried out before blocking with hydrogen peroxide to bleach out non-

specific staining by lipofuscin. For vAChT antibodies, granular cytoplasmic staining pattern was 

observed in neurons within the nbM (Figure 2.3a), although the fibre staining was not as prominent 

as with ChAT. ChT antibodies non-specifically labelled all neurons with a high background signal (Figure 

2.3b). As a result, this antibody was not used for visualisation of cholinergic neurons.   
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2.5 Image analysis  

2.5.1 Quantification of cholinergic neurons with ChAT-immunostained sections 

ChAT-immunostained sections were visualised and images captured with a light microscope (Olympus 

AHBT3 VANOX) with digital camera at x4 stage objective. Basal forebrain cholinergic cell groups often 

consist of a compact and diffuse sector (Halliday et al., 1993). For this reason, the area of maximal 

Figure 2.2. Pattern of ChAT-immunohistochemical staining showing Intensely stained somata of nbM magnocellular 
neurons (a) and striatal cholinergic interneurons (b); long projection fibres in the white matter tracts (c); ChAT-
immunopositive varicosities (arrows) in the cortex (d). Scale bars = 50 µm 

Figure 2.3. Pattern of vAChT (a) and ChT (b) immunohistochemical staining. Magnification x200 (a); x100 (b) 



98 
 

ChAT-immunopositive cell density was captured using the ImagePro Plus © imaging software (Figure 

2.4a). Next, the blue channel was extracted from the image with contrast enhancement (Figure 2.4b). 

Finally, by manually adjusting the threshold of intensity and size with the captured image on the side, 

the number of immunopositive neurons was counted (Figure 2.4c). Any cells touching the border of 

the image were not included in the quantification. Overlapping cells were manually separated with a 

‘separate cluster’ function on the program, and non-specific staining including tissue folds and 

vascular structures was manually ‘toggled-off’.  

 

Also, the overall percentage coverage of immunostained neurons was noted. By dividing this 

percentage by the total number of neurons, an index of cell size (%cover/neuron) was obtained.  

 

 

 
2.5.2 Semi-quantitative analysis of neuropathology 

Semi-quantitative analysis of αSN and tau pathologies were performed by two investigators (myself 

and Prof. Steve Gentleman) blinded to the clinical diagnosis of the cases. Assessment of pathology 

was carried out under a x20 stage objective at the area of maximal pathology within the nbM (with 

magnocellular neurons at the centre of the field). Overall αSN burden and neuritic tau burden were 

graded from 0 (absence to pathology) to 3 (abundant pathology) (Figure 2.5 and 2.6).  

 
In addition, Lewy pathology burden (Lewy bodies and Lewy neurites) and αSN granular cytoplasmic 

staining (GrCS) (Figure 2.7) were semi-quantitatively assessed by myself. For Lewy pathology burden, 

0 = absence of pathology; 1 = 1-5 LB like inclusions with very few, sparse and truncated LN; 2 = 6-10 

LB like inclusions with more LN, longer neuritic processes; 3 = >10 LB-like inclusions and numerous, 

thick and long neuritic processes. For GrCS, 0 = absence of pathology; 1 = 1-7 neurons with GrCS; 2 = 

8-15 neurons with GrCS; 3 = More than 15 neurons with GrCS.  

Figure 2.4. Quantification of cholinergic neurons with ChAT-immunostained sections. Area of maximal ChAT-
immunopositive cell density was captured at x4 stage objective (2262.40µm x 1694.04µm) (a); blue channel was extracted 
from the image with contrast enhancement (b); Quantification of immunopositive neurons (red) with ImagePro Plus © 
imaging software after manually adjusting the threshold of intensity and size. Scale bar = 50 µm 



 
 

 

Figure 2.5. Semi-quantitative grading for overall alpha-synuclein burden. Visualised at a x20 stage objective. 



 
 

 

Figure 2.6. Semi-quantitative grading for neuritic tau burden. Visualised at a x20 stage objective. 



 
 

 

  
2.6 Statistical analysis   

Specific statistical analysis for different results will be outlined in each chapter. All statistical analysis 

was carried out on Statistical Package for the Social Sciences (SPSS v.22, IBM) and GraphPad 

QuickCalcs software. Graphs were generated using GraphPad Prism 6 software. Statistical significance 

is reached when p<0.05. In general, all data were tested for normality using the Shapiro-Wilk test (N.B. 

normality is reached when p>0.05 as the null-hypothesis of this test is the assumption of the data 

being normally distributed) and visual inspection of the Q-Q plots. For data which are normally 

distributed, parametric one-way analysis of variance (ANOVA) and t-tests were used for the 

comparison of means between different groups. All ANOVA post-hoc t-tests were corrected with 

Gabriel correction.  For non-normally distributed dataset, Kruskal-Wallis and Mann-Whitney U tests 

were used. Post-hoc pairwise analysis with Dunn’s correction was used for multiple comparisons. 

Intra- and inter-rater consistency on ChAT-immunopositive neuronal count was assessed with intra-

class correlation (ICC; Two-way mixed, absolute agreement). ICC coefficient ranges from 0 to 1 (no 

agreement with perfect agreement) and a coefficient of >0.7 indicates good agreement. Intra- and 

inter-rater reliability on semi-quantitative scores were assessed with weighted Cohen’s kappa test. 

Figure 2.7. Examples of αSN-immunopositive pathogical structures found within the nbM. a) Extracellular Lewy Body-
like inclusion. b, c) αSN-immunopositive Lewy neurites (arrows). d) Granular cytoplasmic staining within magnocellular 
neurons. Scale bars = 20 µm (a, b, d); 50 µm (c)  
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Interpretation of the kappa value is illustrated in the table below. A kappa score of 0.61-0.80 indicates 

substantial agreement and 0.81 – 0.99 indicates almost perfect agreement. For both cases, 20 

randomly selected slides from each category were selected for reliability assessments. Intra-rater 

assessment was carried out at least two weeks after the first assessment.  

 
Cohen’s kappa Interpretation 

<0.00 Worse than agreement by chance 
0.01 – 0.20  Slight agreement 
0.21 – 0.40 Fair agreement 
0.41 – 0.60 Moderate agreement 
0.61 – 0.80 Substantial agreement 
0.81 – 0.99 Almost perfect agreement 
1.00 Perfect agreement 

 
2.7 Ethical considerations  

The work conducted on human tissue was under ethical approval held by the Parkinson's UK Brain 

Bank at Imperial College London (Registered charity in England and Wales (258197) and in Scotland 

(SC037554); Multicentre Research Ethics Committee approval reference number: 07/MRE09/72). 

Parkinson's UK Brain Bank is an approved Research Tissue Bank by the Wales Research Ethics 

Committee (Ref. No. 08/MRE09/31+5). Further tissues were provided by the Newcastle Brain Tissue 

Resource, which is funded in part by a grant from the UK Medical Research Council (G0400074) and 

by Brains for Dementia research, a joint venture between Alzheimer’s Society and Alzheimer’s 

Research UK. Informed consent was obtained prospectively for the use of post-mortem brain tissues 

and brain samples were obtained and prepared in accordance to the Wales Research Ethics 

Committee approved protocols. All animal work in this study was performed at the University of Hong 

Kong with approval from the Committee on the Use of Live Animals in Teaching and Research (CULATR) 

in the Laboratory Animal Unit (CULATR reference numbers: 3161-13 and 3494-14), a fully accredited 

unit awarded by the Association for Assessment and Accreditation of Laboratory Animal Care 

International (AAALAC).  

 
 
 
 
 
 
 

Table 2.3. Interpretation of Cohen’s kappa value. Table adapted from (Viera and Garrett, 2005)  
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Chapter 3 – Developing a novel tissue clearing method for three-
dimensional visualisation of the cholinergic basal forebrain   
 
[A majority of this chapter has contributed to my published original article in Neuropathology and 
Applied Neurobiology (Liu et al., 2015b), Paper 1, p. 288-302] 
 

3.1 Introduction 

The quest to visualise and understand the three-dimensional structural connections of the nervous 

system began in the late 19th century when the “reticular theory” was proposed by Josef von Gerlach 

and the subsequent “neuron theory” was put forward by Ramon y Cajal. The theories were based on 

the state-of-the-art Golgi staining technique and the coincident development of light microscopy at 

the time. Nowadays, three-dimensional (3D) visualisation of tissues is carried out using serial 

sectioning of paraffin-embedded or frozen tissues and computerised reconstruction. 3D 

reconstruction of the cholinergic basal forebrain complex using serial sections has been performed 

(Bigl et al., 1987; Heinsen et al., 2006; Kuhn et al., 2014) (Figure 3.1). However, this method is 

imperfect due to possible spatial registration error in computerised reconstruction and mechanical 

damage or distortion of sections in serial sectioning. Although the overall structure of the basal 

forebrain in relation to key anatomical landmarks was clearly demarcated, the reconstructed image 

did not have a high resolution down to the cellular level (Figure 3.1).  

 

The availability of laser microscopy with optical section abilities and the development of endogenous 

fluorescence tagging techniques in recent years have led to the development of novel tissue clearing 

techniques to enable molecular probing and subsequent visualisation in 3D. The history and 

development of these techniques were described in Paper 1 (Liu et al., 2015b), and they can be 

broadly classified into three main categories: i. Solvent-based clearing techniques including Benzyl-

alcohol benzyl-benzoate (BABB/ Murray’s clear) (Becker et al., 2013; Dodt et al., 2007), 3DISCO (Becker 

et al., 2012; Ertürk et al., 2012) and iDISCO; ii. Aqueous-based clearing techniques including Scale 

(Hama et al., 2011), See Deep Brain (SeeDB) (Ke et al., 2013), ClearT (Kuwajima et al., 2013) and CUBIC 

(Susaki et al., 2014); and iii. Delipidation-facilitated clearing techniques such as CLARITY (Chung et al., 

2013) and PACT (Yang et al., 2014). The principle of the various tissue clearing techniques is illustrated 

in Figure 3.2 and successful 3D visualisation of brain tissues was achieved on rodent brain tissues using 

these techniques. CLARITY (Clear Lipid-exchanged Acrylamide-hybridized Rigid 

Imaging/Immunostaining/In situ hybridization-compatible Tissue-hYdrogel) works by 

fixation/hybridisation of brain tissue using hydrogel crosslinks and subsequent detergent-based 

delipidation to turn the tissue transparent (Chung et al., 2013). Since CLARITY enables molecular 
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probing using immunofluorescence, this technique was deemed suitable for the use on post-mortem 

human brain tissues. So far, studies have demonstrated the potential in visualising pathologies in 

Alzheimer’s (Ando et al., 2014) and neurodevelopmental disorders (Chung et al., 2013; Costantini et 

al., 2015) using CLARITY. However these studies were only performed on cortical tissue from the brains 

of children (Chung et al., 2013; Costantini et al., 2015), which is considered to be less myelinated than 

adults, or on thinly sectioned tissues of up to 500 µm in thickness (Ando et al., 2014; Chung et al., 

2013) (Table 3.1) 

 

 
  

Figure 3.1. 3D reconstruction of the human basal forebrain from previous studies. i. 3D reconstruction of the left basal 
forebrain complex with one in every 20th coronal section stained with Nissl stain. Grey planes indicate boundaries between 
different subregions (Bigl et al., 1987); ii. Computerised reconstruction of the left basal forebrain complex of a 50-year-old 
non-demented woman viewed from the occipital lobe using serial gallocyanin-stained 400 μm thick sections (Heinsen et al., 
2006); iii. Computerised reconstruction of the whole basal forebrain cholinergic complex with anterior commissure and optic 
tracts as anatomical references (Kuhn et al., 2014). (i. Pending permissions; ii. and iii. Reproduced with permissions) 
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Reference Cases Sample Tissue type Thickness  

(m) 

Clearing time Immunostaining 
time  

Antibodies 
used 

Refractive index 
matching 
medium 

Chung et al., 2013 7-year old male with autism;  
10-year old male control 

Frontal 
cortex 

Formalin-
fixed  

500 1 day (active 
clearing) 

3 days MBP, TH, PV, 
NF 

FocusClear 

Ando et al., 2014 5 Alzheimer’s disease 
2 controls 

Frontal 
cortex 

Formalin-
fixed 

500 2 weeks (37oC, 
passive clearing) 

Not reported Aβ, tau, NF ScaleA2 

Costantini et al., 2015 1 child with hemi-
megalencephaly 

Cortex Formalin-
fixed 

2000 2 weeks (37oC, 
passive clearing) 

6 days PV, GFAP 47% TDE 

Table 3.1. Early studies with CLARITY involving the use of human brain tissues. Abbreviations: GFAP, Glial fibrillary acidic protein; MBP, myelin basic protein; NF, neurofilament; PV, 
Parvalbumin; TDE, 2,2′-Thiodiethanol; TH, tyrosine hydroxylase. Table reproduced from (Liu et al., 2015b) 
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   Figure 3.2. Principle of tissue clearing. Water, lipid and protein-sugar complexes are the main components of brain tissue. 
Light normally passes through the different media in their isolated forms. However, when these components are mixed up 
within the brain, light scatters at the boundaries between the different media and the brain appears to be a solid and opaque 
object. In organic solvent based tissue clearing, brain tissue is first dehydrated then delipidated with organic solvent. After 
refractive index matching, the tissue will appear transparent with visible light passing through without scattering. In aqueous 
solution based tissue clearing, brain tissue is directly immersed in aqueous solution, and the water component of the tissue 
will match surrounding medium, homogenising the refractive index altogether. Most light will pass through without scatter 
and the tissue appears moderately transparent. In delipidation-based tissue clearing, SDS is used for delipidation of the 
tissue. This then enables antibodies to penetrate deep within the tissue to enable immunolabelling. Subsequently, with 
refractive index matching, the tissue becomes transparent for 3D visualisation.   
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3.2 Aims of chapter  

The presumed complexity and costly nature of the CLARITY procedure have regrettably hindered its 

application in many laboratories, in particular for human neuropathological research. As a result, the 

aims of this chapter are as follows:  

1. To simplify the protocol of CLARITY for application on human brain tissues 

2. To visualise the basal forebrain cholinergic system with CLARITY  

 

3.3 Material and methods  

Detailed methods and the optimisation of refractive index matching solution were also described in 

Paper 1 (Liu et al., 2015b)  

 

3.3.1 CLARITY hydrogel embedding for rodent brain tissue 

CLARITY on mouse brain tissue was described in Paper 1 (Liu et al., 2015b). For the study in this chapter, 

Sprague-Dawley rats weighing between 250-300 g were used. Brain tissues were processed for 

hydrogel embedding following the protocol by Chung et al 2013. Briefly, rats were terminally 

anaesthetised with sodium pentobarbital (intraperitoneal injection; 120 mg/kg body weight) and 

transcardially perfused with ice-cold phosphate buffered saline (PBS, pH7.4) and then with hydrogel 

monomer solution consisting of 4% paraformaldehyde (PFA), 4% (vol/vol) acrylamide (Bio-Rad), 0.05% 

(vol/vol) bis-acrylamide (Bio-Rad) and 0.25% (wt/vol) VA-044 photoinitiator (Wako, Alpha-Labs UK) in 

PBS. Brains were removed from the skull and further immersed in the hydrogel monomer solution for 

2 days at 4ºC. Next, the brains with solution were transferred into a 50 ml container and a layer of 

olive oil was poured on top of the solution with the lid tightly screwed to prevent oxygen inhibition of 

the subsequent polymerisation of the hydrogel by incubating at 37oC for 3 hours. After removal of 

excess hydrogel from the hydrogel-tissue hybrid, brain tissues were cut into 3 mm-thick coronal 

sections using a rat brain matrix (Zivic Instruments, USA) before proceeding to the subsequent 

clarification step.  

 

3.3.2 CLARITY hydrogel embedding for human brain tissue  

Human brain tissues from the Parkinson’s UK Tissue Bank at Imperial College London were used in this 

study. Both fresh and formalin-fixed (>4 weeks fixation) tissues from various brain regions were 

obtained. Tissue blocks were cut into 0.5-1 cm thick and incubated in hydrogel monomer solution at 

4ºC (5-7 days for fresh tissues, 7-10 days for fixed tissues). Subsequently, following polymerisation of 

hydrogel as described above, tissues were then sectioned into 3 mm blocks using a scalpel prior to 

clearing.  
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3.3.3 Passive tissue clearing 

Hydrogel-embedded samples were washed with sodium dodecyl sulphate (SDS) clearing solution (4% 

wt/vol SDS in 1 M boric acid solution, pH8.5; 2x24 hours at room temperature, RT) to remove 

remaining hydrogel monomers. Samples were then incubated at 50°C in SDS clearing solution 

(replaced every 2-3 days) until transparency was achieved. Transparency can be checked by placing 

the tissue on top of written texts. When tissue is rendered completely transparent, texts should be 

read through the tissue with clarity (Figure 3.3).  

 

 
 

3.3.4 Immunostaining on clarified rodent and human brain tissues 

After clearing, samples were washed thoroughly with PBS with Triton-X (PBS-Triton; 0.1% vol/vol 

triton-X and 0.01% wt/vol sodium azide in PBS) (2x24 hours at 37oC) to remove residual SDS micelles. 

Samples were incubated with primary antibody in 15 ml containers with PBS-Triton as diluent. 

Working concentrations for various antibodies used are listed in Table 3.2. Typically, 1 ml of antibody 

solution is sufficient to cover a 3 mm thick sample in the container. Tissue samples were incubated at 

37°C for 5 days. Primary antibody was washed off with PBS-Triton (2x24 hours at 37°C). Secondary 

antibody was applied at a concentration of 1:50 and incubated at 37°C for 5 days. A nuclear 

counterstain, 4',6-diamidino-2-phenylindole (DAPI; 1:100 from a stock of 1 g/ml diluted with 1:1 

water: dimethyl sulfoxide), was also at this stage. Tissue was then washed with PBS-Triton (2x24 hours 

at 37°C) to remove excess secondary antibody. 

Figure 3.3. Passive tissue clearing with CLARITY. Illustration of optical transparency between rat and human brain 
tissue clearing.  
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3.3.5 Confocal microscopy  

Clarified and immunostained samples were incubated with refractive index matching solution 

overnight prior imaging. Various refractive index matching solutions were tested in Paper 1 (Liu et al., 

2015b). ScaleA2, 47% 2,2’-Thiodiethanol (TDE) in 0.01M phosphate buffer or Histodenz-RIMS (Yang et 

al., 2014) were the optimal formulation in terms of transparency and transmittance of labelled 

fluorescent signal. Samples were placed in a 50 mm-diameter standard bottom imaging dish (Ibidi, 

Germany) with a surrounding ring of Blu-Tack to prevent sample movement. Refractive index 

matching solution was slowly pipetted to the dish, so as not to agitate the sample. It was paramount 

that the sample remained in contact with the bottom of the dish to ensure the sample was in focus 

during imaging, due to the short working distance of the objective. 

 

Imaging on CLARITY-treated samples was performed using a Zeiss LSM-780 inverted confocal Carl Zeiss, 

Germany) either at the Facility for Imaging by Light Microscopy (FILM) facility in Hammersmith 

Hospital or at the University of Hong Kong Li Ka Shing Faculty of Medicine Faculty Core Facility. x10 

objectives (EC Plan-Neofluar, numerical aperture, 0.3; working distance, 5.2 mm; and Plan-

Apochromat, numerical aperture, 0.45; working distance, 2.1 mm), x20 objective (Plan Apochromat 

DIC, numerical aperture, 0.8; working distance, 0.55 mm) with laser excitation at 405 nm (Diode), 488 

nm (Argon multiline), 543 nm (HeNe) and 594 nm (HeNe) were used. Image capture and processing 

were performed using the Zen Black (Carl Zeiss, Germany) software. Three-dimensional rendering and 

Primary Antibodies      

Antigen Catalogue no. Company Host Clonality Dilution  

Neurofilament (NF, 2F11) M0762 Dako Mouse  Monoclonal  1:50-1:100 

Ionized calcium-binding 
adapter molecule 1 (IBA1) 

019-19741 Wako Rabbit  Polyclonal 1:50 

synuclein (-syn, 42) 610787 Becton Dickson 
(BD) 

Mouse  Monoclonal 1:50 

Tyrosine hydroxylase (TH) AB152 Millipore Rabbit  Polyclonal 1:50-1:100 

Choline acetyltransferase AB144P Millipore Goat Polyclonal 1:50 

 
 
Secondary antibodies 

     

Name Catalogue no. Company Host Fluorophore 
conjugates 

Dilution 

AlexaFluor anti-goat  A-11055 Invitrogen Donkey 488 IgG (H+L) 1:50 

AlexaFluor anti-goat A-11057 Invitrogen Donkey 568 IgG (H+L) 1:50 

AlexaFluor anti-rabbit  A10042 Invitrogen Donkey 568 IgG (H+L) 1:50 

AlexaFluor anti-mouse  A-21202 Invitrogen Donkey 488 IgG (H+L) 1:50 

AlexaFluor anti-rabbit  A-11011 Invitrogen Goat 568 IgG (H+L) 1:50 

AlexaFluor anti-mouse  A-11001 Invitrogen Goat 488 IgG (H+L) 1:50 

Table 3.2. Antibodies used in CLARITY. Table adapted from (Liu et al., 2015b) 
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video production were performed on Zen Black (Carl Zeiss, Germany), Volocity (PerkinElmer, MA, USA) 

and Fiji (Image J, NIH) software. 

 

3.4 Results  

3.4.1 Comparison of the CLARITY clearing protocol between rodents and human  

Following the passive CLARITY protocol outlined by Yang et al (Yang et al., 2014) and Tomer et al 

(Tomer et al., 2014), procedural differences and the speed of tissue clearing was compared between 

similar sizes of rat and human brain tissues (Table 3.3). In terms of hydrogel embedding, transcardial 

perfusion of hydrogel monomer solution followed by 2 days of post-perfusion immersion fixation was 

performed for rat brain tissues. However, transcardial perfusion of hydrogel monomer solution is not 

possible for human tissue. Hence, 0.5-1 cm thick brain tissue blocks were processed by immersion 

fixation in the solution. Long-term formalin fixed brain tissues took 7-10 days as compared with 5-7 

days for fresh brain tissue to reach a suitable consistency for subsequent polymerisation and clearing 

steps. 

 

 

In terms of clearing speed, comparing tissue of the same thickness, human tissue took longer than 

rodent tissues to reach transparency. The total clearing time for a 3 mm-thick human brain block was 

approximately 2 months from dissection. Furthermore, different anatomical regions take differing 

amounts of time to clear, apparently dependent on the degree of myelination. For human tissue, 

hippocampus and basal ganglia took the shortest time to clear (7-10 days), followed by various cortical 

regions (~40 days) and brainstem regions caudal to the midbrain failed to clear with passive thermal 

clearing. In addition, the degree of formalin fixation affects clearing speed. Fresh human brain cortical 

tissue processed directly in passive clearing took about 40 days to clear which is significantly faster 

than archival formalin-fixed cortical tissue which took about 60 days to clear.  

 

 Rat Human (fresh) Human  (formalin-fixed) 

Post-perfusion 
immersion fixation 

2 days 5-7 days 7-10days 

Washing 2 days 2 days 2 days 

Passive thermal clearing 5-10 days (cerebral 
coronal slices) 
~18 days (brainstem) 

7-10 days (subcortical 
block)  
~40 days (cortical blocks) 

~ 60 days (cortical blocks) 
Clearing not achieved for 
brainstem 

Washing 2 days 2 days 2 days 

Total clearing time from 
dissection  

~11-24 days ~15-51 days ~70 days 

Table 3.3. Comparison of tissue clearing speed between rat and human brain tissue blocks (3 mm thick). Table 
reproduced from (Liu et al., 2015b) 
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It is important to note that some degree of tissue yellowing could be observed for human tissue, 

perhaps due to residual haemosiderin deposits or lipofuscin-type pigments present in brain tissue 

from elderly patients. Also, the quality of tissue could also be adversely affected by prolonged passive 

clearing. In particular, there was notable tissue swelling after prolonged clearing of more than 1-2 

months.  

 

3.4.2 Structural stains  

Structural immunostaining using anti-neurofilament (NF) antibodies on human cortical blocks was 

performed. A detailed linear pattern of axon projections through the depth of the tissue, with 

neuronal soma was visualised (Figure 3.4a, 3.4b, supplementary video 1) down to a depth of 771.67 

µm. However, a decrease in fluorescent signals above 500 m thickness was noted. Monoaminergic 

neurons were also visualised with tyrosine hydroxylase (TH) immunostaining. Detailed cortical 

innervation with dense TH-positive striatal staining was apparent in clarified rat coronal blocks (Figure 

3.4c) and monoaminergic fibres in the midbrain were also clearly stained in human midbrain tissue 

(Figure 3.4d). Spatial relationships between neurons and glia using double staining with anti-NF and 

anti-ionised calcium-binding adapter molecule 1 (Iba1) was also investigated. This revealed the 

microglial surveillance network surrounding neurons in human cortical tissue (Figure 3.5). 

 

3.4.3 3D Visualisation of the cholinerigic basal forebrain  

The enzyme used for the synthesis of acetylcholine, ChAT, was labelled using immunofluorescence for 

the identification of cholinergic neurons within the basal forebrain in rat and human brain tissues. 

Clear somal staining was seen in large cholinergic nuclei including the nucleus of the vertical limb of 

diagonal band of Broca (nvlDBB) and the nucleus basalis magnocellularis (nbm; synonymous to the 

human nbM) can be visualised down to 724.33 µm in depth (Figure 3.6). When double immunostained 

with ant-TH antibodies, the nbm could be seen to be embedded within the fine monoaminergic 

network of the rat basal ganglia. However, the intensity of ChAT-staining diminishes beyond 400 µm 

in depth. Also, fine axonal processes of cholinergic neurons were not easily traceable. ChAT 

immunostaining was also performed on human brain tissues containing the nbM. However, no ChAT-

immunostaining could be detected.  
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Figure 3.4. 3D visualisation of structural staining with CLARITY.  a: Z-stack image of NF immunostaining on a 3 mm block of 
human cortex with an imaging depth to 771.67 µm (z-stack step size 5.3 µm). b: A two-dimensional image of NF staining 
showing fine axonal processes and neuronal somas. c: Z-stack image of Immunofluorescence with tyrosine hydroxylase (TH) 
staining on rat coronal block showing TH-positive neuronal processes at the cortex and dense, homogenous staining within 
the striatum (z-stack step size 3.3 µm). d. Staining in the human midbrain block showed dense TH-positive axonal processes 
(z-stack step size 1.5 µm). Images reproduced from (Liu et al., 2015b).  
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Figure 3.5. 3D visualisation of microglial surveillance network CLARITY.  Double immunofluorescence with anti-
neurofilament (a, green) and anti-Iba-1 (b, red) antibodies on human cortical block. c: Combined figure showing surveillance 
network of Iba-1-positive microglia around neuronal processes. Scale bar = 50 µm. Images reproduced from (Liu et al., 
2015b).  

Figure 3.6. 3D visualisation of the rat cholinergic basal forebrain groups.  a: z-stack image of the cholinergic neurons of the 
nucleus of the diagonal band of Broca in a 3mm-coronal rat brain slice stained with anti-ChAT antibody (Imaging depth = 
64.86 µm; z-stack step size =  10.8 µm). b: z-stack image of the nucleus basalis magnocellularis in rat double immunostained 
for ChAT (green) and TH (red) (Imaging depth = 724.33 µm; z-stack step size 5.937 µm) 
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3.4.4 Pathological investigations in the Parkinson’s brain with CLARITY  

Despite the unsuccessful attempt to immunostain cholinergic population of the nbM in the human 

brain tissue, staining for αSN in the nbM of a PD case revealed characteristic αSN-immunopositive 

inclusions that can be visualised in three-dimensions (Figure 3.7). In particular, a characteristic 

brainstem-type Lewy body was identified using this technique, revealing that a dense, near-spherical 

shell of SN forms the outermost layer of the body as shown in the orthogonal projection image 

(Figure 3.8a). This is comparable to Lewy body-inclusions seen using immunofluorescence on standard 

7 m-thick histological sections (Figure 3.8b). A Lewy neurite as well as a pre-Lewy body emerging 

from the side of the larger body could be visualised clearly in 3D (Figure 3.7, supplementary video 2). 

Double immunofluorescence staining with SN and TH antibodies in the substantia nigra allowed 

visualisation of αSN-positive inclusions within a dense network of monoaminergic (TH-positive) fibres. 

Co-localisation of αSN inclusions with TH-positive fibres were clearly visualised with CLARITY (Figure 

3.9; supplementary video 3), although not all TH-positive fibres were found to be immunopositive with 

SN as well. 

 
  
 
Figure 3.7. 3D visualisation of Lewy pathologies within the human nucleus basalis of Meynert.  Colour-coded depth-
projection image shows the various types of Lewy pathologies seen at a low magnification (x10 objectives) (Image depth = 
441.22 µm; z-stack step size = 4.957 µm). Inset showing zoomed image of a characteristic brainstem-type Lewy body seen 
in the nbM.  
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Figure 3.8. Comparison of 3D visualisation of Lewy body with traditional 2D immunostaining within the human nucleus 
basalis of Meynert.   An orthogonal projection of a Lewy body-like inclusion in a block of cleared tissue containing the 
nucleus basalis of Meynert in human stained with anti-αSN antibody (green), showing a near-spherical αSN shell of the 
inclusion in the XY, XZ and YZ planes (Scale bar = 50µm) (a). A confocal Image of a Lewy body-like inclusion in a standard 7 
µm-thick section containing the nucleus basalis of Meynert stained with single immunofluorescence with anti-αSN antibody 
(red) and a nuclear counterstain (DAPI, blue) (Scale bar = 20 µm) (b). Image reproduced from (Liu et al., 2015b). 

Figure 3.9. 3D visualisation of Lewy pathologies within a PD midbrain tissue.  Z-stack image of double 
immunofluorescence with anti-αSN (green) and anti-TH (red) antibodies on human midbrain block (z-stack step 
size 1.5 µm) 
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3.5 Discussion 

Detailed discussion of the CLARITY methodology has been published in Paper 1 (Liu et al., 2015b). In 

this chapter, I demonstrated that the novel tissue clearing technique, CLARITY, could be translated 

from rodent studies to human neuropathological research. In particular, this technique can be greatly 

simplified, without the need for the complicated and costly electrophoretic tissue clearing set-up as 

described in the original CLARITY protocol by Chung et al. There is great potential for CLARITY in 

pathological studies and the rodent brain cholinergic system can be clearly visualised. However, this 

technique is yet to be refined for the 3D visualisation of the human basal forebrain cholinergic cell 

groups.  

 

When the application of CLARITY was compared between human and rodent brain tissues, similar 

thickness of tissue took much longer to reach complete transparency for human brain tissues. Also, 

for prolonged formalin-fixed material, certain regions of the human brains (particularly heavily 

myelinated regions) may not reach complete transparency. Furthermore, as discussed in Paper 1, 

none of the studies involving the human brain, including the current study, was successful in imaging 

cleared tissues beyond 1 mm in depth. The most important determinant appeared to be antibody 

penetration and this was also described in a recent commentary comparing all current tissue clearing 

techniques (Marx, 2016). Although the exact physical diffusion limit of antibodies is yet to be 

determined, it appeared that some antibodies (e.g. anti-TH and anti-αSN) could penetrate a greater 

depth than others targeting antigens which are more abundantly expressed (e.g. Iba-1). We 

hypothesise this is due to “overcrowding” of antibodies at the surface for densely-expressed antigens 

which prevents further penetration into the tissue (Liu et al., 2015b). Interestingly, anti-ChAT 

antibodies which successfully immunostain cholinergic neurons in the rat brains failed to label 

cholinergic neurons in the human nbM. This can be due to prolonged formalin fixation required for 

human brain and ChAT antigen may be especially prone to antigen masking by formalin crosslinking 

given the fact that harsh antigen retrieval procedure (autoclaving in citrate buffer) is often required 

for immunostaining on standard paraffin-embedded sections.  

 

Even though CLARITY cannot yet be used on a large human brain blocks for connectomic studies, 

spatial interaction between different proteins could be clearly visualised. In this study, the co-

localisation of Lewy-pathology and monoaminergic (TH-positive) fibres in the midbrain of a post-

mortem human brain could be visualised in the 3D space. This study is the first to visualise the 3D 

structure of a Lewy body, supplementing findings from a previous study (Kanazawa et al., 2008) which 

gathered this information by serial sectioning and computerised reconstruction of brain tissue. Using 
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CLARITY, this study validated that a Lewy body is composed of a spherical or near-spherical SN shell 

simply with optical sectioning with confocal microscopy.  

 

3.5.1 Development of Free-of-acrylamide Tissue Clearing (FASTClear): A novel protocol of tissue 

clearing for three-dimensional visualisation of human brain tissues 

CLARITY has clearly demonstrated potential for many future studies. However, as already mentioned 

above, there are still a number of limitations yet to be resolved. Densely myelinated regions such as 

the brainstem and spinal cord in archival formalin-fixed tissues could not be rendered transparent 

with CLARITY. Also, tissue expansion after tissue clearing with CLARITY have been reported by this 

study and other groups (Yang et al., 2014). Although it was often claimed that the tissue expansion is 

a transient effect which will be adjusted by subsequent refractive index matching (Treweek et al., 

2015), the effects in human brain tissues, especially after prolonged (> 40 days) passive tissue clearing, 

appeared to be irreversible (Liu et al., 2015b). In addition, immunolabeling with antibodies, 

particularly on larger samples, remains challenging because the depth of antibody penetration is still 

limited (Marx, 2016). This has prompted further development of an improved and simplified protocol 

for tissue clearing in the human brain. 

 

The use of acrylamide hydrogel in the CLARITY protocol poses a number of problems including those 

described above. Tissues embedded with acrylamide hydrogel undergo expansion upon sodium 

dodecyl sulphate (SDS) clearing and become more fragile as structural integrity is lost (Liu et al., 2015b; 

Murray et al., 2015; Yang et al., 2014). In addition, when transcardial perfusion cannot be performed, 

diffusion of hydrogel monomers within a large block of tissue may be limited, leading to incomplete 

tissue-hydrogel hybridisation (Murray et al., 2015). Furthermore, although pores in polyacrylamide 

matrices aid lipid exchange and antibody penetration can be enhanced by changing composition of 

the hydrogel (Yang et al., 2014), immunolabelling distance appeared to be better in formaldehyde-

fixed, unhybridised tissue (without acrylamide hydrogel) compared with those hybridised with both 

formaldehyde and acrylamide (Treweek et al., 2015). The original CLARITY study suggested crosslinks 

between hydrogel and formaldehyde aid fixation of protein and nucleic acids during the delipidation 

process. Protein loss was reported to be significantly lower in acrylamide-embedded tissues compared 

with unhybridised tissue after SDS clearing (Chung et al., 2013; Treweek et al., 2015; Yang et al., 2014). 

However, there has been no evidence showing the existence of hydrogel-formaldehyde crosslinks. 

Also, in our ongoing study, no significant protein loss was found after SDS clearing of formalin-fixed 

human brain tissues (Lai et al., 2016). Besides, protein loss does not necessarily compromise the 
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quality of immunostaining. Hence, as long as the tissue is well-fixed in formaldehyde, we recommend 

the tissue clearing procedure be simplified by omitting the use of acrylamide-based hydrogel.  

 

Prolonged formaldehyde fixation impedes clearing speed and immunolabeling due to excessive 

formaldehyde crosslinks on the tissue. One simple solution is to use fresh tissue instead of formalin-

fixed material. Densely myelinated regions such as brainstem, spinal cord and cortical white matter 

are difficult to render transparent with SDS delipidation (Liu et al., 2015b). Reiner and colleagues 

introduced iDISCO which demonstrated that it is possible to immunostain a piece of optically opaque, 

formaldehyde-fixed tissue by permeabilising it in a cocktail of detergent (Renier et al., 2014). The 

tissue can then be rendered optically transparent with organic solvents using the 3DISCO clearing 

technique (Ertürk et al., 2012). Apart from its delipidation properties, SDS is known to be a protein 

denaturant, which accounts for its use for antigen retrieval in traditional immunohistochemistry. As a 

result, to improve immunolabelling in tissue clearing, the combination of SDS delipidation in CLARITY 

and detergent permeabilisation in iDISCO can be useful. In addition, we observed that for densely 

expressed antigens such as glial fibrillary acidic protein (GFAP) and neurofilament, the use of a low 

antibody concentration (1:1000) with daily supplement (to a concentration of 1:100-1:50) may be 

useful to prevent antibodies being “trapped” at tissue surface.   

 

With the omission of acrylamide-hydrogel in CLARITY and combination with the iDISCO technique, 

FASTClear (Free-of-Acrylamide SDS-based Tissue Clearing) is developed for the immunostaining and 

three-dimensional visualisation of human brain tissue. First, fresh human brain blocks of up to 1cm in 

thickness were fixed in 4% PFA or 10% neutral buffered formalin at 4°C for 3 days. Then the tissue was 

trimmed to about 3mm in thickness (the maximum working distance of confocal objectives) before 

delipidation in 4% SDS-boric acid buffer at 50ºC for a minimum of 5 days. Best immunostaining was 

achieved if the region-of-interest is rendered optically transparent at this stage. However it is possible 

to proceed to immunostaining even if the tissues do not achieve full transparency at this point. The 

tissue was then washed thoroughly in PBS with 0.2% Triton-X 100 (PBS-Triton) at 50ºC (3 x 1 hour). 

Then, the tissue was permeabilised and blocked in 0.6M glycine, 0.2% Triton X-100, 6% Donkey Serum, 

20% dimethyl sulfoxide (DMSO) dissolved in PBS overnight at 37°C. Next, after washing the tissue in 

0.2% Tween-20 in PBS (PBS-Tween) for 2 x 1 hour at 37°C, it was incubated with primary antibody 

diluted in 0.2% Tween-20, 5% DMSO, 3% Donkey serum, 0.01% sodium azide in PBS for a minimum of 

2 days at 37°C,. Following another wash in PBS-Tween (3 x 1 hour, then overnight incubation at 37°C), 

the tissue was incubated with a secondary antibody conjugated with Alexa Fluor© fluorophores 

diluted in the same diluent as above for the same number of days as primary antibody incubation at 
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37°C. A nuclear counterstain, DAPI (1:100 from a stock of 1 µg/ml diluted with 1:1 water: DMSO), can 

be added at this stage. After that, the tissue was washed thoroughly in PBS-Tween (5x1hr; then 

overnight) and proceeded to refractive-index matching. For tissues that have been rendered optically 

transparent at the delipidation step, immersion in 47% TDE (vol/vol) in 0.01M PBS without saline or 

70% w/v Sorbitol in 0.1M phosphate buffer as previously described (Liu et al 2015) was done for 

refractive-index matching. For tissues that did not achieve transparency at the delipidation step (or if 

microscope objectives are designed for high refractive-index solution), they can be dehydrated and 

refractive-index matched as per the 3DISCO protocol (Ertürk et al., 2012). Briefly, tissue was immersed 

in 50% tetrahydrofuran (THF) (overnight), 70% THF (1hr), 80% THF (1hr), 100% THF (1hr), 100% THF 

(2hr) and finally dibenzyl ether (DBE) until the tissue became optically transparent. Tissues was then 

mounted and visualised using a single-photon or two-photon confocal microscope.  

 

The FASTClear protocol was applied on a piece of spinal cord tissue, which is difficult to render 

transparent with the traditional CLARITY technique. Successful 3D visualisation of the structure of the 

ventral root was achieved to a depth of 508.52 µm using immunostaining for neurofilament (Figure 

3.10a). Although the depth of immunolabelling is limited to around 100 µm, the potential of FASTClear 

on formalin-fixed tissue in a tissue bank was also demonstrated by the 3D visualisation of Purkinje 

neurons in the cerebellum (Figure 3.10b).  

 

FASTClear is a greatly simplified and more user-friendly tissue clearing protocol for human brain 

tissues which reduces the overall processing time from tissue fixation to immunostaining and 

visualisation to a minimum of 16 days (figure 3.11). However, it is still not possible to achieve 

immunolabeling to the full thickness of the tissue and this technique is yet to be optimised for archival 

formalin-fixed tissues. Also, tissue that requires clearing with organic solvent may undergo shrinkage. 

Although fine structures are likely to be preserved, a higher-power objective will be required which 

often has a lower working distance. Nevertheless, with the development of smaller molecular probes 

such as nanobodies and aptamers (Marx, 2016), further improvement of human brain tissue clearing 

will be made, leading to a new era of three-dimensional histology.  

 
[Declaration: Part of the experimental study including passive tissue clearing and immunostaining for 

CLARITY was performed by Miss Madeleine Hurry for her MRes project under my supervision. FASTClear 

is a technique developed jointly by myself and Mr. Hei Ming Lai, a medical student at the University of 

Hong Kong.] 
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Figure 3.10. Human brain tissue processed and immunostained using FASTClear. a: Z-stack image of a ventral root of a piece 
of spinal cord fresh tissue (3 mm thick) immunostained using anti-neurofilament primary antibody and Alexa-fluor 488 
conjugated donkey-anti-mouse secondary antibody. Stained tissue was visualised using a Zeiss 780 inverted confocal 
microscope with x10 objective (imaging depth to 508.519 µm, z-stack step size 3.03 µm). b: Z-stack image of a piece of fixed 
cerebellar tissue immunostained using antibodies against neurofilament (green) and βIII-tubulin (red) and counterstained with 
DAPI (blue). Stained tissue was visualised using a Leica SP5 confocal microscope with x40 objective (Imaging depth to 66.5 µm, 
z-stack step size 0.38 µm). 

Figure 3.11. Workflow diagram of FASTClear 
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Chapter 4 – Redefining the anatomy of the human nucleus basalis of 
Meynert for the investigation of differential pathology between Lewy 
body disorders, Alzheimer’s disease and ageing  
 
[A majority of this chapter has contributed to my published review article in Acta Neuropathologica 
(Liu et al., 2015a), Paper 2, pages 303-316).] 
 
4.1 Introduction  

Although the identification of Lewy bodies (LB) and neuronal loss in the substantia nigra is considered 

the gold standard for the neuropathological diagnosis of Parkinson’s disease (PD), these two 

pathological features were actually first recognised by Friedrich Lewy in the nucleus basalis of Meynert 

(nbM) in 1913. Within the basal forebrain sublenticular region, there is a broad band of cell clusters 

commonly known as the nbM. Neuronal loss in the nbM is well established in dementing disorders, 

however, its pathological significance was first recognised in a series of patients with paralysis agitans 

(now known as PD) by Lewy where severe neuronal degeneration and intraneuronal globose tangles 

were noted (Lewy, 1913). He also observed that concentric hyaline-rich "Kugeln" (balls, as originally 

identified in the globus pallidus) were found in surviving neurons in the nbM and dorsal motor nucleus 

of the vagus (Schiller, 2000). These intraneuronal inclusions were later given the name LB and the 

presence of LB became one of the cardinal neuropathological features of PD. Lewy speculated that 

the nbM neuronal loss was responsible for some of the motor deficits seen in PD and it was not until 

the 1930s that Hassler suggested the pathological changes in the nbM were probably related to 

cognitive function deficits in PD (in Tagliavini and Pilleri, 1983). Subsequently, the nbM has been 

investigated extensively in many neuropsychiatric disorders including schizophrenia (Arendt et al., 

1983; Williams et al., 2013), Pick's disease (Rogers et al., 1985), Alzheimer's disease (AD) (Arendt et 

al., 1985; Whitehouse et al., 1982; Wilcock et al., 1988), Creutzfeldt-Jakob disease (Rogers et al., 1985), 

dementia pugilistica (Uhl et al., 1982) and Down's syndrome (Casanova et al., 1985; Rogers et al., 1985). 

The functional significance and connections of the nbM were unknown until the 1970s when the 

cholinergic hypothesis in AD was proposed (Bartus et al., 1982). The nbM was then found to be a 

cholinergic centre, with neurons providing cholinergic afferents to the entire neocortex (Divac, 1975; 

Kievit and Kuypers, 1975; Mesulam and Geula, 1988; Mesulam et al., 1983a). Hence, the decrease in 

cortical acetylcholine levels seen in dementing disorders was thought to relate to cell death within the 

nbM.  

 

The nbM is a broad and irregular "nucleus" in the human forebrain and functional subdivision of the 

nbM has been suggested, based on the topographical projection of cholinergic fibres from the nbM in 

non-human primates (Mesulam et al., 1983a). However, this topography is not directly translatable to 
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the human brain. It is, therefore, important to revisit this question of anatomical subdivision of the 

nbM for the investigation of possible clinicopathological correlations in different dementias.  

 

4.2 Aims of chapter  

1. Review published literature to establish a simplified nbM subdivisional scheme for the human 

brain.  

2. Identify differential pattern of neuronal loss within the nbM in AD and LBD using the newly 

established subdivisional scheme  

 

4.3 nbM subdivisional scheme by Mesulam et al 

The background history of the nbM and its anatomy have been reviewed in detailed in Paper 2 (Liu et 

al., 2015a) and a summary diagram is shown in Figure 4.1.  

 

 

 
In the 1970s, retrograde horseradish-peroxidase (HRP) tracer experiments on non-human primates 

identified that cortical cholinergic innervation originates from the nbM (Mesulam and Van Hoesen, 

1976). Using histochemical and immunohistochemical labelling for acetyl-cholinesterase (AChE) and 

choline acetyltransferase (ChAT), Mesulam and colleagues were able to identify the various 

cholinergic loci in the subhuman primates' basal forebrain and introduced the nomenclature Ch1 to 

Ch4 to describe four cholinergic cell groups rostrocaudally, with the cholinergic component of the 

nbM designated as Ch4 (Table 4.1) (Mesulam et al., 1984, 1983a).  

Figure 4.1. Timeline illustrating the change in terminology for the nucleus basalis of Meynert. 
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Cholinergic group Region Projection 

Ch1  Medial septal nucleus Hippocampal complex 
Ch2  Vertical limb of the diagonal band nucleus Hippocampal complex 
Ch3  Horizontal limb of diagonal band nucleus Olfactory bulb 
Ch4  Nucleus basalis of Meynert Cortex and amygdala  

 
Mesulam found that over 90% of the magnocellular neurons in the nbM are cholinergic and that the 

Ch4 group is the largest out of the four basal forebrain cholinergic groups (Mesulam et al., 1983a). In 

humans, Ch4 is measured 13-14mm antero-posteriorly and 16-18mm medio-laterally within the SI 

(Mesulam and Geula, 1988).  Furthermore, the Ch4 can be subdivided into five groups in monkeys 

(Mesulam et al., 1983a) – the anterior part (Ch4a) into anteromedial (Ch4am) and anterolateral 

(Ch4al); the intermediate part (Ch4i) into intermediodorsal (Ch4id) and intermedioventral (Ch4iv); and 

a posterior group (Ch4p). However, there is an additional sixth subsector of the Ch4 in human as the 

transition between the anterior and intermediate part is elongated, giving rise to the 

anterointermediate (Ch4ai) region (Mesulam and Geula, 1988). Prior to this classification, most 

studies involving the nbM stopped at the level of Ch4i, neglecting the caudal extension. In fact, 

according to Meynert's original description, the nbM is located at the plane of the intermediate Ch4 

region.  

 

Through HRP-retrograde tracer and AChE co-localisation studies on macaques, the cortical 

topographic innervations from the Ch4 subgroups have been mapped out (Figure 4.2) (Mesulam et al., 

1983a). In summary, the anterior Ch4 innervates the limbic regions - Ch4am projects to medial cortical 

regions including the cingulate cortex and Ch4al projects to fronto-parietal opercular regions and 

amygdala; Ch4p projects to superior temporal and temporal polar regions; and Ch4i to the remaining 

cortical regions. It is not known whether these innervation patterns are similar to those in human 

brain but detailed clinico-pathological studies relating to the subdivision of the nbM could provide 

some clues.  

 

Table 4.1. Basal forebrain cholinergic cell groups and their projections in the brain (Mesulam et al., 1983a). Table 
reproduced from (Liu et al., 2015a) 
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4.3.1 Problems with the Ch4 subsectors 

As pointed out by Mesulam, the basal forebrain cholinergic groups do not have strict anatomical 

boundaries and overlap considerably, in line with the concept that the nbM is an ‘open’ structure 

rather than a discrete nucleus (Mesulam et al., 1983a). Furthermore, within the Ch4 group, some 

ChAT-immunopositive cells were scattered in different interstitial locations including the anterior 

commissure, inter-medullary laminae of the globus pallidus, internal capsule, ansa lenticularis and 

ansa peduncularis. Also, not all magnocellular neurons within the basal forebrain are cholinergic and 

the terms nbM and Ch4 are therefore not interchangeable.   

 

Ch4ai is a region unique to the human brain, as it is the "gap" between the Ch4a and Ch4i subsectors 

when results from subhuman primates were translated to humans. It could be speculated that this 

region is the caudal extension of Ch4a and the rostral extension of Ch4i due to the larger lateral surface 

area of the neocortex in human as compared with subhuman primates. 

 

Figure 4.2. Projected innervation map of the various Ch4 regions (Ch4a, green; Ch4i, blue; Ch4p, red) in the human brain 
on the lateral surface (top left) and at the mid-sagittal plane (top right).  Cortical projection from the Ch4ai (turquoise) is 
currently unknown in the human brain. Topographical innervation in different subsectors of the nbM according to Mesulam 
et al  (bottom) (Mesulam and Geula, 1988; Mesulam et al., 1983a). Image reproduced from (Liu et al., 2015a) 
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Ch4a and Ch4i were further divided into two clusters according to Mesulam. In Ch4a, a vessel or a 

rarefaction divides it into the medial and lateral sectors. However, with anatomical variation, a 

vascular structure might not be present in certain planes (Iraizoz et al., 1991; Saper and Chelimsky, 

1984). Also, the sizes of Ch4am and Ch4al seem not to stay constant throughout (Simić et al., 1999). 

As one progress rostrocaudally, Ch4am appears and overlaps with Ch2 diagonal band nucleus. Then it 

gradually decreases in size while Ch4al enlarges and merges with Ch4ai. More caudally, the tract of 

ansa peduncularis is usually an anatomical landmark that divides the Ch4i into dorsal and ventral 

subsectors, although it can be difficult to identify on thin nbM sections (Etienne et al., 1986a; Iraizoz 

et al., 1991). However, the projection pattern of Ch4id and Ch4iv appears to be similar (Mesulam et 

al., 1983a), so the Ch4i can effectively be considered as a single entity.  

 

4.4 Establishment of a simplified nbM subdivisional scheme 

Analysis of the entire nbM will not be possible in many studies, and thus a subdivisional scheme could 

be useful to simplify and standardise future work on the nbM. I have reviewed several human brain 

atlases and previous publications (Boban et al., 2006; Gorry, 1963; Mesulam and Geula, 1988; 

Mesulam et al., 1983a; Raghanti et al., 2011; Simić et al., 1999; Zaborszky et al., 2008) and have 

elaborated a notional definition of anterior, intermediate and posterior subsectors of the nbM (Table 

4.2). The subdivisions I proposed approximately correspond to the original Ch4 classification according 

to Mesulam, discarding the Ch4ai label with its lack of any reliable topographical correlate. This is 

depicted histologically with H&E and immunohistochemical staining with choline-acetyltransferase 

(ChAT) on the human basal forebrain (Figure 4.3). A protocol for recommended sampling at autopsy 

is given in Figure 4.4.   

 
Region Macroscopic landmark Microscopic landmark Corresponding Ch4 

regions 

Anterior nbM AC at midline and subpallidal region 
(continuous or split) 
 

Preoptic or Supraoptic 
nucleus 
 

Ch4am, Ch4al 

Intermediate nbM Globus pallidus divided into GPe and GPi 
AC ventral to putamen (and GPe) 
 

Supraoptic nucleus, 
periventricular nucleus, 
anterior hypothalamic 
nucleus, (ansa peduncularis)  

Ch4al, Ch4i 

Posterior nbM Tail-end of AC ventrolateral to putamen 
Level of mammillary body  

 Ch4i, Ch4p 

 

Table 4.2. Proposed macroscopic and microscopic landmark for the definition of anterior, intermediate and posterior subsectors of the nbM. 
Table reproduced from (Liu et al., 2015a) 
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Figure 4.3. Histological atlas of the human basal forebrain. Formalin-fixed, paraffin-embedded basal forebrain sections 
available from the Parkinson's UK Tissue Bank at Imperial College, London, stained with H&E (a-c; g-i) and serial sections 
stained with choline acetyltransferase (ChAT) immunohistochemistry (Millipore AB144P, 1:100 with pressure cooker pre-
treatment in pH6.0 citrate buffer) (d-f; j-l). Six subdivisions of the basal forebrain were defined and arranged rostrally (top 
left) to caudally (bottom right). a,d: Level at nucleus accumbens. This level is defined by the absence of anterior commissure 
and the presence of a large caudate head with nucleus accumbens. b,e: Pre-anterior nbM level. Anterior commissure appears 
in this section but it is located ventral to the globus pallidus and is rostral to decussation level. A large ventral striatum could 
be seen clearly with ChAT immunohistochemistry. c,f: Most rostral anterior nbM level. This level is defined by the decussation 
of the anterior commissure. Ch4 neurons are defined by their location being lateral to the supraoptic nucleus and they are 
orientated at the medial-lateral axis parallel to the basal border of the section. g,j: Most caudal anterior nbM level. The 
anterior commissure is split into two parts with medial end still decussating and lateral end located ventral to the globus 
pallidus. h,k: Intermediate nbM level. At this level, the globus pallidus is split into the external and internal components by 
an intermedullary lamina. The anterior commissure is located ventral to the putamen and sometimes the infundibulum could 
be seen. i,l: Posterior nbM level. This is defined by the presence of mammillary body, small or absence of caudate and internal 
capsule occupying the medial half of the tissue. Asterisk * denotes area of maximal density of ChAT-immunopositive cells in 
the nbM. Zoomed-in figure showing the ChAT-immunopositive neurons in the nbM at x10 objectives. Abbreviations: AC, 
anterior commissure; Cd, caudate; fx, fornix; GP, globus pallidus; GPe, globus pallidus externa; GPi, globus pallidus interna; 
ic, internal capsule; inf, infundibulum; mb, mammillary body; nAcc, nucleus accumbens; ot, optic tract; Pt, putamen; son, 
supraoptic nucleus; VS, ventral stratum. Figure reproduced from (Liu et al., 2015a) 
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4.5 An audit on nbM subregion level obtained with standard diagnostic sections from the 

Parkinson’s UK Tissue Bank 

Although the standard sites for nbM sampling is set at the level of anterior commissure decussation, 

due to anatomical variations and multiple tissue sectioning from brain bank tissue requests, a variety 

of areas of the basal forebrain were obtained. A total of 183 sets of diagnostic slides from Block 5 

(mid-basal ganglia containing the nbM, see Chapter 2) of the Parkinson’s UK tissue bank were 

reviewed. Tissue sections were stained using H&E and immunostained for ChAT, and compared with 

the newly established human basal forebrain atlas in Figure 4.3. Out of the 183 cases, 62 (33.9%) do 

not contain the nbM because the available section were rostral to the anterior commissure 

decussation. In these regions, ChAT-immunopositive cell clusters were seen medial to the ventral 

striatum, which are suggestive of Ch2 nucleus of the vertical limb of the diagonal band of Broca. Also, 

in 13 cases (7.1%), the anatomical region of the section was difficult to determine or they did not 

contain the nbM. Therefore, only 108 (59.0%) nbM sections contain the anterior, intermediate or 

posterior nbM (Table 4.3). According to Mesulam and colleagues, the Ch4a can be divided into medial 

and lateral subsectors with a vessel or a “rarefaction” (Mesulam and Geula, 1988; Mesulam et al., 

1984, 1983a). However, this "vessel" could only be identified in 6 (11.5%) out of 52 sections available.  

 

A recommendation for future nbM sampling is to start from the tissue block 0.5 cm caudal to the level 

of the anterior commissure. This can thus avoid the problem encountered currently where a section 

rostral to the nbM is obtained after sectioning from multiple tissue requests.  

Figure 4.4. Photographs showing the anatomical landmarks for the anterior, intermediate and posterior levels of the 
nucleus basalis of Meynert (nbM, as indicated by asterisk). At dissection the first coronal slice is made through the 
mammillary body (MB), revealing the posterior nbM. Using a 0.5 cm cutting guide two further coronal slices will reveal the 
intermediate and anterior levels. These are specifically identified by the presence of discernable globus pallidus externa 
(GPe) and interna (GPi), and midline anterior commissure (AC) respectively. With normal anatomical variation between 
individuals, this general 0.5cm interval may need slight modification, depending on brain size. Figure reproduced from (Liu 
et al., 2015a) 
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4.6 Review of subdivisional nbM loss using the newly established nbM subdivisional scheme 

4.6.1 Alzheimer's disease: a caudorostral pattern of neuronal loss in the nbM 

Since Whitehouse and colleagues' first account of 90% nbM cell loss in a familial AD case (Whitehouse 

et al., 1981), further studies have reported anything from 8% to 87% cell loss in AD relative to controls  

(Allen et al., 1988; Arendt et al., 1997, 1985, 1983; Candy et al., 1983; Chan-Palay, 1988a; Doucette et 

al., 1986; Etienne et al., 1986b; Iraizoz et al., 1999, 1991; Mann et al., 1984; McGeer et al., 1984; 

Mufson et al., 1989; Nagai et al., 1983a; Pearson et al., 1983; Perry et al., 1993, 1985, 1982; Rinne et 

al., 1987; Rogers et al., 1985; Tagliavini and Pilleri, 1983; Whitehouse et al., 1982; Wilcock et al., 1988, 

1983; Zarow et al., 2003). The reason for such a large variation between studies could relate to varying 

disease severity, but one of the main causes is that neuronal loss is not homogenous throughout the 

nbM. Therefore, I reviewed the early reports on the neuropathological correlations of nbM in AD with 

particular emphasis on the region of nbM sampled. Using the aforementioned guideline to divide the 

nbM into the anterior, intermediate and posterior subdivisions, I identified the regional susceptibility 

to neuronal loss in AD (Table 4.4). It appears that in AD, there is a caudorostral gradient of nbM 

neuronal loss with the posterior sector being the most severely affected. As the posterior nbM 

contains Ch4p providing cholinergic innervation to the temporal pole and superior temporal cortex 

(Mesulam et al., 1983a), this correlates well with memory loss and language impairment in AD.  

 

This pattern of cell loss was supported by some studies where the entire nbM was examined (Arendt 

et al., 1985; Mufson et al., 1989; Wilcock et al., 1988). However, Doucette and colleagues reported 

that in moderate AD, the anterior nbM had a 50% neuronal loss while the decrease in cell number was 

not significant in intermediate and posterior nbM (Doucette et al., 1986). Similar findings were 

reported by Iraizoz's group where the greatest decline was found in anterior followed by posterior 

nbM (Iraizoz et al., 1991). The disagreement concerning the caudorostral pattern of nbM loss in AD 

could be due to differences in the criteria used to define an nbM neuron for cell counting, as nbM 

neuronal shrinkage has also been reported in AD (Vogels et al., 1990). Also, in some of the studies 

where sections slightly rostral to the anterior commissure decussation were taken, the distinction 

between Ch4a and Ch2 could be difficult to define. As Ch2 neurons provide innervation to the 

Basal forebrain subdivision Frequency (%) [n=183] 

Level of nucleus accumbens (Fig 4.3a) 17 (9.3%) 
Pre-anterior decussation (Fig 4.3b) 45 (24.6%) 
Anterior nbM (Fig 4.3c-d) 78 (42.6%) 
Intermediate nbM (Fig 4.3e) 25 (13.7%) 
Posterior nbM (Fig 4.3f) 5 (2.7%) 
Unknown 13 (7.1%)  

 
Table 4.3. Basal forebrain subdivision level obtained from standardised nbM tissue request at the Parkinson’s UK Tissue 
bank  
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hippocampus, which is severely affected in AD, the greater loss in the anterior sector of the nbM could 

be due to the loss of Ch2 rather than Ch4a neurons, although Ch1/2 cell loss in AD has been reported 

to be minimal (Lehéricy et al., 1993; Mufson et al., 1993) or even insignificant (Fujishiro et al., 2006) 

compared with age-matched controls.  

 

4.6.2 Revisiting the nbM in Parkinson's disease 

As mentioned previously, cell loss in the nbM was first identified in PD by Lewy, early in the 20th 

century. However, quantification of neuronal loss was not attempted until the 1980s where studies 

reported up to 80% depletion in the nbM of PD cases (Table 4.5). When directly comparing PD and AD 

cases, the loss is comparable (Rogers et al., 1985) or more extensive in PD than AD (Candy et al., 1983; 

Chui et al., 1986; Perry et al., 1985) and the loss was more apparent among PD with dementia (PDD) 

cases. Therefore, it is perhaps not surprising that PDD patients have good neuropsychiatric responses 

to anticholinesterase medication such as rivastigmine and galantamine (reviewed by Aarsland et al., 

2004b). Furthermore, recent imaging studies using cholinergic markers to label acetylcholinesterase 

have reported significant cortical cholinergic deficits in PD and PDD patients (Bohnen et al., 2009, 2006, 

2003; Hilker et al., 2005; Kuhl et al., 1996; Shimada et al., 2009; Shinotoh et al., 1999). This suggests 

that apart from the dopaminergic deficit, a decrease in cholinergic tone also contributes to cognitive 

impairment in PD, as supported by the Dual Syndrome Hypothesis where executive dysfunction and 

visuospatial impairment in PD correspond to dopaminergic and cholinergic deficits respectively 

(Kehagia et al., 2013).  

 

The cognitive picture of PDD is commonly considered as a “subcortical” type since patients typically 

present with dysexecutive signs without the significant impairment in storage memory seen in 

“cortical” AD type dementia (Chui et al., 1986; Darvesh and Freedman, 1996). Hence, with varying 

cortical regions affected in PD and AD the differing clinical profiles may correlate with neuronal loss 

in particular nbM subsectors. However, only a small number of studies have investigated PDD 

separately and the different subregions within the nbM have not been compared in PDD cases. I 

reviewed the literature, estimated the regions sampled in various studies as mentioned before (Table 

4.6) and found a slightly greater deficit in the intermediate nbM region. This supports a recent imaging 

study (Klein et al., 2010) which reported a posterior-anterior gradient of cortical cholinergic deficit 

and this could be due to the extensive cell loss in the Ch4i affecting the cholinergic innervation to 

occipital-parietal cortical regions.  
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Alzheimer's disease 

Study n 
% loss relative to control 

Anterior nbM Intermediate nbM Posterior nbM Not specified/ Entire nbM 

Whitehouse et al., 1981 1 1    90% (Ch4) 
Perry et al., 1982 6 33%     
Whitehouse et al., 1982 5  73% (Max density) 

79% (Mean density) 
  

Arendt et al., 1983 14  54% (Max density) 
71.7% (Mean density) 

  

Candy et al., 1983 5 35%    
Nagai et al., 1983b 3    66% (Ch4) 
Tagliavini and Pilleri, 1983 9  63%   
Wilcock et al., 1983 6    49% (Ch4a or Ch4i) 
Mann et al., 1984 22  58.9%    
McGeer et al., 1984 6    33-69.7% (Ch4) 
● Arendt et al., 1985 5 46% (Ch4am) 

51.4% (Ch4al) 
62.6%  64.2%  57% (Ch1 to Ch4) 

Perry et al., 1985 2 8    8% (Moderate AD) 
● Rogers et al., 1985 3 64.7% (Total cell count/section) 

44.4% (Max density) 
74.9% (total cell count/section) 

66.4% (Max density) 
  

Doucette et al., 1986 8 50% (Moderate AD) 
70% (Severe AD) 

n.s. (Moderate AD) 
65% (Severe AD) 

n.s.(Moderate AD) 
80% (Severe AD) 

 

● Etienne et al., 1986b 10 73%  87%    
Rinne et al., 1987 7 22%  

64%  
   

 Allen et al., 1988 7    61% (Nissl; Ch4i or Ch4p) 
29% (Neuron specific enolase staining; 

Ch4i or Ch4p) 
Chan-Palay, 1988a 3 12    24% (Ch4a or Ch4i) 

● Wilcock et al., 1988 13 13% (n.s.) (Ch4am)  
52% in (Ch4al)  

41%  57%   

●Mufson et al., 1989 4 
 

7 35.1% in (Ch4am) 
76.4% in (Ch4al) 

62.1% 
 

76.5%  
 

 

Iraizoz et al., 1991 6 43%  25%  30.5%  31% (Ch4) 
Perry et al., 1993 4    39.3% (Not specified) 
Arendt et al., 1997 64    63.7% - 86.6% (Ch4) 
Iraizoz et al., 1999 21 48% 40%  56%  40% (Ch4) 
Zarow et al., 2003 86  41.1%    

Range 13%-76.4% 25%-87% 30.5%-80% 8%-86.6% 

 

Table 4.4. Studies of the nbM in AD. Studies where a caudal-rostral pattern of nbM neuronal loss is found are indicated by [●].1Familial AD; 2 Moderate AD; 3poor definition of nbM region. 

According to diagram in the study, area included indicates Ch4a and Ch4i; 4NGFR immunohistochemistry as marker for cholinergic neurons in the nbM. n.s., not significant. Table reproduced from 
(Liu et al., 2015a) 
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Parkinson's disease 

Study n 
% loss relative to control 

Anterior nbM Intermediate nbM Posterior nbM Not specified/ Entire nbM 

Arendt et al., 1983 1 5  87% (total count) 
70% (max density) 

  

Candy et al., 1983 3    Greater loss in PD than AD 
Whitehouse et al., 1983a 4  33.4% (n.s.)   
Gaspar and Gray, 1984 14 32% (mean cell count) 

34% (mean density) 
   

Nakano and Hirano, 1984 11  60.0% (mean density) 
52.2% (max density) 

  

Tagliavini et al., 1984  3  39.8%     
Perry et al., 1985 4    17.3% (Ch4) 
Rogers et al., 1985 1 39.8% (Total cell count/section) 

19.0% (Max density) 
39.7% (Total cell count/section) 

32.8% (Max density) 
  

Chan-Palay, 1988a 3    7.7% (Ch4a or Ch4i) 
Perry et al., 1993 7    67.9% (Not specified) 
Zarow et al., 2003 1 19  37.3%    
 Range 19.0%-39.8% 32.8%-87% - 7.7%-67.9% 

 
 

Parkinson's disease dementia 

Study n 
% loss relative to control 

Anterior nbM Intermediate nbM Posterior nbM Not specified/ Entire nbM 

Whitehouse et al., 1983a 2  77.1%  
53.1%  

  

Gaspar and Gray, 1984 18 60%  
58%  

   

Perry et al., 1985 10    72.2% (Ch4; PDD and DLB not 
distinguished) 

74.7% (Ch4; PD with AD) 
Rogers et al., 1985 3 44.3% (Total cell count/section) 

36.5% (Max density) 
72.3% (Total cell count/section) 

62.2% (Max density) 
  

Chui et al., 1986 3 66.1%    
Chan-Palay, 1988a 6    47.4% (Ch4a or Ch4i) 
Perry et al., 1993 14    41.7% (Ch4; PDD and DLB not 

distinguished) 
Range 36.5%-66.1% 53.1%-77.1%  41.7%-74.7% 

 

Table 4.5. Studies of the nbM in PD. 1Did not distinguish PDD from PD. n.s., not significant. Table reproduced from (Liu et al., 2015a) 

 

Table 4.6. Studies of the nbM in PDD. Table reproduced from (Liu et al., 2015a) 
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4.6.3 A dichotomous pattern of nbM cell loss in PD and AD 

Amyloid-beta (Aβ) plaques and tau neurofibrillary tangles (NFT) are hallmark neuropathological 

features of AD, the latter being more closely associated with cognitive decline (Arriagada et al., 1992). 

It has been well recognised that LB- and AD-type pathologies frequently co-exist in the brains of PDD 

and dementia with Lewy bodies (DLB) (Jellinger and Attems, 2014) and that there may be synergistic 

relationships between the two types of pathologies in the development of dementia (Compta et al., 

2011; Irwin et al., 2013).  

 

Cullen and Halliday proposed that the cause of neuronal loss in the nbM could differ between PD and 

AD (Cullen and Halliday, 1998). They studied cell loss and NFT pathology within the nbM of AD and LB 

disease with concomitant AD. Severe cell loss in the nbM of AD cases was accompanied by abundant 

extraneuronal NFT pathology. However, cases of LB disease with AD have equally severe nbM 

depletion, despite the relatively milder NFT pathology.  This suggests that the alpha-synuclein 

pathology could also be involved in nbM neuronal death in cases with LB pathology. This dichotomous 

disease process affecting the nbM in PD and AD was also described by Candy and colleagues. They 

reported that nbM neuronal loss in PD was more extensive than in AD in the absence of co-existing 

cortical NFT pathology (Candy et al., 1983). Similarly, Gaspar and Gray noted that in 5 of 6 PDD cases, 

there was severe nbM neuronal depletion despite relatively little or no cortical AD-type pathology 

(Gaspar and Gray, 1984). They concluded that cortical AD pathologies did not seem to affect the 

reduction of cholinergic cortical afferents in PD. In addition, Nakano and Hirano reported that 

neuronal loss in the nbM of PD is not associated with NFT in the cortex, hippocampus or in the nbM 

(Nakano and Hirano, 1984). Therefore, in order to study nbM loss in ‘pure’ PD, cases with severe AD 

pathologies should be excluded. In the studies I reviewed (Tables 4.5 and 4.6), most (Candy et al., 1983; 

Chan-Palay, 1988a; Chui et al., 1986; Gaspar and Gray, 1984; Perry et al., 1993, 1985; Tagliavini et al., 

1984) but not all (Arendt et al., 1983; Rogers et al., 1985; Whitehouse et al., 1983a; Zarow et al., 2003) 

have excluded cases with severe co-existing AD pathologies. 

 

Striatal Aβ has been suggested to contribute to the development of dementia in PD and DLB, 

independently of comorbid AD pathologies (Kalaitzakis et al., 2011; Kalaitzakis et al., 2008b). Although 

a couple of studies reported striatal Aβ as specific to DLB not PDD (Halliday et al., 2011; Jellinger and 

Attems, 2006), and subsequently concluded Aβ load in the striatum affects the temporal relationship 

between dementia and PD motor symptoms rather than presence of dementia, controversies remain 

as to whether the severity of striatal Aβ could differentiate PDD from DLB.  
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Other basal forebrain cholinergic nuclei, such as the medial septal nucleus (Ch1) and the vertical limb 

of the diagonal band nucleus (Ch2) also show differential susceptibility in AD and LB disorders. 

Fujishiro and colleagues reported the loss of Ch1 and Ch2 ChAT-positive neurons in DLB but not AD 

cases compared with controls (Fujishiro et al., 2006). However, a recent study reported no significant 

change in Ch1 and Ch2 ChAT-positive neurons in PD and PDD (Hall et al., 2014). So further work is 

needed to identify the potentially subtle pathological differences between PDD and DLB. One further 

consideration, as mentioned previously, is that other neurotransmitter deficits could contribute to 

cognitive decline in PD. Cell loss in the nbM happens in parallel with dopaminergic neuronal loss in 

the substantia nigra and ventral tegmental area; and noradrenergic neuronal loss in the locus 

coeruleus (Kehagia et al., 2010). Hence, the basal forebrain depletion could also be associated with 

the decrease in dopaminergic and noradrenergic innervation in PD. Finally, serotoninergic dysfunction, 

dysregulation of excitatory amino acid and purinergic interactions in PD (Stayte and Vissel, 2014) 

should not be neglected as they might also contribute to non-motor symptoms, including cognitive 

impairment in PD.  

 

4.6.4 Possible functional correlate to subdivisional neuronal loss in the nbM in PD 

Correlation relating specific cognitive deficits in PD with subsector pathology in the nbM has not been 

achieved, in part because of a lack of detailed neuropsychological testing in extant post mortem brain 

studies. An exception is from one study by Chui and co-workers in which 3 neuropathologically 

confirmed PD cases with dementia had undergone extensive neuropsychiatric tests before death and 

detailed cognitive profiles for the patients were available (Chui et al., 1986). Their cognitive 

impairment included the presence of hallucination, visuospatial impairment and attentional deficits 

typical in PD cases. When the cell count of nbM (apparently Ch4a) was compared against AD cases, a 

greater decrease in mean density was observed in PDD (66.1% loss) than AD (61.9% loss). On the other 

hand, the correlation between cognitive impairment in LB disorders and regional cortical involvement 

has been well supported by various functional imaging studies. In particular, atrophy and 

hypometabolism in the occipito-parietal region and, to a lesser extent, the frontal cortex in PDD 

patients relative to controls has been reported (González-Redondo et al., 2014). One study has 

compared the specific cognitive impairment in PD with regional fluorodeoxyglucose (FDG) uptake 

(Garcia-Garcia et al., 2012). The degree of executive dysfunction in PD patients correlated positively 

to hypometabolism score in the frontal lobe; whereas visuospatial function impairment correlated to 

occipito-parietal reduction in FDG uptake.  
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Hence, one could speculate that pathology in Ch4a correlates with executive dysfunction in PDD due 

to frontal and limbic cortical innervation from the anterior Ch4 area. Moreover, anosmia in PD and 

PDD has been shown to be associated with limbic cortical cholinergic denervation, which could again 

correlate with Ch4a pathology (Bohnen et al., 2010). Similarly, visuospatial impairment in PDD or even 

in early PD would possibly be due to neuronal loss in the Ch4i subsector. As PD/PDD patients typically 

have a less amnestic profile than AD, we would expect Ch4p to be relatively spared. However, visual 

hallucination in PD is a more complex phenomenon which might be due to a combination of occipito-

parietal hypometabolism (Imamura et al., 1999) and the presence of LB in the temporal lobe (Harding 

et al., 2002). Therefore pathology in the Ch4i and Ch4p regions may play a role in this characteristic 

element of cognitive dysfunction in PDD/DLB, along with other brain centres.  

 

In addition, in earlier studies, no distinction was made between PDD and DLB (Perry et al., 1993, 1985), 

as DLB is a more recently established clinical entity (McKeith et al., 2005), and it would be of interest 

to investigate whether the pattern of cell loss within the nbM subregions differs in PDD and DLB.  

 

4.7 Conclusion and future work  

Following my literature review on the studies of the nbM above, I also revisited the original work by 

Friedrich Lewy and found that the area he defined as the nbM was from the optic tract to septum 

pellucidum (Föorstl and Levy, 1991). This would equate to the anterior/intermediate Ch4 region 

according to modern classification and thus historical evidence illustrates that LB and severe neuronal 

depletion were first described in the anterior portion of nbM. Along with the collective evidence and 

our speculation that there is a relative sparing of posterior nbM involvement in PD patients, it could 

be hypothesised that pathology in the nbM begins in the anterior portion and progresses caudally in 

PD. This anatomical progression supports the prion-like propagation hypothesis (Angot et al., 2010; 

Brundin et al., 2010; Dunning et al., 2012; Frost and Diamond, 2010) and the dual-hit hypothesis of 

alpha-synuclein (Hawkes et al., 2009, 2007) where pathology starts in the olfactory bulb and spreads 

towards the basal forebrain region (Figure 4.5). However, further studies investigating the 

topographical innervation pattern from different subsectors of the human nbM to target regions and 

reciprocal connectivity are needed, particularly with the advancement in tractography and other high 

resolution imaging techniques. 

 
With the increasing number of imaging studies focusing on basal forebrain changes (Kilimann et al., 

2014; Kim et al., 2011) there is a need for this nucleus to be revisited in pathological studies. The 

potential for neuromodulatory treatment targeting the nbM is now being realised, in particular deep 

brain stimulation in dementia (Gratwicke et al., 2013; Kuhn et al., 2014) and stereotactic gene delivery 
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of trophic factors (Rafii et al., 2014). However, it is important to note that there are many caveats to 

consider, including distinctly varying pathogenesis of dementia in PD and AD. Better 

clinicopathological correlations have to be established, especially in relation to the different 

subregions of the nbM. This will improve our understanding of the pathological basis for different 

forms of dementing disorders and the role of forebrain cholinergic mechanisms in normal cognition 

as well as in the setting of cognitive decline. 

 

 

 
  

Figure 4.5. Projected schema of anatomical progression of pathology within the nbM with possible clinico-pathological 
correlations. Hypothesised progression is indicated by dashed arrows. Figure reproduced from (Liu et al., 2015a) 
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Chapter 5 – A clinicopathological investigation of the nucleus basalis of 
Meynert in Lewy body disorders, Alzheimer’s disease and ageing  
 
5.1 Introduction 

Parkinson’s disease (PD) is the commonest neurodegenerative movement disorder displaying a 

classical quartet of motor symptoms including resting tremor, bradykinesia, rigidity and postural 

instability, which has been well documented in the texts by Parkinson, Charcot and Gowers almost 

two centuries ago (Lees et al., 2009). Non-motor symptoms exist but they have not received much 

attention until recent years. In a survey conducted on a large number of PD patients and their 

caregivers, dementia and mild cognitive impairment in PD were identified as two of the current top 

ten research priorities for the management of PD (Deane et al., 2014). Indeed, an increased economic 

and caregiver burden with a greater mortality risk were associated with PD dementia (PDD) (Aarsland 

et al., 2000; Louis et al., 1997; Pressley et al., 2003). There is a mean prevalence of 24-31% for 

dementia in PD patients (Aarsland et al., 2005b) and they carry an approximately six-fold higher risk 

of developing dementia compared with the general population (Aarsland et al., 2001). Among long-

term survivors with PD, there is an 83% cumulative prevalence of dementia within the second decade 

of the illness (Hely et al., 2008).  

 

Although clinical heterogeneity exists, patients with PDD generally present with ‘subcortical’ type 

cognitive deficits (executive dysfunction, visuospatial impairment, attentional deficits) unlike the 

‘cortical’ type deficits with prominent amnesia and language dysfunction seen in AD (Emre et al., 2007). 

Cognitive deficits seen in dementia with Lewy bodies (DLB) were found to be similar with PDD and 

together they are classified as Lewy body dementias (LBDem). They are currently distinguished by the 

temporal onset of parkinsonism motor symptoms in relation to established dementia defined by the 

‘one-year rule’ (McKeith et al., 2005): If dementia occurs before or within one year of parkinsonism 

motor symptoms, it is termed as DLB. Otherwise, it is classified as PDD.  

 

Pathologically, AD-type pathology (neurofibrillary tau and amyloid-beta plaques) frequently co-exists 

in PDD cases. However, its severity does not normally reach a pathological diagnosis of AD (Emre et 

al., 2007). Also, cases with severe AD-type pathology do not cause the clinical syndrome presented in 

DLB (McKeith et al., 2005). Whilst cortical Lewy bodies (LB) were often associated with dementia in 

PD and DLB (Aarsland et al., 2005b; Harding and Halliday, 2001; Hurtig et al., 2000; Kövari et al., 2003; 

Mattila et al., 2000), and the presence of neocortical LB defines the end stage of PD according to a 

proposed hierarchal anatomical progression of alpha-synuclein (αSN) pathology correlating to 

cognitive decline (Braak et al., 2003), many PD cases with cortical LB do not have dementia or cognitive 
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impairment (Jellinger, 2008; Kalaitzakis et al., 2008a; Parkkinen et al., 2008). Recently, it was proposed 

that a synergistic interaction between amyloid beta (Aβ) tau and αSN exists (Irwin et al., 2013). A 

combination of both Lewy and AD-type pathologies correlates best to dementia in Lewy body 

disorders (LBD) (Compta et al., 2014, 2011; Horvath et al., 2013; Howlett et al., 2015). 

 

Although dopaminergic dysfunction correlates to the motor impairment in PD, dopamine replacement 

therapies have little effect or even worsen cognition in PD patients (Hietanen and Teräväinen, 1988; 

Pillon et al., 1989), suggesting neurotransmitter deficits other than dopamine are probably involved 

in cognitive dysfunction (Pillon et al., 1989). Similar to the cholinergic hypothesis in AD (Bartus et al., 

1982), cholinergic deficit seems to be the most robust contributing factor to dementia in LBD. 

Neocortical and limbic cholinergic markers were severely depleted in LBD as seen in neuropathological 

and imaging studies, with some even reporting a greater deficit in LBDem cases compared with AD 

(Bohnen et al., 2003; Kuhl et al., 1996; Shimada et al., 2015; Tiraboschi et al., 2002, 2000). In a study 

with 14 AD, 14 PD/PDD and 14 DLB cases by Perry et al (Perry et al., 1993), a differential regional 

cortical deficit in cholinergic activity was also found in post-mortem LBD and AD cases. Due to the 

small sample size of the study, we carried out a review on published post-mortem studies measuring 

cortical choline acetyltransferase (ChAT; an enzyme used for the synthesis of acetylcholine) activities 

with 877 individual subjects and showed a frontal-occipital gradient of increasing ChAT deficit in PD 

without cognitive impairment and in AD to a greater extent (Table 5.1, Appendix 4). In addition, a 

severe temporal cortical ChAT depletion was also found in AD cases (weighted mean reduction of 

64.3%). For PDD cases, a more severe global depletion of ChAT was found with ChAT activity reduced 

by over a half in all cortical regions, while depletion in DLB appears to be intermediate between PDD 

and AD. These changes were reflected on another review on in vivo imaging studies with cholinergic 

ligands labelling cholinergic terminals (Table 5.2, Appendix 5). The magnitude of cholinergic deficit 

was less than that seen in post-mortem studies, which is possibly due to less severely demented cases 

(with MMSE > 20 in most cases) being recruited in imaging studies. Nevertheless, similar anterior-

posterior gradient of increasing cortical cholinergic deficit was seen in AD and LBD cases, and overall 

cholinergic deficits were found to be more severe in LBDem than AD [PDD (-26.3%) > DLB (-25.3%) > 

AD (19.7%) >PD (13.1%)].  
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Neocortical acetylcholine innervation arises from the basal forebrain, in an area known as the nucleus 

basalis of Meynert (nbM) (Mesulam, 2013). Severe degeneration of the nbM has been reported in LBD 

cases to an extent comparable to that in seen AD (Candy et al., 1983; Chui et al., 1986; Perry et al., 

1985). Retrograde tracer studies on non-human primates demonstrated different subregions of the 

nbM topographically innervate different areas of the cerebral cortex (Mesulam et al., 1983a). In 

monkeys, the nbM can be divided into five subregions with the anterior part (Ch4a) including Ch4am 

and Ch4al projecting to the fronto-opercular and medial cortical regions; intermediate part (Ch4i) 

including Ch4id and Ch4iv projecting to lateral cortical regions in the frontal, parietal and occipital 

cortices; and the posterior part (Ch4p) projecting to the temporal polar and superior temporal gyrus. 

In humans, the transition between Ch4a and Ch4i is elongated, giving rise to the anterointermediate 

(Ch4ai) region (Mesulam and Geula, 1988). Recently, we adapted this subdivisional scheme and 

simplified it on the human brain, dividing the nbM into three similarly spaced portions as anterior, 

intermediate and posterior nbM (Liu et al., 2015a; Chapter 4). Using this subdivisional scheme, a 

review of the literature on nbM cell quantification with 468 subjects revealed a rostrocaudal gradient 

of increasing nbM loss in AD cases (Liu et al., 2015a), mirroring findings on neuropathological and 

imaging studies on cortical cholinergic innervation as described above. However, studies on LBD were 

less conclusive as all studies had a limited sample size (all n<20). In addition, dementia in PD was not 

well defined in earlier literature, and in particular no comparisons between nbM loss between PDD 

and DLB were made.  

 

Disease 
Number of 
studies 

Total number 
of subjects 

Weighted mean reduction of ChAT activity from controls 

Frontal cortex  Parietal cortex  Occipital cortex  Temporal cortex  

AD 20 492 47.9% 54.9% 57.7% 64.3% 

DLB 6 52 63.6% 74.9% 32.4% 68.0% 

PD 6 24 28.0% 52.6% 58.9% 28.1% 

PDD 5 40 66.6% 81.0% 74.0% 55.2% 
 
Table 5.1. Summary of post-mortem studies on regional cortical reduction of ChAT activity. Data summarised from 
studies reviewed in Appendix 4.  

Disease 
Number of 
studies 

Total 
number of 
subjects 

Overall reduction of 
cortical cholinergic 
ligand compared 
with controls 

Weighted mean regional reduction of 
cholinergic ligand compared with controls 

Frontal 
cortex  

Parietal 
cortex  

Occipital 
cortex  

Temporal 
cortex  

AD 8 129 19.7% 15.6% 18.6% 18.8% 23.8% 

DLB 4 38 25.3% 22.5% 26.9% 28.5% 28.7% 

PD 7 89 13.1% 9.7% 15.9% 18.3% 15.3% 

PDD 6 52 26.3% 23.8% 29.3% 37.1% 29.2% 
 
Table 5.2. Summary of in vivo PET/SPECT imaging studies using cholinergic ligands. Data summarised from studies 
reviewed in Appendix 5.  
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5.2 Hypothesis and aims 

Given the different domains of cognitive deficit presented in AD and LBD, and the differential regional 

cortical cholinergic deficit seen in previous studies, we hypothesise that different nbM subregions will 

be differentially affected across the spectrum of LBD and AD. The aims of this study were to 1) quantify 

neuronal loss in different nbM subregions in AD and LBD; 2) identify neuropathological substrates 

responsible for the neurodegeneration within the nbM; and 3) correlate subregional nbM loss with 

particular domains of cognitive dysfunction.  

 
5.3 Methods  

5.3.1 Human brain tissues and case selection 

Post-mortem human brain samples were obtained from the Parkinson’s UK Tissue Bank following the 

selection and exclusion criteria outlined in Chapter 2.1.3. (p.87). In summary, clinical summaries and 

neuropathological reports from 706 cases were reviewed, 217 cases (including 69 PD, 36 PD-MCI, 99 

PDD and 13 DLB) with 18 age-matched controls were selected. 174 cases (52 PD without cognitive 

impairment, 30 PD-MCI, 73 PDD, 8 DLB and 11 age-matched controls) with available nbM sections 

were included in this study. Additional cases including 24 AD, 12 DLB, 15 controls were obtained from 

the Newcastle Brain Tissue Resources (NBTR) (Appendix 6). 

 

PD cases were classified into various subtypes (TD, AR and mixed/undefined) as described previously 

(Chapter 2). In addition, the presence of different domains of cognitive impairment including visual 

hallucinations, memory impairment, attentional deficits, executive dysfunction, visuospatial 

impairment and sleep disturbances were recorded using retrospective analysis of clinical records from 

cases in the Parkinson’s UK Tissue Bank.  

 

5.3.2 Determination of nbM subregions 

Using the previously established subdivisional scheme for the human nbM (Liu et al., 2015a; Chapter 

4), subregions of the nbM were determined using available formalin-fixed, paraffin-embedded basal 

forebrain sections stained with H&E and CV/LFB for identification of anatomical landmarks. Anterior 

nbM is defined by the decussation of the anterior commissure (AC); Intermediate nbM is defined by 

the splitting of the globus pallidus into the external and internal segments with AC located 

ventromedial to the putamen; Posterior nbM is located at the coronal level of the mammillary body 

with the AC located ventrolateral to the putamen. The long axis of the nbM should be parallel to the 

ventral border of the basal forebrain and they must be found dorsolateral to the supraoptic nucleus. 

The number of cases with nbM subregion sections available for each disease category is summarised 

in Table 5.3 below.  
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5.3.3 Immunohistochemistry, quantification of cholinergic neurons and semi-quantitative 

analysis of pathological burden  

Consecutive tissue sections were immunostained for ChAT, αSN and tau according to a previously 

described protocol (Chapter 2.4.1, p.93). ChAT-positive neurons within the nbM were quantified and 

cell sizes (%cover/neuron) were determined using the ImagePro Plus © software as described in 

Chapter 2 (Section 2.5.1.), blinded to the clinical diagnosis. This method of neuronal quantification has 

a high intra-rater reproducibility with an ICC coefficient of 0.992 (95% confidence interval: 0.974-0.997) 

and a high inter-rater reliability [ICC = 0.906 (95% confidence interval: 0.670-0.976)]. Number of ChAT-

immunopositive neurons were compared with Nissl-stained neurons on consecutive sections in 5 

control and 5 AD cases. 95.0% (±12.5%) of magnocellular neurons (Nissl abundant) in the nbM were 

ChAT-positive in controls, and 92.0% (±6.9%) of that in AD cases were ChAT-positive, which is not 

significantly different. This validates the use of anti-ChAT antibodies as a robust marker for cholinergic 

neurons in the nbM. Overall αSN burden, Lewy pathology burden, αSN granular cytoplasmic staining 

(GrCS) burden and neuritic tau burden were assessed semi-quantitatively. The burden scores were 

graded from 0 to 3 (absence of pathology to abundant of pathology) (see Chapter 2.5.2, p.98). All 

categories of semi-quantitative assessment had a substantial to almost perfect intra- and inter-rater 

agreement on weighted Cohen’s kappa statistics (Table 5.4). 

 
 
5.3.4 Statistical analysis 

Demographic characteristics including mean age at death, mean age at disease onset, duration of 

disease and post-mortem interval in each disease category and control were assessed for normality 

using Shapiro-Wilk test and visual inspection of Q-Q plot. As the data were not normally distributed, 

each parameter was compared using Kruskal-Wallis multiple comparison test with post-hoc pairwise 

comparison. Similarly, ChAT-immunopositive cell count and %area coverage/neuron were assessed 

 Overall αSN  Lewy pathology αSN GrCS Neuritic tau 

Intra-rater Cohen’s kappa 0.859 0.722 0.955 0.837 
Inter-rater Cohen’s kappa 0.796 N/A N/A 0.756 

 
Table 5.4. Intra- and inter-rater reliability testing on various pathological burden scores.  
 

 Anterior nbM Intermediate nbM Posterior nbM 

Control (n=26) 12 11 8 

PD (n=52) 23 29 18 

PD-MCI (n=30) 16 14 15 

PDD (n=73) 36 31 33 

DLB (n=20) 7 10 8 

AD (n=24) 8 9 7 
 
Table 5.3. Summary of available tissue sections at different nbM levels.  
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for normality in each disease category and also in their respected nbM subregions. Normal distribution 

of data was only present for the anterior nbM region but not intermediate and posterior nbM regions. 

Therefore, overall normality could not be assumed and non-parametric Kruskal-Wallis test was used 

with post-hoc pairwise comparison (and Dunn’s correction). Semi-quantitative assessment of αSN and 

tau pathology in different nbM subregions was also assessed with Kruskal-Wallis test with post-hoc 

pairwise comparison. Differences in %ChAT-positive neurons from controls in different nbM 

subregions were compared between presence and absence of different domains of cognitive 

impairment using Mann-Whitney U tests. Linear regression was used for assessing the association 

between ChAT-positive neuron count and different demographic parameters. All correlation analysis 

between ChAT-positive neurons in different nbM subregions and pathological burden (αSN and tau) 

was performed with Spearman’s rho non-parametric correlation test.  Statistical significance is 

reached when p<0.05. All statistical analysis was carried out on Statistical Package for the Social 

Sciences (SPSS v.22, IBM) and GraphPad QuickCalcs software. Graphs were generated using GraphPad 

Prism 6 software.  

 

5.4 Results 

5.4.1 Case demographics 

A total of 52 PD without cognitive impairment, 123 LBD with cognitive impairment (30 PD-MCI, 73 

PDD and 20 DLB), 24 AD and 26 age-matched controls were selected for this study. Their demographic 

characteristics were summarised in Table 5.5 below. All demographic parameters were not 

significantly different for cases from the Parkinson’s UK cohort. With the addition of AD and further 

DLB cases from the NBTR, AD cases had a significantly older age at death and age at disease onset 

compared with PD cases. DLB cases had a significantly older age at disease onset compared with PD 

groups. AD and DLB had a significantly shorter duration of disease than PD-MCI and PDD groups. 

Although AD cases had a significantly longer post-mortem delay than the PD and PDD groups, perhaps 

due to differences in tissue bank retrieval procedures, their mean post-mortem interval was < 48 hours, 

which was acceptable for subsequent immunohistochemical procedures.  

 

For the 155 clinically and neuropathological confirmed cases of PD, 91 (58.1%) were classified as TD, 

44 (28.4%) were AR and 20 (12.9%) were mixed/undefined. The distribution of motor subtypes in 

various degrees of cognitive impairment is described in Table 5.6.  
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5.4.2 Quantification of ChAT-positive neurons in nbM subregions  

Due to natural anatomical variation between individual and the fact that nbM is an ‘open-nucleus’ 

with cholinergic neurons scattering in various interstitial components around a compact core 

(Mesulam and Geula, 1988), neuronal quantification was examined in the area with maximal density 

of ChAT-positive neurons for all cases. Maximal cell packing density has been shown to correlate well 

with mean cell count and total cell count in various previous studies (Arendt et al., 1983; Gaspar and 

Gray, 1984; Nakano and Hirano, 1984; Rogers et al., 1985), validating its use on the current study. 

Consistent with previous studies, variation in ChAT-positive neuronal density could be found across 

different nbM subregions (Halliday et al., 1993; McGeer et al., 1984) with posterior nbM having the 

lowest nbM neuronal density (Table 5.7). Comparisons of nbM ChAT-positive neuron density across 

different disease groups were made by converting absolute cell count to relative percentage of the 

control values.  

 
Comparing with age-matched controls, LBD and AD had a decrease in ChAT-positive neuron density of 

greater than 40% across all nbM subregions (Table 5.7, Figure 5.1.). In particular, for PD cases, there 

 Control PD PD-MCI PDD DLB AD 

n 26 52 30 73 20 24 

M:F (%M) 8:18 (30.8%) 29:23 (55.8%) 17:13 (56.7%) 52:21 (71.2%) 13:7 (65.0%) 11:13 (45.8%) 

Mean age at death 
(SD) 

81.35 (10.159) 77.04 (7.222) 75.57 (7.899) 78.08 (7.895) 79.55 (6.160) 85.75 (5.848) # 

Mean age at 
disease onset (SD) 

N/A 64.40 (9.409) 61.37 (11.909) 64.74 (10.530) 75.00 (6.333)$ 77.86 (8.357)$  

Duration of disease 
(SD) 

N/A 12.67 (6.404) 14.30 (7.106) 13.41 (6.396) 4.95 (3.027)& 8.23 (3.854)& 

Median Braak αSN 
stage 

0 6 6 6 6 0 

Median Braak tau 
stage  

2 2 2 2 2.5 6 

Post-mortem 
interval, hours (SD) 

39.88 (25.871) 22.65 (12.567) 29.39 (19.899) 24.79 (18.545) 39.75 (26.77) 44.88 (21.12)@ 

 
Table 5.5. Demographic characteristics for all cases in this study. 
#Kruskal-Wallis multiple comparison test with post-hoc pairwise comparison. AD mean age at death is significantly greater than PD 
(p<0.001), PD-MCI (p<0.001) and PDD (p=0.001) 
$Kruskal-Wallis multiple comparison test with post-hoc pairwise comparison. Age at onset at DLB group and AD group are significantly 
older than PD, PD-MCI and PDD (all p ≤ 0.001).  
&Kruskal-Wallis multiple comparison test with post-hoc pairwise comparison. Duration of disease for DLB is significantly lower than PD, 
PD-MCI and PDD groups (all p ≤ 0.001); for AD is significantly lower than PD-MCI and PDD groups (p<0.05).  
@ Kruskal-Wallis multiple comparison test with post-hoc pairwise comparison. Post-mortem interval in AD is significantly longer than PD 
(p<0.001) and PDD (p<0.001).  
 

 Tremor-dominant Akinetic-rigid Mixed/undefined 

PD (n=52) 31 (59.6%) 13 (25.0%) 8 (15.4%) 

PD-MCI (n=30) 22 (73.3%) 6 (20.0%) 2 (6.7%) 

PDD (n=73) 38 (52.1%) 25 (34.2%) 10 (13.7%) 

Total (n=155) 91 (58.7%) 44 (28.4%) 20 (12.9%)  
 
Table 5.6. Different motor subtypes among PD cases.  
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is a step-wise gradient of cholinergic deficit as cognitive disability increases (from PD to PD-MCI to 

PDD) across all nbM subregions, more apparent in the more rostral component of the nbM. Even for 

PD without cognitive impairment, a trend decrease of over 55% ChAT-positive neuronal loss (non-

adjusted p=0.008, adjusted p=0.12) from control could be seen in the posterior nbM. A rostrocaudal 

gradient of increasing severity of cholinergic neuronal loss was seen in AD cases with a relative sparing 

of the anterior nbM, whereas all three subregions of the nbM seemed to be equally susceptible in 

LBDem cases. In general, the overall trend of mean ChAT-positive neuronal density change from 

control across the entire nbM is as follow: PD < AD < PD-MCI < PDD < DLB (Table 5.7). The degree of 

ChAT-positive neuronal loss in LBDem appeared to be comparable to that in AD with a trend towards 

a greater deficit compared with AD. This trend was most apparent in the anterior nbM where a 

significant decrease of 70.2% (p<0.001) and 67.4% (p<0.01) from control was found in PDD and DLB 

cases respectively compared with a trend decrease of 44.7% seen in AD cases (non-adjusted p=0.014, 

adjusted p=0.214). No significant difference in ChAT-positive neuron density could be identified 

between PDD and DLB.  

 

By grouping PD-MCI, PDD and DLB cases together (Figure 5.2), differences in cholinergic cell density 

in the nbM can be compared between LBD with and without cognitive impairment and with AD. For 

LBD cases without cognitive impairment, significant reduction in ChAT-positive neuron density was 

found in posterior nbM (p<0.05) to a similar extent as those with cognitive impairment. Among cases 

with cognitive deficits, a global nbM deficit was evident in LBD cases whereas a relative sparing of the 

anterior nbM could be seen in AD. However, a large degree of variation was found in AD cases in the 

anterior nbM and no significant ChAT-positive density differences could be observed between AD and 

LBD.   

 

 Anterior nbM Intermediate nbM Posterior nbM Whole nbM 

 

n 

Mean ChAT-
positive neuron 
count ± SD 

% change 
from 
control n 

Mean ChAT-
positive neuron 
count ± SD 

% change 
from 
control n 

Mean ChAT-
positive neuron 
count ± SD 

% change 
from 
control 

Overall % 
change from 
control 

Control 12 249.67 ± 52.56 N/A 11 237.82 ± 67.06 N/A 8 174.00 ± 34.97 N/A N/A 

PD 23 148.04 ± 64.96 -40.70% 29 138.21 ± 71.32 -41.89% 18 77.22 ± 51.48 -55.62% -45.0% 

PD-MCI 16 82.13 ± 44.41 -67.11% 14 90.29 ± 76.80 -62.04% 15 46.00 ± 33.66 -73.56% -67.7% 

PDD 36 74.36 ± 36.46 -70.22% 31 56.84 ± 29.16 -76.10% 33 43.61 ± 21.92 -74.94% -73.6% 

DLB 7 81.29 ± 46.44 -67.44% 10 56.50 ± 23.87 -76.24% 8 33.75 ± 23.09 -80.60% -75.2% 

AD 8 138.00 ± 85.34 -44.73% 9 80.78 ± 42.24 -66.03% 7 50.00 ± 38.28 -71.26% -60.5% 

 
Table 5.7. Comparison of mean ChAT-positive neuronal count in different disease category in different nbM subregions.  
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Figure 5.1. Tukey box-and-whisker plots of mean ChAT-positive neuronal count relative to age-matched controls in different 
disease category in different nbM subregions. Cross (+) within the Tukey box-and-whisker plots denotes the mean value for each 
cohort. *p<0.05, **p<0.01, ***p<0.001; Kruskal-Wallis test with post-hoc pairwise analysis (Mann-Whitney U tests with Dunn’s 
correction) 
 

Figure 5.2. Tukey box-and-whisker plots of mean ChAT-positive neuronal count relative to age-matched controls in LBD without 
cognitive impairment, LBD with cognitive impairment and AD in different nbM subregions. Cross (+) within the Tukey box-and-
whisker plots denotes the mean value for each cohort. *p<0.05, **p<0.01, ***p<0.001; Kruskal-Wallis test with post-hoc pairwise 
analysis (Mann-Whitney U tests with Dunn’s correction) 
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Neuronal size was measured using imaging software expressed as percentage area coverage by ChAT-

positive staining per neuron (Figure 5.3). AD cases tend to have smaller ChAT-positive neuronal size. 

Although no significant difference was observed between AD and controls, neuronal size was 

significantly smaller in AD compared with PD cases without cognitive impairment in all three nbM 

subregions. This difference was most apparent in the posterior nbM sector where neuronal size was 

also significantly smaller than PD-MCI (p<0.05) and PDD cases (p<0.01). Interestingly, neuronal size 

was found to be significantly smaller in DLB compared with PD cases (p<0.01) only in the intermediate 

nbM sector.  

 

5.4.3 Association of subregional ChAT-positive neuron count with demographic parameters  

ChAT-neuronal density within the intermediate and posterior nbM for LBD cases with cognitive 

impairment were not normally distributed, as evidenced by a high number of outliers shown in the 

box-plots in figure 5.2. This was shown to be due to differences in gender and motor subtypes in PD 

patients. As shown in table 5.8, males had a significantly lower ChAT-positive neuronal density 

compared with females in the intermediate (p=0.035) and posterior (p=0.019) nbM. Also akinetic-rigid 

PD had a significantly lower ChAT-positive neuronal density compared with tremor-dominant type in 

the intermediate (p<0.05) and posterior (p<0.05) but not the anterior nbM. (Figure 5.4) 

Figure 5.3. Tukey box-and-whisker plots of %area coverage per neuron of ChAT-immunoreactivity in different disease 
category and in different nbM subregions. Cross (+) within the Tukey box-and-whisker plots denotes the mean value for 
each cohort. *p<0.05, **p<0.01, ***p<0.001; Kruskal-Wallis test with post-hoc pairwise analysis (Mann-Whitney U tests with 
Dunn’s correction) 
 

 Male Female p 

Mean ChAT-positive neuron count in anterior nbM (SD) [n] 100.67 (61.85) [52] 91.00 (48.64) [30] 0.751 

Mean ChAT-positive neuron count in intermediate nbM, (SD) [n] 76.27 (52.56) [52] 113.53 (79.11) [32] 0.035 

Mean ChAT-positive neuron count in Posterior nbM, (SD) [n] 44.71 (30.77) [52] 66.55 (44.35) [22] 0.019 
Table 5.8. Comparison of subregional nbM ChAT-positive neuronal count between male and female in LBD cases.  
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When exploring the association between subregional nbM ChAT-positive neuronal density and various 

demographic parameters (Table 5.9), no significant association between age at death and subregional 

nbM ChAT-positive neuronal count was found. However, when linear regression was performed on 

different disease categories, a longer duration of disease in AD cases is significantly associated with a 

lower anterior nbM ChAT-positive neuronal density (β = -0.983, p<0.001). Also, a greater anterior nbM 

count was associated with older disease onset in AD (β = 0.909, p=0.005). No significant association 

between demographic parameters and nbM count was found in LBD cases.  

Figure 5.4. Comparison of subregional nbM ChAT-positive neuronal count between tremor-dominant and akinetic-rigid 
subtypes of PD. *p<0.05; Mann-Whitney U test. 
 

Linear regression Anterior nbM count  Intermediate nbM count  Posterior nbM count  

Controls    

Age at death β -0.252 0.387 0.387 

p 0.429 0.240 0.344 

AD cases     

Age at onset β 0.909** -0.090 0.612 

p 0.005 0.833 0.144 

Age at death β 0.607 -0.275 0.751 

p 0.110 0.474 0.052 

Duration of disease β -0.983*** -0.497 -0.513 

p <0.001 0.210 0.239 

LBD cases     

Age at onset β 0.059 0.143 0.140 

p 0.597 0.195 0.239 

Age at death β -0.066 0.129 0.158 

p 0.554 0.241 0.178 

Duration of disease β -0.175 -0.078 -0.072 

p 0.116 0.480 0.544 

Table 5.9. Associations between subregional nbM count with various demographic parameters 
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5.4.4 Pathological αSN and tau burden in the nbM  

Semi-quantitative assessment of αSN and tau pathologies were carried out in the three nbM 

subregions of all cases (Figure 5.5). Unsurprisingly, all LBD cases had some degree of αSN pathology. 

A significantly higher overall αSN, Lewy pathology and αSN GrCS burden score compared with controls 

and AD cases was found across all three subregions of the nbM. The greatest proportion of severe 

αSN burden was found in the anterior nbM (Table 5.10). AD cases had a significantly higher neuritic 

tau burden than controls and LBD cases in the anterior and posterior nbM (Figure 5.5). In the 

intermediate nbM, neuritic tau burden was not significantly different between DLB and AD cases 

(Figure 5.5).  

 

 

 

 

  

 Pathological burden score  

 0-1 2-3 

Overall aSN 

Anterior nbM, n (%) 36 (37.5%) 60 (62.5%) 

Intermediate nbM, n (%) 55 (54.5%) 46 (45.5%) 

Posterior nbM, n (%) 69 (79.3%) 18 (20.7%) 

Neuritic tau 

Anterior nbM, n (%) 72 (75.8%) 23 (24.2%) 

Intermediate nbM, n (%) 78 (78.0%) 22 (22.0%) 

Posterior nbM, n (%) 74 (85.1%)  13 (14.9%) 

Table 5.10. Comparison between high and low pathological burden scores in different nbM subregions   
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Figure 5.5. Scatter plots showing mean semi-quantitative pathological burden scores for different disease categories in various nbM subregions. *p<0.05, **p<0.01, ***p<0.001; 
Kruskal-Wallis test with post-hoc pairwise analysis (Mann-Whitney U tests with Dunn’s correction) 
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When pathological burden score was correlated with subregional nbM ChAT-positive cell count, no 

significant correlation between neuritic tau burden in the nbM and ChAT-positive cell count was found. 

However for αSN, Lewy pathology (Lewy neurites and Lewy bodies) were the most important marker 

as increased burden significantly correlated with a decreased ChAT-positive neuronal density in all 

three nbM subregions. Anterior nbM ChAT-positive neuron count was most sensitive to αSN 

pathologies as neuronal count negatively correlated with overall αSN burden in the anterior nbM 

(Spearman’s rho = -0.203, p=0.047) and Lewy pathology burden in the anterior (Spearman’s rho = -

0.356, p<0.001) and posterior (Spearman’s rho = -0.564, p=0.002) nbM. (Table 5.11) 

  

  Anterior nbM count  Intermediate nbM count  Posterior nbM count  

αSN burden    

Anterior nbM overall αSN 
burden 

Spearman’s rho -0.203* -0.145 -0.160 

p 0.047 0.508 0.446 

Anterior nbM Lewy pathology 
burden 

Spearman’s rho -0.356*** -0.405 -0.414* 

p <0.001 0.055 0.040 

Anterior nbM granular 
cytoplasmic inclusion burden 

Spearman’s rho -0.142 0.033 -0.051 

p 0.169 0.881 0.809 

Intermediate nbM overall αSN 
burden 

Spearman’s rho -0.077 -0.054 -0.048 

p 0.733 0.591 0.811 

Intermediate nbM Lewy 
pathology burden 

Spearman’s rho -0.225 -0.299** -0.097 

p 0.314 0.002 0.631 

Intermediate nbM granular 
cytoplasmic inclusion burden 

Spearman’s rho 0.213 0.140 0.137 

p 0.340 0.163 0.495 

Posterior nbM overall αSN 
burden 

Spearman’s rho -0.371 -0.092 0.034 

p 0.052 0.655 0.754 

Posterior nbM Lewy pathology 
burden 

Spearman’s rho -0.564** -0.215 -0.056 

p 0.002 0.292 0.609 

Posterior nbM granular 
cytoplasmic inclusion burden 

Spearman’s rho -0.206 -0.042 0.171 

p 0.294 0.838 0.114 

Tau burden     

Anterior nbM tau burden Spearman’s rho -0.103 -0.242 -0.128 

p 0.321 0.255 0.532 

Intermediate nbM tau burden Spearman’s rho -0.115 -0.037 -0.145 

p 0.611 0.715 0.471 

Posterior nbM tau burden Spearman’s rho 0.105 -0.185 0.016 

p 0.594 0.355 0.880 

Table 5.11 Correlation between subregional nbM ChAT-positive neuronal count and subregional pathological burden scores 
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5.4.5 Clinopathological correlations in different nbM subregions 

With retrospective case-note analysis, the documented presence of various cognitive features of 174 

cases from the Parkinson’s UK cohort was noted and summarised in Table 5.12. Of note, visual 

hallucination and sleep disorders were present in over half of the PD patients without significant 

cognitive impairment. Cases with reported presence of visual hallucination or memory impairment 

had a significantly lower ChAT-positive neuronal count across all three subregions of the nbM (Figure 

5.6). Those with reported attentional deficits and sleep disorder had a decreased intermediate and 

posterior nbM ChAT-positive neuron density respectively. No significant difference in nbM neuronal 

count was found in those with or without reported presence of executive dysfunction or visuospatial 

impairment. However, these features were likely to be under-reported as less than 40% of LBD cases 

had documented presence of these cognitive features, even for LBDem cases.  

 Control PD PD-MCI PDD DLB 

Total n 11 52 30 73 8 

Reported presence of visual hallucination, n (%) 0 (0.0%) 26 (50.0%) 23 (76.7%) 68 (93.2%) 7 (87.5%) 

Reported presence of memory impairment, n (%) 1 (9.1%) 5 (9.6%) 20 (66.7%) 53 (72.6%) 6 (75.0%) 

Reported presence of executive dysfunction, n (%) 0 (0.0%) 1 (1.9%) 6 (20.0%) 13 (17.8%) 3 (37.5%) 

Reported presence of visuospatial impairment, n (%) 0 (0.0%) 0 (0.0%) 2 (6.7%) 10 (13.7%) 3 (37.5%) 

Reported presence of attention deficits, n (%) 0 (0.0%) 2 (3.8%) 5 (16.7%) 14 (19.2%) 3 (37.5%) 

Reported presence of sleep disorders, n (%) 1 (9.1%) 28 (53.8%) 21 (70.0%) 59 (80.8%) 6 (75.0%) 
Table 5.12. Reported presence of neuropsychiatric dysfunction in cases from the Parkinson’s UK Tissue bank cohort. 
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Figure 5.6. Comparison of subregional nbM ChAT-positive neuronal count with reported presence of various 
neuropsychiatric features from the Parkinson’s UK Cohort. *p<0.05, **p<0.01, ***p<0.001; Mann-Whitney U test. 
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5.5 Discussions 

Although multiple neurochemical deficits were found to a certain extent in PD, contributing to the 

development of cognitive dysfunction, due to the significance of the nbM efferent innervating the 

entire cerebral cortex topographically, I felt it was important to investigate this basal forebrain region 

in detail among LBD, AD and the aged brains. This study is the first to demonstrate differential 

pathology within different subregions of the nbM comparing clinically and neuropathologically 

defined pure LBD and AD cases. Consistent with my previous observation from a review with all 

previous studies quantifying neuronal loss in the nbM (Liu et al., 2015a), a rostrocaudal gradient of 

increasing severity of cholinergic loss in the nbM was found in AD cases with the greatest degree of 

loss found in the posterior nbM. According to retrograde tracer studies on non-human primates 

(Mesulam et al., 1983a), the posterior portion of the nbM (Ch4p) projects to the superior temporal 

gyrus and temporal polar regions. Supporting this, a number of post-mortem studies measuring 

regional cortical ChAT activity in AD cases reported the greatest loss in the temporal and parietal 

cortical regions (Davies, 1979; Dickson et al., 1987; Perry et al., 1994, 1993, 1985; Rossor et al., 1980; 

Tiraboschi et al., 2000). My review with 20 studies and 506 AD individuals showed a mean temporal 

cortical ChAT activity reduction of 64.3% (Table 5.1, Appendix 4), which is comparable to the 71.3% 

posterior nbM cholinergic neuron loss in the current study. The predominant loss of temporal cortical 

cholinergic innervation was also reported in in vivo imaging studies with cholinergic ligands, although 

the degree of reduction was milder (Iyo et al., 1997; Kuhl et al., 1996; Shimada et al., 2015; Tanaka et 

al., 2001) (mean reduction of 23.8%; Table 5.2 and Appendix 5) than post-mortem studies due to the 

relatively less severe AD cases (MMSE generally greater than 16) recruited in imaging studies. 

Furthermore, topographic evolution of tau pathology in AD (Braak and Braak, 1995), and the primary 

age-related tauopathy (PART) originating from the entorhinal and hippocampal regions (Crary et al., 

2014) may affect cholinergic efferents from the posterior nbM contributing to neuronal loss. The 

relative sparing of the frontal cortex-projecting anterior nbM was also reflected by the modest 

reduction of frontal cortical ChAT-activity in post-mortem studies and cholinergic ligand in imaging 

studies (Table 5.1, 5.2).  

 

The concept of LBDem has only been consolidated in recent years, and this study investigated pure 

LBD cases without concomitant vascular and AD pathologies. In particular, this was the first time 

subdivisional nbM pathology has been compared between PDD and DLB in the literature. To ascertain 

the presence of cognitive impairment and dementia in LBD cases, longitudinal follow-up on patients 

with detailed neuropsychiatric testing on multiple cognitive domains is often needed. Prospective 

clinicopathological studies are not common. Currently, only one study by Hall and colleagues (Hall et 
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al., 2014) used a prospective cohort of PD patient and reported significant nbM ChAT-positive loss in 

PDD but not PD patients without cognitive impairment. Although retrospective case-note analysis is 

prone to ascertainment bias, this can be improved with careful selection of cases with good quality of 

clinical notes. With detailed retrospective analysis of clinical records, I identified a group of PD patients 

in my cohort who had significant cognitive impairment in one or more domains but their severity did 

not reach a clinical diagnosis of dementia, which I classified as PD-MCI. In this study, a step-wise 

decrease of cholinergic neuronal density in the nbM from controls to an increasing severity of 

cognitive disability in PD patients was found. In particular, the deficit in PD-MCI cases was between 

that in PD without cognitive impairment and PDD cases, which validates the use of retrospective case-

note analysis for the ascertainment of cognitive impairment in PD. All three subregions of the nbM 

appeared to be equally susceptible to cholinergic neuronal loss in PDD cases and such degree of 

cholinergic neuron depletion across the entire nbM was not significantly different from that in DLB 

cases. Together with the global cortical ChAT activity reduction seen in other post-mortem studies, 

this further supported the idea that DLB and PDD fall along the same spectrum of LBDem in which 

they share similar clinical phenotypes and pathological deficits.  

 

Cholinergic neuron loss in PD-MCI cases was not significantly different from that in PDD and DLB cases, 

indicating severe cholinergic depletion occurs early before manifestation of significant cognitive 

impairment which interferes with activity of daily living, an observation reported previously by other 

authors (Bohnen et al., 2012; Halliday et al., 2014). This therefore justified the grouping of PD-MCI, 

PDD and DLB as an entity as LBD with cognitive impairment which I used to compare with PD, AD and 

age-matched controls. Here, I reported LBD with cognitive impairment had a global nbM neuronal loss 

of ChAT-positive neurons, whereas significant decrease was only found in the posterior nbM in PD 

without cognitive impairment. Mufson et al (Mufson et al., 1991) reported nerve growth factor (NGF) 

receptor-containing neurons were only significantly reduced in the anterolateral and posterior nbM 

with severe reduction of temporal cortical cholinergic innervation in non-demented PD cases. In a PET 

imaging study by Klein et al (Klein et al., 2010), cortical cholinergic innervation as measured using a 

ligand [11C]-MP4A was found to be severely depleted in PDD and DLB cases in the entire cerebral 

cortex, whereas only the occipital cortical cholinergic innervation was significantly depleted in PD 

cases without cognitive impairment. According to the topographic innervation map of the nbM, one 

would expect the intermediate and posterior sectors of the nbM to be significantly affected. However, 

as previously mentioned, the original nbM subdivision was based on rhesus monkeys and the anatomy 

certainly did not apply to humans. Summarising results from this study, current in vivo PET/SPECT 

imaging studies and other post-mortem investigations on cortical ChAT activities, I found 1) neuronal 
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loss across the entire nbM in LBDem cases correlating to global cortical cholinergic depletion; 2) 

Relative sparing of anterior nbM loss in AD cases correlating to the least cholinergic denervation in 

frontal cortical regions; and 3) significant loss in the posterior nbM in PD cases without cognitive 

impairment correlating to occipital cortex cholinergic depletion. I proposed the functional connectivity 

of the nbM in human as demonstrated in the following figure (Figure 5.7), in particular my definition 

of the posterior nbM probably has a significant overlap with the Ch4i sector as proposed by Mesulam 

et al (Mesulam and Geula, 1988; Mesulam et al., 1983a), as supported by imaging and post-mortem 

studies of cholinergic innervation and ChAT activities (Tables 5.1, 5.2). Further evidence was provided 

by a tractography study where projection of the basal forebrain splits into two distinct pathways – 

with a medially projecting pathway from the to supply medial frontal and cingulate cortices, and a 

lateral projecting pathway supplying the dorsolateral frontal and temporal, parietal, occipital cortices 

(Selden et al., 1998).  
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  Figure 5.7. Proposed functional connectivity of the human nbM. Innervation pattern from Ch4 subregions on the left is the projected innervation based on retrograde tracer studies on non-
human primates by (Mesulam et al., 1983a). Innervation pattern on the right is the proposed innervation from various nbM subregions (as previously delineated in (Liu et al., 2015a) based on 
results from from the current study and evidence from previous post-mortem and in vivo imaging studies. 
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Recently, measurement of substantia innominata thickness and volumetric analysis of the basal 

forebrain with magnetic resonance imaging (MRI) were found to be surrogate markers for nbM 

degeneration (Choi et al., 2012; Grothe et al., 2014; Hanyu et al., 2005, 2002a; Oikawa et al., 2004; 

Sasaki et al., 1995; Teipel et al., 2005). A reduced thickness of the basal forebrain measured at the 

level of anterior commissure decussation was found in AD, PDD and DLB patients (Hanyu et al., 2002a; 

Oikawa et al., 2004; Sasaki et al., 1995) and it significantly correlates with MMSE scores (Hanyu et al., 

2002b). Subregional basal forebrain volumetric mapping revealed the greatest loss was found in the 

posterior portion of the nbM in AD patients (Grothe et al., 2014; Kilimann et al., 2014) . These studies 

supported post-mortem investigation on nbM degeneration to a certain extent. However, with MRI 

imaging, it not possible to determine the atrophy detected is due to specific cholinergic neuronal loss 

or neuronal shrinkage within the nbM. Post-mortem studies on AD nbM neuronal sizes were 

inconclusive with some suggesting hypertrophic changes (Iraizoz et al., 1991), particularly with 

reticular neurons (Arendt et al., 1986), whilst others reported neurodegenerative changes in the nbM 

of AD patients were mainly due to cell shrinkage rather than neuronal loss (Allen et al., 1988; Pearson 

et al., 1983; Rinne et al., 1987; Vogels et al., 1990). A detailed morphometric analysis in different 

subregions of the nbM in AD cases by Iraizoz et al (Iraizoz et al., 1999) revealed significant nuclear size 

increase but no overall change in cell size compared with controls, which was in agreement with two 

other studies also reporting no size differences across all nbM subregions (Etienne et al., 1986b; 

Lehéricy et al., 1993). In the present study, using %coverage of ChAT-immunopositive signal per 

neuron as a marker for cholinergic neuronal size, a slight non-significant decrease in cell size from 

control was observed in AD cases. However, neuronal sizes were significantly smaller in AD cases 

compared with PD across the entire nbM, most pronounced in the intermediate nbM. DLB cases also 

had significantly smaller intermediate nbM cholinergic neurons compared with PD. This indicates 

subtle shrinkage of neuronal size is present in AD and within a subregion of DLB cases, and 

hypertrophic changes for PD without cognitive impairment. Increase in neuronal size for PD has been 

reported in the supraoptic and paraventricular nuclei (Ansorge et al., 1997; Purba et al., 1994), but 

only nucleolar volume loss have been reported in the nbM of PD patients (Mann et al., 1984). Neuronal 

hypertrophy (often with increased dendritic branching) has been proposed as a compensatory 

mechanism as a response to general neuronal loss for the local maintenance of dendritic arborisation 

(Arendt et al., 1986; Hinds and McNelly, 1977). On the other hand, shrinkage of basal forebrain 

neurons found following experimental cortical lesions in rats and monkeys (Pearson et al., 1983; 

Sofroniew et al., 1987, 1983; Stephens et al., 1988), and in human brains after extensive cortical 

damage (Pearson et al., 1983), was thought to result in retrograde degeneration. In AD, cortical 

neurofibrillary tau and Aβ plaque pathology accompanying the lack of target trophic support due to 
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impaired retrograde transport or endocytosis of cortical NGF to the nbM (Counts and Mufson, 2005) 

appeared to be the main contributors for cortical damage which leads to retrograde degeneration of 

neurons and cell death. Similarly, in DLB, high burden of cortical LB as well as increased cortical pre-

synaptic αSN aggregates detected using paraffin-embedded tissue blot and protein aggregate 

filtration (PAF) assay is associated with the loss of dendritic spines (Kramer and Schulz-Schaeffer, 2007). 

This supports the idea proposed by Perry et al (Perry et al., 1993) that nbM degeneration is a primary 

phenomenon in PD, whereas that in AD, and possibly DLB as shown in this study, is secondary due to 

retrograde degeneration from cortical targets.  

 

Although age-dependent nbM loss has been reported in previous studies (Halliday et al., 1993; Lowes-

Hummel et al., 1989; McGeer et al., 1984), stability of nbM count with age was also reported (Bigl et 

al., 1987; Chui et al., 1984; Whitehouse et al., 1983b). However, in the Chui et al study, 9 out of 10 

cases below the age of 60 suffered from chronic alcoholism which may account for the lower baseline 

cell count leading to insignificant age-related nbM loss (Chui et al., 1984), and therefore should be 

excluded. Etienne et al found that only the Ch4i was significantly correlated with age within the 10 

control cases (mean age 75.6) they studied but not in other nbM subregions or in AD cases (Etienne 

et al., 1986b). In the current study, regardless of the disease status, no significant age-dependent nbM 

loss was observed. The difference between our study and others may be due to the older control cases 

in our cohort (mean age 81.35) and it may suggest that changes in nbM count may be stabilised in 

older age. Longer disease duration in AD significantly led to lower cholinergic cell count in the anterior 

nbM. However, another study with 21 AD cases showed significant correlation between disease 

duration and intermediate and posterior nbM neuronal count but not anterior nbM count (Iraizoz et 

al., 1999). The differential involvement in different nbM subregions may reflect the clinical 

heterogeneity within AD patients, and further study with more detailed characterisation of 

neuropsychiatric profile will be needed. Nevertheless, it appears that degeneration of the nbM is 

dependent upon the duration of AD, which may explain the efficacy of pro-cholinergic treatment only 

during early phases of the disease. On the other hand, for LBD cases, no association was found 

between longer disease duration and nbM cell loss, which supports previous observation in a study 

with 32 PD cases (Gaspar and Gray, 1984).   

 

An interesting finding from this study is the presence of gender differences in subregional nbM ChAT-

positive neuronal count in LBD cases. Although the cohorts in this study were not matched for gender, 

when all cases were grouped and analysed as a whole, males had a significantly lower cholinergic 

neuronal count compared with females in the intermediate and posterior nbM subregions. 
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Considering that males have a higher risk for both PD and the subsequent development of dementia 

(Savica et al., 2013), there may be inherent genetic factors which make the nbM more susceptible to 

damage in males or protect nbM neurons in females. Future studies should explore possible genetic 

links with cholinergic dysfunction and cognitive impairment in LBD, particularly with regards to X-

linked genes. 

 

Disease subtypes may also account for the difference in cholinergic neuronal count in AD and PD. In 

this study, older disease onset is associated with a greater ChAT-positive neuronal density within the 

anterior nbM for AD cases, possibly indicating a milder disease course in older AD patients. This 

supports the theory that early onset AD (typically with age at onset <65) is associated with more severe 

neuropathology (Hansen et al., 1988; Kuhl et al., 1996). Although direct comparison of nbM count 

between early and late onset AD did not reveal any significant difference (Etienne et al 1986), greater 

neocortical and hippocampal cholinergic loss has been reported in neuropathological studies 

measuring cortical ChAT activity (Bird et al., 1983; Rossor et al., 1984) and on SPECT study using the 

imaging ligand 123I-IBVM, which binds to the vesicular acetylcholine transporter at cortical cholinergic 

terminals (Kuhl et al., 1996). Among PD cases, different motor subtypes have been described and 

akinetic-rigid (or postural and gait instability) subtype was associated with a more rapid progression 

of disease and dementia development. In our cohort, within the intermediate and posterior nbM, 

significantly lower cholinergic neuronal density was found in akinetic-rigid PD compared with tremor-

dominant PD. Degeneration of the cholinergic pedunculopontine nucleus (PPN) has been reported in 

PD patients (Hirsch et al., 1987; Jellinger, 1988; Rinne et al., 2008; Zweig et al., 1989), and was thought 

to correlate with gait instability and falls (Ferraye et al., 2010). Although evidence is lacking for 

anatomical connection between PPN and nbM in human (Mesulam, 2013), retrograde tracer studies 

have been performed on rats which showed efferents projection to the posterior portion of the 

nucleus basalis magnocellularis (rodent equivalent of nbM in human) from PPN (Jones and Cuello, 

1989). Hence, I propose a function anatomical connection of the posterior sector of the nbM with the 

PPN which is especially vulnerable to pathology within akinetic-rigid type PD. Furthermore, this is 

supported by the dual-syndrome hypothesis proposed by Kehagia et al (Kehagia et al., 2013, 2010) 

based on extensive clinicopathological review where heterogeneity of cognitive impairment in PD can 

be grouped into two syndromes: i) A predominant working memory and executive function 

impairment in tremor-dominant type PD with MCI, mainly due to dopaminergic deficit; ii) Visuospatial 

dysfunction with the loss in semantic fluency in akinetic-rigid and gait-instabiltiy PD patient which has 

a rapid conversion rate to dementia. Our results for intermediate and posterior nbM loss in akinetic-
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rigid PD patients reflect well on the posterior cortical-type deficits described by Kehagia and 

colleagues.  

 

In terms of mechanisms of cell loss within the nbM, there is probably a dichotomous disease process 

between LBD and AD, as described in my review previously (Liu et al., 2015a). In a study by Cullen and 

Halliday, nickel peroxidase was used for the visualisation of both intracellular and extraneuronal NFT 

pathology within nbM neurons (Cullen and Halliday, 1998). They found up to 87% of surviving nbM 

neurons in AD cases contained NFT and the total number of intra- and extraneuronal NFT was 

comparable to the total nbM neuronal count in age-matched control, which implies nbM cell death 

was directly caused by NFT pathology in AD cases. However, LBD cases with co-existing AD showed 

similar degree of nbM depletion despite mild NFT pathology within the nbM, suggesting LB pathology 

may be formed earlier and is responsible for nbM loss in LBD. In PD, nearly all nbM neurons have LB 

pathology (Kalaitzakis et al., 2008a) and 30-65% have NFT (Jellinger, 2011). In addition, severe nbM 

neuronal loss in PD and PDD was found in the absence or with little cortical AD-type pathology (Candy 

et al., 1983; Gaspar and Gray, 1984; Nakano and Hirano, 1984).  Therefore it further enforced the 

theory that nbM degeneration in PD is a primary process, possibly due to LB pathology, rather than a 

secondary process related to cortical tau or plaque pathologies as in AD. In this study, using 

immunohistochemistry for αSN and tau, it was identified that the burden of tau neuropil threads was 

significantly higher in AD cases whereas that of αSN aggregates was significantly higher in PD, PD-MCI, 

PDD and DLB cases across the nbM. However, semi-quantitative neuritic tau burden score did not 

correlate with ChAT-density in all three nbM subregions, suggesting nbM cell loss in AD does not 

correlate with nbM cell loss in AD and it may correlate better with cortical AD-pathology burden. The 

highest burden of αSN was found in the anterior nbM, the location where Friedrich Lewy first 

identified his eponymous Lewy bodies (Lewy, 1913). This may be due to its proximity to the olfactory 

tract and anterior perforatory substance, which is thought to be one of the early sites of Lewy 

pathologies (Hawkes et al., 2007), but the result is likely to be confounded by the relatively higher 

number of surviving nbM neurons within that region. Lewy pathology (LN and LB) burden was found 

to best correlate with nbM loss in different subregions. The exact mechanism of how intraneuronal 

Lewy pathology induces nbM neuronal death is unknown. However, the presence of such pathological 

inclusion indicates the intrinsic failure of the quality-control system (ubiquitin-proteosome 

dysfunction). Furthermore, there is evidence that αSN-immunoreactive LB plays a role in sequestering 

cholinergic neurotransmission as ChAT and αSN were found to co-localise within the nbM in LBD cases 

(Dugger and Dickson, 2010). The particular susceptibility of anterior nbM to Lewy pathology is worth 

exploring. In a parallel study, we found increased galaninergic innervation in the anterior nbM of LBD 
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cases possibly indicative of a reactive neuroprotective response to cellular injury (Alexandris et al., 

2015).  

 

The brain cholinergic system is involved with a plethora of higher cognitive functions. In PD, the 

cholinergic system is mainly associated with attentional deficits, memory disturbances and 

visuospatial dysfunction (reviewed in (Gratwicke et al., 2015; Kehagia et al., 2013; Yarnall et al., 2011)). 

Executive dysfunction, which incorporates a complex set of cognitive functions responsible for 

problem-solving, planning, sequencing, ordering complex behaviours and the comprehension of 

abstract concepts, can display early in the course of PD (Gratwicke et al., 2015; Kehagia et al., 2013; 

Yarnall et al., 2011). This cognitive feature is often associated with dopaminergic dysfunction affecting 

the fronto-striatal loop (Kehagia et al., 2013). However, executive functions often require the input 

from other cognitive domains including memory and attention (Evans et al., 2011). Hence, executive 

dysfunction may also have a cholinergic basis. Furthermore, it has been suggested that visual 

hallucination, which has a prevalence of up to 50% in PD patients, results from cholinergic failure 

(Collerton et al., 2005; Gratwicke et al., 2015; Yarnall et al., 2011). From the current study, reported 

presence of memory impairment, visual hallucination and attentional deficit were associated with a 

significantly increased cholinergic depletion within the nbM. Interestingly, those with memory 

impairment and visual hallucination had cholinergic loss across the entire nbM, which indicates a 

global cortical cholinergic network impairment in these neuropsychiatric features. On the other hand, 

attentional deficit only showed cholinergic loss in the intermediate nbM, correlating to frontal-

thalamocortical and parieto-occipital intracortical disturbances in the “top-down” modulation of 

attention (Sarter et al., 2005; Yarnall et al., 2011). In this study, I have also recorded the presence of 

sleep disturbances within the Parkinson’s UK cohort as a high proportion of LBD patients present with 

problems such as insomnia, rapid eye movement (REM) sleep behaviour disorder (RBD) and daytime 

somnolence. We found a significant reduction in cholinergic neuron density within the posterior nbM 

in those with reported presence of sleep disturbances, which points to impairment in the temporal-

occipital cortical regions. However, the degree of cholinergic loss was probably heavily 

underestimated as many neuropsychiatric features, in particular attentional deficits, visuospatial 

impairment and executive dysfunction, were not well documented in the clinical records. Further 

studies with detailed longitudinal neuropsychiatric follow-ups will strengthen the results from this 

clinicopathological investigation.  
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5.5.1 Methodological considerations  

This study is limited by the availability of tissue sections, which is an inherent problem for tissue banks 

and archival collections. As a result, a stereological method for the quantification of nbM ChAT-

immunopositive neurons is not possible for this study. Due to greater degree of atrophy and tissue 

shrinkage seen in AD cases, using maximal density measurement may lead to overestimation of cell 

count compared with controls. However, it is reassuring that our results are similar to those using non-

biased stereological counting techniques (Vogels et al., 1990) where an even lower degree of cell loss 

was reported. In addition, a large meta-analysis comparing stereological and non-stereological 

methods in the quantification of nbM, locus coeruleus and substantia nigra neurons in AD cases did 

not show any significant difference between the methods used and degree of cell loss reported 

(Lyness et al., 2003).  

 

5.6 Conclusions 

In summary, the present study shows there is differential subregional nbM cholinergic loss between 

LBD and AD. A rostrocaudal gradient of increasing nbM neuronal loss was found in AD with sparing of 

the anterior nbM particularly at the early phases of the disease. Severe posterior nbM degeneration 

is present in PD without cognitive deficits, mirroring the posterior cortical cholinergic deficits found in 

imaging and post-mortem studies, whereas a global nbM cholinergic loss was found in LBD cases with 

cognitive decline. These indicate pro-cholinergic therapies or neuromodulation intervention could 

benefit most when given early for AD patients, or before the detection of cognitive impairment in PD 

cases. A dichotomous mechanism of nbM degeneration was found between AD and LBD. Lewy 

pathologies, not neuritic tau burden, were the best correlates to subregional nbM cholinergic loss. 

The presence of nbM cholinergic cell atrophy in AD and DLB relative to PD supports the previous 

theory that nbM degeneration is a primary phenomenon in PD whereas that in AD (and possibly DLB) 

is due to retrograde degeneration secondary to pathological changes in cortical targets. Direct 

neuroprotective intervention may be useful for PD patients. Although both monoaminergic and 

cholinergic dysfunction are present in LBD patients, we found cholinergic loss in the nbM is associated 

with multiple domains of neuropsychiatric deficits including memory loss, attentional deficits, visual 

hallucination and sleep disturbances, despite the limitations using retrospective case-note analysis. 

However, there is inconclusive evidence that particular nbM subregion is responsible to any single 

domain of cognitive dysfunction. Future clinicopathological studies should include more detailed 

neuropsychological follow-ups, perhaps with the use of a longitudinal study cohort, and the 

correlation with other non-cholinergic neurotransmitter systems for a more complete understanding 

of the pathological and morphological substrates for cognitive impairment in LBD.   
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Chapter 6 – Revisiting the neglected nucleus of the vertical limb of 
diagonal band of Broca in Lewy body disorders, Alzheimer’s disease 
and ageing 
 

6.1 Introduction 

The brain cholinergic neurotransmitter system is instrumental in many behavioural and cognitive 

processes including attention, learning, memory, arousal and sleep (Mesulam, 2013; Semba, 2004). 

As suggested by the ‘Cholinergic hypothesis’, a decreased level of acetylcholine in the cerebral cortex 

and hippocampus was shown to contribute to cognitive decline seen in aging and Alzheimer’s disease 

(AD) (Bartus et al., 1982). The cholinergic innervation of the neocortex and allocortex originates from 

the cholinergic basal forebrain complex. In humans, this complex is composed of interdigitating cell 

groups with approximately 200,000 neurons per hemisphere (Arendt et al., 1985; Lehéricy et al., 1993; 

McGeer et al., 1984).  

 

Using acetylcholinesterase (AChE) histochemistry and choline acetyltransferase (ChAT) 

immunohistochemistry, Mesulam and colleagues introduced the ‘Ch’ terminology to distinguish the 

four groups of ChAT-immunopositive neurons within the basal forebrain based on their morphology 

and rostral-caudal organisation (Mesulam and Geula, 1988; Mesulam et al., 1983a). Ch1-Ch4 

correspond to the cholinergic neurons found in the medial septal nucleus (MSN), the nucleus of the 

vertical limb of the diagonal band of Broca (nvlDBB), the nucleus of the horizontal limb of the diagonal 

band of Broca (nhlDBB) and the nucleus basalis of Meynert (nbM) respectively. Retrograde tracer 

experiments using horseradish peroxidase on non-human primates showed that Ch1 and Ch2 provide 

cholinergic efferents to the hippocampal complex, Ch3 to the olfactory bulb and Ch4 to the neocortex 

and amygdala.  

 

With over 90% of the magnocellular neurons being cholinergic, the nbM is the largest and most well 

studied cell group within the cholinergic basal forebrain. Degeneration of the nbM has been correlated 

with the presence of dementia in neurological conditions and we have previously hypothesised that 

different subregions of the nbM will be differentially affected in Parkinson’s disease (PD) and AD (Liu 

et al., 2015a). On the contrary, pathology within the nvlDBB, which is the second largest cholinergic 

group in the basal forebrain and consists of up to 70% ChAT-positive neurons, is much less 

characterised in various neurological conditions.  
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6.2 Aims of chapter 

Given the hippocampus is implicated in many dementing disorders and it is highly innervated by the 

nvlDBB, it is important to revisit this neglected cholinergic cell group in AD and PD. Furthermore, the 

nvlDBB greatly overlaps with the adjacent cholinergic loci and there has been no clear consensus on 

its anatomical boundaries. Therefore, the aims of this chapter are to: 

1. Review the history and anatomy of the rostral basal forebrain to provide recommendations 

for the sampling and visualisation of the human nvlDBB.  

2. Review clinicopathological studies involving the nvlDBB and postulate the role of cholinergic 

inputs from the nucleus in cognitive decline seen in PD and AD.   

 

6.3 Historical perspectives 

6.3.1 Coining the term Diagonal Band (of Broca) 

In a series of monographs comparing the great limbic lobes (Le grand lobe limbique) in the brains of 

different mammalian species published in the 1870s and 1880s (Broca and Pozzi, 1888; Broca, 1878, 

1877), French physician and anatomist Pierre Paul Broca described a diagonal band (La bandelette 

diagonale) within a quadrilateral space obscured by the optic chiasm (Figure 6.1). He described the 

band as seen from the inferior surface of the brain to run diagonally from the anterior and ‘outermost’ 

portion of the hippocampal lobe to the root of the olfactory tract, joining the medial olfactory striae 

at the midline. Upon macrodissection, Broca described that the diagonal band passes in front of the 

optic chiasm and into the hemisphere. Then it travels anterior to the anterior commissure and the 

medial septal fibres towards the genu of the corpus callosum. At a coronal level, this can be identified 

clearly as a white matter bundle medial to the basal ganglia (Figure 6.1). It is probably because of its 

coincidental diagonal orientation that many investigators labelled the diagonal band at the coronal 

plane instead of that seen in the transverse plane. After that, the course of the diagonal band became 

difficult to follow but Broca postulated that most of the fibres travel behind the lobe of the corpus 

callosum, and establish a direct connection between this lobe and the hippocampus. This fibre course 

is similar to the septal arcuate fibres described by Karl Friedrich Burdach in 1822 which probably is the 

same white matter tract described by Broca (Swanson, 2014). Sir Grafton Elliot Smith, an Australian-

British anatomist, acknowledged Broca and brought the term Diagonal Band of Broca (DBB) to the 

English literature (Smith, 1897).  
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6.3.2 Defining the “nucleus” of the diagonal band of Broca 

Previously mistaken as the medial paraolfactory nucleus, the nucleus of the DBB (nDBB) was first 

described in the brains of box turtles (Cistudo Carolina) as a cell mass extending from just rostral to 

the anterior commissure decussation down to the optic chiasm and caudally to the basolateral surface 

of the amygdaloid complex (Johnston, 1915). Subsequently, the nDBB was described in alligators 

(Alligator mississippiensis) (Crosby, 1917), opossums (Didelphis virginiana) (Gray, 1924; Johnston, 

1923), rabbits (Johnston, 1923), and rats (Gurdjian, 1928). The nDBB was also described in the brain 

of an eight-month-old human foetus in a comparative neuroanatomy study (Johnston, 1923). Johnson 

reported the nDBB started at the lower border of the septum pellucidum bounded laterally by the 

olfactory tubercle. However, he then described magnocellular and “deeply stained” cells of the 

diagonal band extending ‘laterally close beneath the internal capsule to the temporal limb of the 

anterior commissure’. He also noticed a presumably important bundle or tract which runs among the 

diagonal band cells ventral to the basal ganglia and parallel to the basal surface of the brain, and 

descend into the temporal pole with the anterior commissure at the caudal end. Based on the 

description, it is likely that he was mainly describing the nbM and the bundle he described was not 

the diagonal band but was the ansa lenticularis and ansa peduncularis. This in fact highlighted the 

difference in the organisation and localisation of the basal forebrain cell groups between different 

Figure 6.1. An illustration of the diagonal band (d – d’) in the human brain seen from the inferior surface, with the optic 
tract retracted, as described in Broca’s monograph in 1888 (Broca and Pozzi, 1888) (left). Coronal section at a level 
approximately 1.5 cm anterior to the mammillary bodies (red dashed line) revealed the extent of the diagonal band (black 
arrows) on both sides of the hemisphere, medial to the basal ganglia (right). Abbreviations: Cd, caudate; IC, internal capsule; 
LV, lateral ventricle; nAcc, nucleus accumbens; PO, paraolfactory area; Pt, putamen. 



166 
 

animal species. A large mass of nDBB cells seen in most mammalian species are replaced by an 

extensive nbM in human and other non-human primates. Therefore, it was not until the 1930s when 

comparative neuroanatomy study was performed on the brains of rhesus monkeys by Papez and 

Aronson that the primate nDBB was properly defined (Papez and Aronson, 1934). Here, the authors 

made the important distinction that the nDBB is a ‘distinct band of deeply staining cells’ which are 

embedded within and follow the course of the DBB.  

 

6.3.3 Subdivisions and the two “limbs” of the diagonal band of Broca  

Building on Papez’s study, Herald Brockhaus was first to extensively characterise the nDBB (die 

kerngruppe des diagonalen Bandes) in humans in a comparative neuroanatomy study of the basal 

forebrain cell groups (Basalkernkomplex) in primates (Brockhaus, 1942). Based on the cell morphology, 

location and orientation, Brockhaus subdivided the nDBB into the nucleus diagonalis septalis, 

angularis and ventralis rostrocaudally (Figure 6.2). Subsequently, in a study of the septum in the 

human brain, Andy and Stephan divided the nDBB into a “tubercular” and “septal” part, with the septal 

part located against the medial septum, and the tubercular part located against the ventral aspect of 

the brain (Andy and Stephan, 1968). In both subdivision schemes, the borders between subdivisions 

were arbitrarily defined and lack any functional significance.  

 

 

Experimental lesioning of the fimbria in rats, rabbits and macaque monkey has demonstrated 

retrograde degeneration of the MSN and the nDBB but only limited to the vertical limb of the nucleus 

(Daitz and Powell, 1954). Since then, the division of the nDBB into the vertical and horizontal limbs 

became well accepted due to their distinct anatomical connections and delineation. The difference in 

their anatomical efferents was further confirmed by retrograde tracer experiments, demonstrating 

Figure 6.2. Schematic diagrams of a possible subdivision of the nvlDBB as based on Brockhaus’ observations (Brockhaus, 
1942). i-iii denotes the anterior to posterior extent of the diagonal band. The diagonalis septalis (s) refers to the vertically 
orientated cells of the nvlDBB against the medial aspect of the septum (i); The diagonalis angularis (a) refers to cells that are 
diagonal in orientation, as a whole this cell group is medial to the paraolfactory gyrus (ii); The diagonalis ventralis is the 
horizontally and ventrally lying group of nvlDBB cells under the anterior commissure decussation (iii). 
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nvlDBB (along with MSN) projects to the hippocampal formation and nhlDBB projects to the olfactory 

bulb.  

 

6.4 Anatomy of the nucleus of the diagonal band of Broca  

6.4.1 Extent of the diagonal band at different coronal levels 

As described previously, the diagonal band emerges from the base of the brain and travels inwards 

medially and rostrally to join the medial septal fibre towards the genu of the corpus callosum. It is 

possible to map the extent of the diagonal band at different coronal levels rostrocaudally using 

established stereotaxic human brain atlases (Mai et al., 2016; Nieuwenhuys et al., 2007; 

Schaltenbrand and Bailey, 1959) (figure 6.3).  

 

At the rostral-most level, which we called the pre-commissural level of the anterior basal ganglia due 

to the absence of anterior commissure fibre, the DBB can be identified dorsally and interposed with 

the midline septum pellucidum. As we move caudally, at the pre-decussation level (as anterior 

commissure emerges but still rostral to decussation), the DBB descends ventrally but remains as a 

compact white-matter bundle, situated within the ventro-medial aspect of the basal forebrain. 

Further posteriorly, when the anterior limb of the anterior commissure becomes prominent, the DBB 

often splits into a much more diffuse structure, with its fibres often being interspersed with streaks of 

grey matter. At this level, the DBB is located lateral to a region known as the paraolfactory area 

(Nieuwenhuys et al., 2007; Schaltenbrand and Bailey, 1959) and the overall orientation of the white 

matter fibres become more diagonal. Here the density of the ChAT-positive neurons become the 

greatest and it is best correlated to the nucleus diagonalis angularis described by Brockhaus 

(Brockhaus, 1942). Finally, at the level of the anterior commissure decussation, the DBB terminates 

medial to the ventral striatum and orientates parallel to the base of the basal forebrain. The white 

matter fibres becomes very diffuse and it is probably at this coronal level that Broca described the 

diagonal band as seen from the base of the brain (Broca and Pozzi, 1888).  
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Figure 6.3. Serial sections of human basal forebrain tissues at different coronal levels were stained with cresyl violet with 
luxol fast blue (CV/LFB) for the visualisation of neurons and fibre tracts (a,d,g,j); H&E for identification of anatomical 
landmarks (b,e,h,k); and immunostained for ChAT (Millipore AB144P, 1:100 with antigen-retrieval using pressure cooker 
pre-treatment in pH6.0 citrate buffer) for the identification of cholinergic population within the nvlDBB (c,f,i,l). The DBB was 
identified at four distinct levels, arranged rostrally (top) to caudally (bottom). a-c: Pre-commissural level. At this level, the 
nucleus accumbens is prominent with the absence of anterior commissure fibre. The DBB can be seen at the medial and 
dorsal aspects, merging with the medial septum. Here, the Ch1 and Ch2 populations are often difficult to be distinguished. 
d-f: Rostral pre-decussation level. The anterior commissure begins to emerge and the DBB is situated slightly more ventrally. 
ChAT-positive neurons within the nvlDBB increases in density. g-i: Caudal pre-decussation level. At this level, the DBB sits at 
the ventromedial aspect of the basal forebrain and the Ch2 population reaches the maximum. j-l: Anterior commissure 
decussation level. Here, the anterior commissure begins to decussate and the DBB is situated ventrally, parallel to the ventral 
border of the basal forebrain. ChAT-positive neurons of the nvlDBB intermingle with that in the nbM at this level. Asterisk 
(*) denotes area of maximum density of ChAT-positive neurons. Abbreviations: BnST, bed nucleus of stria terminalis; Cd, 
caudate; Ch1, cholinergic neurons in the medial septal nucleus; Ch2, cholinergic neurons in the vertical limb of the diagonal 
band of Broca; Ch4, cholinergic neurons in the nucleus basalis of Meynert; DBB, diagonal band of Broca; EC, external capsule; 
GP, globus pallidus; IC, internal capsule; InCx, insular cortex; nAcc, nucleus accumbens; Pt, putamen; VS, ventral striatum 



169 
 

6.4.2 Sampling strategy for the nucleus of the vertical limb of the diagonal band of Broca 

Stereotaxic analysis of the entire diagonal band may not be possible due to limited availability of 

human brain tissue, particularly in a tissue bank setting. Furthermore, the hetereogeneity of cell 

density and anatomy does not lend itself well to sampling the entire length. Instead, sampling a dense 

and relatively consistent part of the nvlDBB would provide a more representative and accurate 

representation and enable future sampling of this important region. Depending on the brain size, the 

area of maximal nvlDBB density is situated approximately between 10 – 15 mm anterior to the coronal 

level of the mid-mammillary body (Figure 6.4).  

 

Due to the lack of clearly defined boundaries between the overlapping cell groups within the basal 

forebrain cholinergic complex, to distinguish the nvlDBB from surrounding basal forbrain nuclei, the 

following criteria should be adapted (Table 6.1).  

Necessity of 
criteria 

Type of criteria Criteria 

Essential  Anteroposterior level 
at coronal plane 

Cells must be identified at the “pre-decussation” level of the anterior basal 
ganglia.  

Essential  Dendritic orientation Cells cannot be orientated parallel to the ventral border of the basal 
forebrain.  

Desirable Visibility of diagonal 
band  

Cells are embedded within the myelinated fibres of the diagonal band, 
identified on myelin-stained serial sections.  

Figure 6.4. Photograph showing two consecutively sliced brain slabs approximately 1.0 cm (right) and 1.5 cm (left) anterior 
to the coronal level of the mammillary bodies. Recommended sampling for the nvlDBB is outlined by a red box at the level 
at or just rostral to the anterior commissure decussation 

Table 6.1. Criteria for the identification of neurons within the nucleus of the vertical limb of the diagonal band of Broca 
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First, at the rostral-most level (typically pre-commissural level as shown in Figure 3a), the MSN forms 

a continuous, vertically-orientated column of magnocellular neurons with the nvlDBB in the septal 

grey matter. However, in contrast to the nvlDBB, only approximately 10% of MSN neurons are ChAT-

immunopositive. At this coronal level, previous authors have separated MSN from nvlDBB based on a 

rarefaction of ChAT-immunostained neuron density (Lehéricy et al., 1993) and difference in neuronal 

morphology (with MSN neurons being generally smaller and ovoid in shape) (Mesulam et al., 1983a). 

At the level of the anterior commissure decussation, the caudoventral part of the nvlDBB is often 

found to be interdigitated with the medial nbM magnocellular neurons, particularly the Ch4am 

(Mesulam and Geula, 1988). Therefore, an essential criteria to distinguish nvlDBB neurons is that 

neurons must be identified at the “pre-decussation” level of the anterior basal ganglia.  

 

Second, the direction of general dendritic orientation of the neurons is important to distinguish 

nvlDBB from other neuronal groups. In a detailed morphometric study using thick (240 µm) basal 

forebrain sections with Golgi impregnation technique, Arendt and colleagues (Arendt et al., 1995b) 

described a gradual shift in dendritic orientation from a ventrodorsal orientation at the MSN and the 

rostral nvlDBB to a mediolateral orientation at the caudal nvlDBB and the nbM. By applying the criteria 

that the general orientation of the neurons within the nvlDBB cannot be parallel to the ventral border 

of the basal forebrain, we can distinguish nvlDBB neurons from that of the nbM.  

 

Finally, due to the vertical orientation of the cell group, the anatomy, and therefore cell density, can 

vary greatly depending on the coronality of the tissue section. Due to the band’s relatively compact 

antero-posterior extent, a slight angle in the cut could significantly shift the section of the basal 

forebrain sampled. As suggested by various investigators that neurons in the nvlDBB interspersed 

within the DBB (Brockhaus, 1942; Emmers and Akert, 1963; Nieuwenhuys et al., 2007), we recommend 

using counterstaining or serial sections stained for myelin (Luxol fast blue staining) to identify the 

neurons are indeed within DBB fibre tracts. Whilst we have found this to be very helpful in 

distinguishing the nvlDBB from both the MSN and the nbM, it was only necessary in cases where there 

is a slight deviation from the coronal plane. Hence this feature has only been classified as a ‘desirable’ 

criterion.  

 

6.4.3 What about the nucleus of the horizontal limb of the diagonal band  

Cells in the nhlDBB can be found both amongst the fibres of the horizontal portion of the DBB and 

beneath the substantia innominata, parallel to the ventral surface of the basal forebrain. They were 

described to be generally smaller than nbM neurons (10-15 µm in diameter) and are fusiform and 
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multipolar in shape (Mesulam et al., 1983a; Saper and Chelimsky, 1984). However, in primates, only 

approximately 1% of the nhlDBB neurons are cholinergic and they overlap heavily with neurons in the 

nbM (Mesulam et al., 1983a). Therefore, for the study in cholinergic innervation, this nucleus is often 

neglected.   

 

6.5 Revisiting the cholinergic nucleus of the vertical limb of the diagonal band of Broca in different 

neurological diseases  

After establishing the anatomy of the nvlDBB, I carried out an extensive literature review to establish 

the pattern of cell loss within the nvlDBB in different neurological disorders. Due to the difficulty in 

delineating boundaries, some studies grouped the MSN and nvlDBB together for investigation as they 

share a common efferent pathway towards the hippocampal complex (Arendt et al., 1985; Fujishiro 

et al., 2006; Gertz et al., 1987; Hall et al., 2014; Mufson et al., 1989; Vogels et al., 1990). Also, most 

investigators used the terminology Ch2 when quantifying neuronal loss within nvlDBB. However, this 

term should strictly be used on ChAT-immunostained tissue to look at the cholinergic population 

specifically. Hence, in this review, we avoid using the Ch terminology unless the particular study 

carried out quantitative assessment with a specific cholinergic marker.  

 

6.5.1 The nvlDBB in Alzheimer’s disease 

Quantitative studies on the nvlDBB in AD have reported conflicting results ranging from no cell loss to 

a maximum of about 84% loss (Table 6.2). Loss of nvlDBB neurons was mainly reported by earlier 

studies which used cresyl violet (Nissl stain) for the visualisation of neurons, and the degree of cell loss 

did not appear to differ between early and late-onset AD (Etienne et al., 1986b). Neuronal loss in the 

nvlDBB was found to be correlated to the senile plaque density in the hippocampus of AD cases 

(Arendt et al., 1985), but such correlation could not be observed in another study (Etienne et al., 

1986b). It was later suggested that neurons within the basal forebrain cholinergic group undergo 

atrophy instead of cell loss in AD (Vogels et al., 1990). Indeed, when size criteria was eliminated for 

the quantification of neurons within the nvlDBB, no significant cell loss was observed in AD cases 

relative to age-matched controls. This is supported by the higher reported nvlDBB cell loss in studies 

which quantifies neurons larger than 30µm in diameter (70-80% loss) (Etienne et al., 1986b; Poirier et 

al., 1995) compared with those quantifying neurons larger than 20 µm in diameter (41-67.5% loss) 

(Arendt et al., 1985, 1983; Gertz et al., 1987; Wilcock et al., 1988). Using immunohistochemistry, a size 

criteria to distinguish neurons from other cell types is not needed as both large and atrophied neurons 

will be stained. One study using immunohistochemistry to label nerve growth factor (NGF) receptors 

(NGFR), which co-express in over 95% of the basal forebrain cholinergic neurons, failed to observe any 
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significant neuronal loss in the nvlDBB in the 7 AD cases studied (Mufson et al., 1989). This is supported 

by a previous finding that NGF gene expression is decreased in the nbM but not the MSN and nvlDBB 

of AD cases (Higgins and Mufson, 1989). However, studies using ChAT immunohistochemistry on 

nvlDBB neurons were reporting contrasting results. An early study on 4 AD cases (mean age at death 

= 89.5) reported 56% ChAT-positive neuronal loss in the nvlDBB and 53% loss in the MSN with no 

significant change in mean neuronal cross sectional area (Lehéricy et al., 1993), whereas a more 

contemporary study found neuronal shrinkage but no significant loss of Ch1/2 neurons in 4 AD cases 

(mean age at death = 83.5) (Fujishiro et al., 2006). One explanation for the differences in result could 

be due to the differing sensitivity of anti-ChAT antibodies and immunohistochemical amplification 

techniques. In the Lehericy et al study, primary antibodies were incubated for three days prior to signal 

amplification with peroxidase anti-peroxidase (PAP) technique. Therefore, it is likely that neurons with 

a diminished expression of ChAT, particularly in AD (Vogels et al., 1990), will not be stained and 

quantified. Nevertheless, there is a general consensus that this rostral cholinergic basal forebrain is 

relatively spared/ less affected in AD. 
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Year Authors Stains for identification of 
neurons 

Neuronal count criteria Disease n Mean age at 
death 

%nvlDBB loss 
from control 

%MSN loss 
from control 

%nvlDBB + MSN loss from 
control 

1983 Arendt et al., 
1983 

Nissl >20µm diameter, abundant 
Nissl substance 

AD 14 60.8 67.50% 63.71% - 

1985 Arendt et al., 
1985) 

Nissl >20µm diameter, abundant 
Nissl substance 

AD 5 60.8 - - 62.50% 

1986 Etienne et al., 
1986b  

Nissl >30µm diameter, visible 
nucleus, abundant Nissl 
substance 

AD 9 78.9 70% (mean); 
83.56% (max) 

- - 

1987 Gertz et al., 1987 Nissl >20µm diameter, nucleated 
nerve cells 

AD 7 91.1 - - 54.20% 

1988 Wilcock et al., 
1988 

Nissl >20µm diameter, visible 
nucleolus, abundant Nissl 
substance 

AD 10 79.3 41.09% (mean); 
41.42% (max)  

- - 

1989 Mufson et al., 
1989 

NGFR Immunoreactive cell soma AD 7 77 - - 16.7% (n.s.) 

1990 Vogels et al., 1990 Nissl Nissl-stained, visible nucleolus AD 10 84.5 - - No loss 
1993 Lehéricy et al., 

1993 
ChAT ChAT-positive cell body 

(displaying either strong or 
light immunostaining) 

AD 4 89.5 56% 53% 55% 

1995 Arendt et al., 
1995a 

Nissl >20µm diameter, visible 
nucleus, abundant Nissl 
substance 

AD 15 65 - - ~78%* (vs adult control); 
~64.5% (vs elderly control) 

1995 Poirier et al., 1995 Nissl & AChE AChE-positive, >30µm, 
abundant Nissl substance on 
adjacent section 

AD 8 (from 24)  Unknown for 
the 8 selected 
cases 

~60%* (ApoE4 
negative); ~80%* 
(ApoE4 positive) 

- - 

2006 Fujishiro et al., 
2006 

ChAT ChAT-immunopositive cells  AD 4 83.5 - - n.s.  

 

Table 6.2. Studies quantifying changes of the nvlDBB and MSN neurons in Alzheimer’s disease. Studies using immunohistochemical markers for the identification of cholinergic neurons within the nvlDBB 
are shaded in gray. Asterisk (*) denotes approximation from graphs within the study. Abbreviations: AChE, acetylcholinesterase; AD, Alzheimer’s disease; ChAT, choline acetyltransferase; MSN, medial 
septal nucleus; NGFR, nerve growth factor receptor; n.s., no significance; nvlDBB, nucleus of the vertical limb of diagonal band of Broca 
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6.5.2 The nvlDBB in Parkinson’s disease and Lewy body dementias 

In contrast to AD, there were only a small number of studies investigating neuronal loss in the nvlDBB 

in Lewy body disorders (LBD) (Table 6.3). Whitehouse and colleagues used Nissl staining for neuronal 

count and first reported 44.8% loss of nvlDBB neurons in 2 PD with dementia (PDD) cases but no 

significant change in 3 PD cases (Whitehouse et al., 1983a). Subsequently, using a neuronal count 

criteria to include neurons larger than 20 µm in diameter, one study with 5 PD case reported 76.6% 

loss of nvlDBB and 69.8% MSN neurons (Arendt et al., 1985) and another with 6 PD cases reported 

59.7% loss of nvlDBB and MSN neurons (Arendt et al., 1995a). Recently, with ChAT-

immunohistochemistry, one study with 8 dementia with Lewy bodies (DLB) cases reported significant 

Ch1/2 loss relative to age-matched controls and AD cases (Fujishiro et al., 2006). The cell loss was 

accompanied by a reduction of mean surface area, an indicator of cell size. Another study using post-

mortem brains from a prospective and clinically well-characterised cohort found an increased 

variation but no significant ChAT-positive neuronal loss in the Ch1/2 region of 5 PD and 6 PDD cases, 

although a trend towards a decrease in neuron number was seen from PD to PDD (Hall et al., 2014).  

Both studies attributed the change in nvlDBB neuronal count in Lewy body disease cases to the 

increase in ubiquitin-positive, alpha-synuclein pathology in the CA2 subsector of the hippocampus as 

reported by previous studies (Dickson et al., 1994, 1991; Irwin et al., 2012), which has been associated 

with cognitive impairment seen in LBD.  

 

6.5.3 The nvlDBB in other neurological conditions 

Degeneration of the nvlDBB is not exclusive to neurodegenerative diseases (Table 6.4). Indeed, an 

approximately 38% nvlDBB and MSN neuronal loss was reported in aged brains (mean age at death = 

78.1) when compared to adult controls (Arendt et al., 1995a). In Korsakoff’s disease, neuronal count 

within the nvlDBB has been reported to be reduced by about 50% (Arendt et al., 1995a, 1983).  Single 

case studies on postencephalitic parkinsonism (Whitehouse et al., 1983a), Creutzfeldt-Jakob disease 

(Arendt et al., 1984) and infantile autism (Bauman and Kemper, 1985) have all reported varying degree 

of alteration in neuronal count/density within the nvlDBB. Interestingly, severe basal forebrain 

cholinergic degeneration has been reported in spinocerebellar ataxia (SCA) types 1 (SCA1) and 2 (SCA2) 

with relatively well-preserved cognitive function (Rüb et al., 2013, 2012). In particular, one study 

reported neuronal loss in the MSN (72% loss), nvlDBB (74% loss) and nbM (86% loss) in 4 SCA2 cases 

compared with controls without significant correlation with tau pathology according to Braak and 

Braak AD stage (Rüb et al., 2013), indicating a possible causal role of polyglutamine expansion and the 

death of basal forebrain cholinergic neurons.  
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Year Authors Stains for identification 
of neurons 

Neuronal count criteria Disease n Mean age at 
death 

%nvlDBB loss from 
control 

%MSN loss 
from control 

%nvlDBB + MSN loss from 
control 

1983 Whitehouse et al., 
1983a  

Nissl >30µm diameter, abundant Nissl 
substance 

PD 3 60 n.s. - - 

    PDD 2 71.5 44.80% - - 

1983 Arendt et al., 1983 Nissl >20µm diameter, abundant Nissl 
substance 

PD 5 58.5 76.60% 69.80% - 

1995 Arendt et al., 1995a Nissl >20µm diameter, visible nucleus, 
abundant Nissl substance 

PD 6 58.2 - - ~75%* (vs adult control); 
~59.7% (vs elderly control) 

2006 Fujishiro et al., 2006 ChAT ChAT-immunopositive cells  DLB 8 75 - - ~45%* 

2014 Hall et al., 2014 ChAT ChAT-immunopositive cells  PD 5 60.4 - - n.s.  

    PDD 6 60.2 - - n.s.  

 
Year Authors Stains for identification 

of neurons 
Neuronal count criteria Disease n Mean age at 

death 
%nvlDBB loss 
from control 

%MSN loss 
from control 

%nvlDBB + MSN loss from 
control 

1983 Whitehouse et 
al., 1983a 

Nissl >30µm diameter, abundant 
Nissl substance 

Postencephalitic 
parkinsonism 

1 50.3 85.16% increase - - 

1983 Arendt et al., 
1983 

Nissl >20µm diameter, abundant 
Nissl substance 

Korsakoff's disease 3 43.3 56.67% 40.33% - 

1984 Arendt et al., 
1984 

Nissl >20µm diameter, abundant 
Nissl substance 

CJD 1 47 - - 43% (right hemisphere); 
39% (left hemisphere) 

1985 Bauman and 
Kemper, 1985 

Nissl Visible nucleoli Infantile autism 1 29 11% (n.s.) 54% increase - 

1995 Arendt et al., 
1995a 

Nissl >20µm diameter, visible 
nucleus, abundant Nissl 
substance 

Aging 11 78.1 - - ~38%* (vs adult control) 

    Korsakoff's disease with 
Wernicke's encephalopathy 

6 39.5 - - ~68%* (vs adult control); 
~48.4% (vs elderly control) 

2013 Rüb et al., 2013 Nissl All countable Nissl-stained 
neurons 

SCA2 4 54.8 74% 72% - 

  

Table 6.3. Studies quantifying changes of the nvlDBB and MSN neurons in Lewy body disorders. Studies using immunohistochemical markers for the identification of cholinergic neurons within 
the nvlDBB are shaded in gray. Asterisk (*) denotes approximation from graphs within the study. Abbreviations: ChAT, choline acetyltransferase; DLB, dementia with Lewy bodies; MSN, medial 
septal nucleus; n.s., no significance; nvlDBB, nucleus of the vertical limb of diagonal band of Broca; PD, Parkinson’s disease; PDD, Parkinson’s disease dementia 

Table 6.4. Studies quantifying changes of the nvlDBB and MSN neurons in other neurological diseases. Asterisk (*) denotes approximation from graphs within the study. Abbreviations: CJD, 
Creutzfeldt-Jakob disease; MSN, medial septal nucleus; n.s., no significance; nvlDBB, nucleus of the vertical limb of diagonal band of Broca; SCA2, spinocerebellar ataxia type 2 
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6.6 Considerations of the non-cholinergic components in the cholinergic basal forebrain complex 

As discussed previously, 90% nbM magnocellular neurons in the primates basal forebrain express the 

cholinergic marker, ChAT (Mesulam et al., 1983a).  However, the proportion of cholinergic to non-

cholinergic neurons is much smaller in the rostral cholinergic groups (10% in MSN, 70% in nvlDBB and 

1% in nhlDBB). Therefore, previous studies using Nissl staining for quantification of neurons in the 

MSN and nvlDBB may be describing pathologies in the non-cholinergic components of the basal 

forebrain. The neurochemical profiles of non-cholinergic rostral basal forebrain neurons have been 

extensively investigated in rodents and non-human primates. Tyrosine-hydroxylase (TH)-positive 

neurons were also found in the basal forebrain (Gouras et al., 1992), while γ-aminobutyric acid 

(GABA)-ergic (Walker et al., 1989) and glutamatergic neurons (Colom et al., 2005) form the largest 

non-cholinergic hippocampal-projecting group within MSN/nvlDBB. It was discovered, mainly in 

rodent studies, that low frequency theta rhythm in the hippocampus is generated from the MSN-

nvlDBB and is responsible for spatial learning and memory (Colgin, 2016). GABAergic output neurons 

from the MSN/nvlDBB form synaptic contacts with hippocampal interneurons and act as pacemaker 

cells for theta rhythm by the disinhibition of hippocampal pyramidal neurons firing (Freund and Antal, 

1988). Cholinergic MSN/nvlDBB neurons also contributed, although less significantly, to the 

enhancement of theta rhythm (Vandecasteele et al., 2014). Recent evidence in the rodent brains 

showed glutamatergic neurons modulate theta rhythm via local modulation of GABAergic neurons 

within MSN/nvlDBB (Robinson et al., 2016). Since MSN/nvlDBB neuronal loss was initially reported in 

AD cases with no or little significant loss in the ChAT-immunopositive component, it may be 

hypothesised that there may be a greater GABAergic and glutamatergic MSN/nvlDBB neuronal loss in 

AD leading to spatial memory deficits in patients.  

 

NGF and its receptors (high-affinity, trkA and low-affinity, p75NTR) were found to co-localise within the 

human cholinergic basal forebrain (Hefti and Mash, 1989; Kordower et al., 1989; Mufson et al., 1989) 

and reduced NGFR level and mRNA expression was reported in the nbM, but not the nvlDBB, of AD 

brains (Higgins and Mufson, 1989; Mufson et al., 1989). In addition, galanin, a 19 or 30-amino acid 

long peptide in human, has been shown to be co-expressed by basal forebrain cholinergic neurons. In 

AD and PD, galanin was shown to display a higher degree of innervation to surviving ChAT-positive 

neurons, particularly in the anterior basal forebrain (Alexandris et al., 2015; Chan-Palay, 1988a; 

Mufson et al., 1993). Other peptides including enkephalin, neuropeptide Y, somatostatin, substance 

P, vasoactive intestinal polypeptide and oxytocin were also identified within basal forebrain neurons 

in the human brain (Mufson et al., 2003). However, the significance of these peptidergic neurons in 

PD and AD is yet to be found.   
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6.7 Functional correlates to the differential pattern of nvlDBB cell loss in Alzheimer’s and 

Parkinson’s diease 

Functional connection of the nvlDBB in the human brain remain largely unknown, but case studies 

from specific vascular lesion could give us some clues. There are two major sources of vascular supply 

to the basal forebrain – The anterior/septal sector of the basal forebrain (including MSN and nvlDBB) 

is supplied by perforator arteries of the anterior communicating artery; the caudal/horizontal sector 

(including the nhlDBB and nbM) is supplied by the anterior lenticulostriate branches from the proximal 

(A1) sector of the anterior cerebral artery (Román and Kalaria, 2006).   

 

Amnesia and Korsakoff’s syndrome-like symptoms have been reported in patients after repairs of 

ruptured anterior communicating artery aneurysm causing infarction of the anterior basal forebrain  

(Alexander and Freedman, 1984; Gade, 1982; Lindqvist and Norlén, 1966; Logue et al., 1968; Parkin et 

al., 1988; Phillips et al., 1987; Talland et al., 1967; Vilkki, 1985; Volpe and Hirst, 1983). These lesions 

tend to be widespread and affect multiple basal forebrain nuclei and fibre tracts. Nevertheless, two 

studies reported cases with relatively discrete basal forebrain lesions (Abe et al., 1998; Damasio et al., 

1985). In Case 1 of the series reported by Damasio and colleagues describing vascular lesions affecting 

the basal forebrain, surgical clipping of an aneurysm at the A1 and A2 junction of the left anterior 

cerebral artery was performed after haematomas found in the left gyrus rectus and midline septal 

nuclei (Damasio et al., 1985). The anatomical regions affected by this lesion were similar to a case 

reported by Abe and colleagues who performed clipping of an unruptured anterior communicating 

artery aneurysm showing an isolated lesion at the right nvlDBB, anterior hypothalamus and lamina 

terminalis (Abe et al., 1998). Hypo-perfusion caused by the lesion extended to both sides of the 

hemisphere as shown by single-photon emission computed tomography (SPECT) scan using 99mTc-d, l-

hexamethyl propyleneamine oxime (99mTc-HMPAO). In both cases, neuropsychiatric tests were 

performed and the patients exhibited anterograde and retrograde amnesia with defects in temporal 

tagging of information. However, there was a benefit with cueing which indicated a deficit in retrieval 

rather than encoding memory. A similar amnestic profile was reported by Morris and colleagues on a 

case with surgical resection of a low-grade astrocytoma at the right anterior basal ganglia region 

containing the nvlDBB (Morris et al., 1992). From these 3 cases, it is evident that the nvlDBB is involved 

in memory function, in particular the retrieval of memory.  

 

According to the Movement Disorder Society Task Force consensus criteria on the diagnosis of PDD, 

patients with PDD may suffer impairment in free recall which improves with cueing (Emre et al., 2007). 

There is a general agreement that memory impairment in PD involves deficit in memory retrieval 
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rather than storage/encoding memory as in AD (Emre et al., 2007). Also, the profile of memory 

impairment was found to be similar between PDD and DLB (Aarsland et al., 2003; Noe et al., 2004). 

Therefore, it can be deduced that nvlDBB may be more significantly affected in LBD than in AD. This is 

supported by an aforementioned post-mortem study reporting a significant decrease in ChAT-positive 

neurons in the nvlDBB of DLB cases relative to AD and age-matched controls (Fujishiro et al., 2006). 

However, a recent imaging study with 11 AD and 11 DLB patients failed to demonstrate difference in 

MSN/nvlDBB atrophy on structural magnetic resonance imaging (MRI) scan (Grothe et al., 2014). 

Instead, only a trend reduction in MSN/nvlDBB volume was observed in AD (-17.5%) and DLB (-17.4%). 

The discrepancy in results may be due to the fact that in vivo MRI-based measurement cannot 

distinguish whether neuronal loss or cell shrinkage contribute to the volumetric changes. As a result, 

further post-mortem studies investigating changes in the nvlDBB between LBD and AD will be required.  

 

6.8 Cholinergic neuronal loss in the nvlDBB in AD and LBD cases 

A preliminary study for the investigation of cholinergic neuronal loss in the nvlDBB in AD and LBD was 

carried out. From the selected 217 cases and 18 age-matched controls from the Parkinson’s UK Tissue 

Bank cohort described in Chapter 2.1.4, 33 cases with basal forebrain sections at the caudal pre-

decussation level (Figure 6.3) were available for this study. Additional AD, dementia with Lewy bodies 

(DLB) and age-matched controls with available basal forebrain sections were provided by the 

Newcastle Brain Tissue Resource. In summary, 8 PD, 5 PD-MCI, 16 PDD, 2 DLB, 2 AD and 6 age-matched 

controls were available (Table 6.5). Tissues were immunostained with anti-ChAT antibodies for the 

identification and quantification of cholinergic neurons within the nvlDBB. Consecutive sections were 

stained using cresyl violet with Luxol fast blue for the confirmation of that neurons quantified are 

within the DBB. A stepwise gradient of decreasing number of ChAT-positive neurons from control to 

AD to LBD with increasing cognitive disabilities was found (Figure 6.5a). When cases of LBD were 

grouped according to the presence of cognitive impairment, significant loss of nvlDBB ChAT-positive 

neurons were only found in LBD with cognitive impairment (Figure 6.5b). No significant difference was 

found between AD, LBD without cognitive impairment and age-matched controls. This supports my 

hypothesis that the cholinergic nvlDBB is more severely affected in LBD. However, a larger sample size 

for AD is needed to confirm nvlDBB is indeed spared from neuronal loss in AD.  
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Case Gender Age at 
onset 

Age at 
death 

Duration of 
disease 

Diagnosis Braak 
αSN 
stage 

Braak 
tau 
stage 

PMI 
(hrs) 

nvlDBB ChAT-
positive 
neuronal count 

1 F N/A 58 N/A Control 0 0 39 142 
2 F N/A 80 N/A Control 0 3 31 166 
3 F N/A 74 N/A Control 0 1 99 119 
4 F N/A 71 N/A Control 0 3 17 109 
5 F N/A 68 N/A Control 0 2 41 140 
6 F N/A 83 N/A Control 0 2 49 202 

Mean/median  72.33   0 2 46 146.33 
          
7 M 76 82 6 AD 0 5 31 113 
8 M 74 84 10 AD  0 6 40 147 

Mean/median 75 83 8  0 5.5 35.5 130 
          
9 M 66 71 5 DLB 6 3 22 60 
10 M 72 78 6 DLB 6 2 24 31 

Mean/median 69 74.5 5.5  6 2.5 23 45.5 
          
11 F 54 72 18 PD 6 1 36 139 
12 F 62 76 14 PD 5 2 18 144 
13 M 75 82 7 PD 6 1 22 162 
14 M 52 64 12 PD 5 2 5 69 
15 F 72 74 2 PD 6 0 29 77 
16 M 68 79 11 PD 6 1 56 103 
17 F 55 74 19 PD 6 2 29 63 
18 M 59 67 8 PD 6 0 53 39 

Mean/median 62.13 73.5 11.38  6 1 31 99.5 
          
19 M 50 75 25 PD-MCI 6 2 15 91 
20 M 80 92 12 PD-MCI 5 3 21 137 
21 F 66 82 17 PD-MCI 6 2 13 86 
22 M 53 75 22 PD-MCI 6 2 7 53 
23 M 70 83 13 PD-MCI 5 0 19 32 

Mean/median 63.8 81.4 17.8  6 2 15 79.8 
          
24 F 67 81 14 PDD 6 2 18 76 
25 M 57 73 16 PDD 6 2 12 83 
26 F 79 83 4 PDD 6 3 23 64 
27 M 71 82 11 PDD 6 2 23 56 
28 F 74 84 10 PDD 5 2 29 87 
29 M 71 81 9 PDD 6 1 5 68 
30 M 68 73 5 PDD 6 2 90 162 
31 M 81 86 5 PDD 6 2 20 147 
32 M 49 69 20 PDD 6 1 17 10 
33 M 51 74 23 PDD 6 0 27 58 
34 M 70 75 5 PDD 6 1 39 52 
35 M 68 74 6 PDD 6 0 27 53 
36 M 77 85 8 PDD 6 0 12 49 
37 M 60 83 23 PDD 6 2 24 117 
38 M 34 67 33 PDD 6 0 52 24 
39 M 68 81 13 PDD 5 2 24 16 

Mean/median 65.31 78.19 12.81  6 2 27.63 70.13 

 

 

 

Table 6.5. Demographic information of selected cases for nvlDBB ChAT-positive neuron quantification 
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Figure 6.5. Quantification of ChAT-positive neurons in AD, Lewy body disorders and age-matched controls (a); with Lewy 
body disorder grouped according to presence or absence of cognitive impairment (b). *p<0.05; **p<0.01 (Kruskal-Wallis 
test with post-hoc pairwise comparison)   
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6.9 Ch2 and CA2: A possible connection?  

Ubiquitin- and αSN-immunopositive neuritic pathology in LBD was found to be confined to the CA2 

subfield in the hippocampus (Dickson et al., 1994, 1991; Hall et al., 2014; Irwin et al., 2012). 

Coincidentally, this is the subregion where the highest density of ChAT-positive fibres and varicosities 

were identified in the human hippocampus (Ransmayr et al., 1989). Similar to the nvlDBB, the 

hippocampal CA2 subfield is a relatively unexplored region in the brain. Recently, using retrograde and 

adeno-associated virus (AAV)-expressing anterograde tracers, reciprocal connections between the 

MSN-nvlDBB and the CA2 have been identified in the mouse brain (Cui et al., 2013). As a result, it can 

be hypothesised that Lewy pathologies in the CA2 subregion of the hippocampus can cause 

neurodegeneration of the cholinergic component of the nvlDBB (Ch2) which lead to deficit in retrieval 

memory; while a predominant non-cholinergic neuronal loss of the nvlDBB may contribute to 

encoding and storage memory deficits in AD (Figure 6.6).  

 

 

6.10 Conclusion 

The importance of the diagonal band in human cognition has been recognised for centuries due to its 

anatomical and functional involvement in the limbic loop. However, the pathological significance of 

the nucleus of the diagonal band, particularly the nvlDBB, in neurodegenerative conditions has been 

overlooked. There was a lack of consensus in terms of cholinergic cell loss in AD and LBD primarily due 

Figure 6.6 Proposed schema for the neurodegenerative changes within cholinergic and non-cholinergic populations of the 
nvlDBB in LBD and AD with possible clinicopathological correlates.  Abbreviations: AD, Alzheimer’s disease; CA, Cornu 
Ammonis; Ch2, cholinergic population of the vertical limb of the diagonal band of Broca; DG, dentate gyrus; GABA, γ-
aminobutyric acid; LBD, Lewy body disorder 
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to the following reasons – (i) Absence of clear anatomical boundaries to delineate nvlDBB from 

surrounding magnocellular basal forebrain nuclei; (ii) Application of a size criteria for neuronal 

quantification discounted the possibility of cell shrinkage; and (iii) Most studies attributed 

magnocellular neuronal loss in the nvlDBB to be cholinergic without the use of cholinergic 

immunohistochemical markers. However, there is heterogeneity of neurotransmitter and peptidergic 

markers within the nvlDBB with only approximately 70% neurons being ChAT-immunopositive. As a 

result, by reviewing the history of DBB anatomy, I have established a recommended sampling criteria 

for the identification of nvlDBB suitable for future clinicopathological studies. In addition, the use of 

specific cholinergic immunohistochemical marker such as ChAT for the identification and 

quantification of the Ch2 (cholinergic component of nvlDBB) was recommended. Further studies 

investigating the changes in the non-cholinergic components of the nvlDBB, such as GABAergic 

neurons and glutamatergic interneurons, will be needed.  

 

Through the study of cases with discrete vascular or malignant lesions affecting the rostral basal 

forebrain, it can be deduced that the nvlDBB plays a role in retrieval memory function, which is 

severely affected in LBD. This is supported by our preliminary study that ChAT-positive neurons within 

the nvlDBB are significantly reduced in LBD with cognitive impairment but not in AD cases when 

compared with age-matched controls. Extrapolating from existing clinicopathological studies, I 

proposed an anatomical and functional connection between Ch2 and the CA2 subfield in the 

hippocampus which may be especially vulnerable to Lewy pathologies. Further clinicopathological 

investigations are clearly needed to prove this hypothesis. With the novel development of tissue 

clearing techniques which have successfully been applied on post-mortem human brain tissues for the 

visualisation of anatomical structures and their connections in three-dimensions (Ando et al., 2014; 

Chung et al., 2013; Liu et al., 2015b), detailed projection of cholinergic fibres from the nvlDBB in the 

human brain may be mapped out. This hopefully will shed some light on the detailed role of the 

cholinergic nvlDBB in cognitive functioning.  

 

 

[Declaration: Part of the experimental study including ChAT-immunostaining and analysis of the basal 

forebrain sections was performed by Mr. Ernest Lim for his BSc project which was under my supervision] 
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Chapter 7 - Targeting the nucleus basalis of Meynert for the 
development of a rodent model of Lewy body dementia: A pilot study 
 
7.1 Introduction  

Similar to humans, the rodent basal forebrain system has also been found to innervate the entire 

cortical mantle and hippocampal formations (Mesulam et al., 1983b). Although the human brain 

contains approximately 430 times more neurons and is over 800 times heavier than a rat brain 

(Herculano-Houzel, 2009), the total estimated number of the rat basal forebrain cholinergic neurons 

(18,000-20,000) is only 10-20 times less than that in human (100,000-200,000) (Arendt et al., 1985; 

Gritti et al., 1993; Lehéricy et al., 1993). However, in contrast to humans, the largest component of 

the rat basal forebrain is the nucleus of the horizontal limb of the diagonal band of Broca (nhlDBB, 

Ch3) (Arendt et al., 1985) which mainly projects to the olfactory bulb (Mesulam et al., 1983b), followed 

by the nucleus basalis magnocellularis (nbm) (Arendt et al., 1985), the rodent equivalent of the nbM 

in human. In addition, although the nbM in primates was found to contain several subregions which 

topographically innervate different cortical regions, a clear pattern of topographic projection from the 

rodent nbm has not been identified (Rye et al., 1984). In a meeting on the standardisation of the 

cholinergic basal forebrain nomenclature in 1988, it was generally agreed that the nbM was only well-

developed in primates and a subdivisional scheme was not recommended for the rodent nbm (Butcher 

and Semba, 1989).    

 

The identification of the association between cortical cholinergic deficit and cognitive decline in AD 

has led to the proposal of the cholinergic hypothesis (Bartus et al., 1982). Subsequently, several 

lesioning techniques targeting the rodent basal forebrain cholinergic system have been developed 

with the aim of replicating the cholinergic and cognitive deficits seen in AD. Electrolytic lesion of the 

nbm, fimbria-fornix transection and stereotaxic excitotoxin injection (including NMDA, ibotenic acid 

and kainic acid) have all produced significant behaviour deficits, massive nbm neuronal loss and a 

substantial reduction in cortical ChAT and AChE (Schliebs et al., 1996; Smith, 1988). However, these 

lesioning models are highly non-specific as they also destroy surrounding structures including the 

pallidum and the extended amygdala, and induce non-cholinergic neuronal loss (Everitt and Robbins, 

1997; Smith, 1988). A more specific neurotoxin for cholinergic terminals, ethylcholine aziridinium ion 

(AF64A), destroys most nbm cholinergic neurons. However, its effect was found to be dose dependent 

and non-specific damage was found with higher doses (Schliebs et al., 1996). Finally, by combining 

192IgG (a monoclonal antibody to low-affinity NGFR) and saporin (a ribosome inactivating toxin), an 

immunotoxin, 192IgG-saporin was developed which is highly selective to NGFR-expressing basal 

forebrain cholinergic neurons and produced significant depletion in cortical cholinergic markers 
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(Schliebs et al., 1996). Marked deficits in attention and conditional learning were produced by 192IgG-

saporin lesions. However, memory impairment can only be produced by high-dose of immunotoxin 

infusion, which can cause non-specific cerebellar Purkinjie neuronal loss (McGaughy et al., 2000).     

 

However, cholinergic dysfunction is not limited to AD. Substantial basal forebrain cholinergic neuronal 

loss and cortical cholinergic innervation depletion, particular in those with dementia, can also be seen 

in LBD, which has traditionally been associated purely with dopaminergic dysfunction (Bohnen and 

Albin, 2011). Hence a model demonstrating dopaminergic and cholinergic deficits may be useful for 

better understanding of LBDem. Toxins such as MPTP and 6-hydroxydopamine (6-OHDA) have long 

been used to model several clinical and pathological aspects of PD, including neuroinflammation, 

mitochondrial dysfunction, oxidative stress and dopaminergic loss in the SNpc leading to motor 

impairment (Bezard and Przedborski, 2011). However, these toxins failed to produce the characteristic 

αSN aggregation which is the pathological hallmark of PD.  

 

Rotenone is an insecticide which can induce parkinsonism by blocking the mitochondrial complex I of 

dopaminergic neurons in the SN. Stereotaxic injection of rotenone to the medial forebrain bundle can 

induce SN dopaminergic neuronal depletion and LB-like proteinaceous inclusions in the rodent brain 

(Bezard and Przedborski, 2011). However, this model does not yield consistent results as the extent 

of nigral pathology could not be reproduced in many studies (Bezard and Przedborski, 2011). 

 

A novel toxin model of PD has been developed with the use of lactacystin, a ubiquitin-proteosome 

system (UPS) inhibitor (McNaught et al., 2002). The UPS normally functions by degrading unwanted 

protein aggregation within the neurons and a deficit of this system in PD induces the formation of 

aggregated αSN intra-neuronally in the form of LB (Olanow and McNaught, 2006). Stereotaxic 

injection of lactacystin has been shown to cause dopaminergic cell loss in the rat SN (McNaught et al., 

2002) and adjacent cholinergic cell loss in the pedunculopontine nucleus (PPN) (Pienaar et al., 2013) 

with αSN-immunopositive aggregation (McNaught et al., 2002), which mimics the clinical and 

pathological features of PD.  

 

In 2008, MacInnes and colleagues performed stereotaxic injection of lactacystin into the rat nbm and 

reported significant ChAT-positive neuronal loss in the nbm 3-weeks after the injection (MacInnes et 

al., 2008). Interestingly, with high-dose lactacystin (20 µg) injection, even SN TH-positive were 

significantly depleted. Since nbM and nigral neuronal loss with UPS dysfunction accompanied with LB-

pathology are often found in the brains of PDD and DLB cases, the authors suggested nbm lesion by 
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lactacystin can be a rodent model for LBDem. However, no behavioural tests were performed and 

there were no subsequent follow-up studies.  

 

7.2 Hypothesis and aims  

Based on the MacInnes et al study, I hypothesise the lactacystin nbM lesioning model in rats will 

replicate certain pathological and behavioural features of LBDem in humans. Specific aims for this 

study are to: 1.) Compare basal forebrain cholinergic anatomy between rodents and humans. In 

particular, the extent of the nbm in the rat brain will be mapped out for the subsequent quantitative 

study; 2.) To investigate the extent of pathological changes seen with the nbm lesioning model by 

MacInnes et al with various dosage of lactacystin at 3-week and 6-week post-injection; and 3.) To 

investigate if any motor behavioural changes can be observed after lactacystin nbm lesioning in the 

rat brains.  

 
7.3 Material and methods 

A total of 19 male Sprague-Dawley rats weighing between 240-300g before surgical lesioning were 

used in this study. All rats were handled and kept in accordance with local ethical guidelines at the 

University of Hong Kong as described earlier in Chapter 2.2.    

 

7.3.1 Anatomical mapping of the rat basal forebrain  

One rat was used for the establishment of the basal forebrain anatomy. The rat brain was fixed in PFA 

and dissected with a brain matrix (Zivic Instruments, USA) into a 4 mm coronal slice which contains 

the entire extent of the nbm, before processing and embedded into paraffin blocks as described in 

Chapter 2.2.3. The whole paraffin-embedded rat brain block was then serially sectioned at 5µm thick 

until extinction of the tissue using a microtome. Consecutive sections were stained/immunostained 

with H&E, ChAT and Luxol fast blue with cresyl violet (LFB/CV) throughout. Protocol for ChAT 

immunostaining was described in Chapter 2.4.1. Due to tissue shrinkage through the processes of 

tissue processing and paraffin embedding, estimated coronal levels based on the stereotaxic brain 

atlas by Paxinos and Watson (Paxinos and Watson, 2006) were assigned using tissue sections stained 

with H&E and LFB/CV.   

 

7.3.2 Stereotaxic lesioning of the rat nbm using lactacystin 

Details of the stereotaxic lesioning was described earlier in Chapter 2.2.1. For this study, 6 rats were 

lesioned with a low-dose (10µg) of lactacystin, 6 with a high-dose (20µg) of lactacystin and 6 received 

a sham injection with vehicles (0.9% saline). The two doses of lactacystin were chosen as they 

produced significant nbm neuronal loss in the MacInnes et al study (MacInnes et al., 2008). However, 
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a total volume of 2 µl instead of 2.5 µl lactacystin or vehicle were injected to limit the diffusion of 

lactacystin to adjacent anatomical structures. Lactacystin (BMP-P1104-0200; Enzo Life Sciences) was 

stored in 5µg/µl aliquots (dissolved with 0.9% saline) at -20ºC and was thawed and diluted to the 

appropriate concentration just before stereotaxic injection.  

 

Behaviour tests for motor asymmetry, including the apomorphine-induced rotation test and the 

vertical cylinder test, were performed by Miss Anuri Shah (Joint-PhD student, the University of Hong 

Kong & King’s College London) at 3-weeks and 6-weeks after stereotaxic surgery blinded to the dose 

of toxin injected as described in Chapter 2.2.2. Experiments were carried out in 3 groups of 6 rats 

(including 2 high-dose lactacystin, 2 low-dose lactacystin and 2 sham) and behavioural testing 

schedule was outlined in table 7.1 below. For the vertical cylinder test, one rat did not complete a 

single exploratory rearing motion within the 3 minutes interval and was excluded from the analysis. 

Independent forelimb use on exploration of cylinder wall appeared to be the most sensitive 

measurement for motor asymmetry. Hence, the number of ipsilateral, contralateral or both forelimb 

use on the ‘exploration’ behaviour only was used for the analysis.  

 
Time from surgery Week 3 Week 6 

 Apo VC Pathology Apo VC Pathology 

Group 1 (n=6)       

Group 2 (n=6)       

Group 3 (n=6)       

 

For pathological investigations, 6 rats were sacrificed at 3-week and 12 were sacrificed at 6-week post-

surgery for pathological investigations. Due to technical and time constraints, only 12 rats were 

analysed for pathological changes (3-week post-surgery: 1 sham, 1 low-dose lactacystin and 2 high-

dose lactacystin; 6-week post-surgery: 2 sham, 2 low-dose lactacystin, 4 high-dose lactacystin). Rat 

brain tissues were processed and embedded in paraffin blocks as described earlier in Chapter 2.2.3. 

Tissues were sectioned at 5 µm using a microtome in series of 6 consecutive sections until extinction 

of tissue with each series being 100 µm apart (1 series = 20 consecutive sections with 6 sections 

mounted, 14 sections discarded). For each series, 3 consecutive sections were stained/immunostained 

with H&E, ChAT and LFB/CV, respectively.  

 

Cholinergic neurons in ChAT-immunostained sections containing the full caudorostral extent of the 

nbm, typically 4-5 sections, were quantified with the ImagePro Plus © imaging software as described 

in Chapter 2.5.1. (Figure 7.1 a,b). Also, ChAT-immunopositive cortical fibres were quantified as %area 

Table 7.1. Schedule of behavioural testing and euthanasia of rats for pathological investigations. Abbreviations: Apo, 
apomorphine-induced rotation test; VC, vertical cylinder test 
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coverage with an image taken at x4 magnification at the anterior cingulate (Bregma -1.08 mm), 

primary motor (Bregma -1.08 mm) and the primary somatosensory (Barrel) (Bregma -2.04 mm) 

cortices (Figure 7.1 c,d).    

 

 

 
 

7.4 Results 

7.4.1 Comparative neuroanatomy between the rat nbm and the human nbM  

Using sections immunostained for ChAT for the identification of cholinergic neurons, and consecutive 

sections stained with H&E and LFB/CV for the identification of anatomical landmarks, the extent of 

the rat nbm is mapped out in figure 7.2 below (full size images for each sections are provided in 

Appendix 7). At the rostral extent, the nbm emerges posterior to the anterior commissure decussation 

and it was identified at the pallidal region dorsal to the caudal end of the commissural fibres. At the 

caudal extent, the nbm cholinergic neurons were identified at a more lateral position, orientated 

parallel in between the internal capsule and the optic tract. The densest region of the nbm could be 

Figure 7.1. Quantification of ChAT-immunopositive cells in the rat nbm and ChAT-immunopositive fibres in the rat 
cortices. ChAT-immunostained rat nbm (a,b) and anterior cingulate cortex (c,d) captured at x4 magnification. Blue-channel 
extracted and quantification of cells with image analysis software with cells or fibres quantified in red (b,d).  
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seen from 1.08 mm to 2.04 mm posterior to the bregma (figure 7.3). Comparing to the human nbM, 

cholinergic neurons in the rat nbm are smaller (20-30 µm in diameter), multipolar and are arranged in 

a triangular cluster without a general dendritic orientation as seen in the fusiform, magnocellular nbM 

neurons in humans (figure 7.3). Also, they are not readily identifiable with Nissl (cresyl violet) stain 

and they are found as an interdigitating cluster between the internal capsule and globus pallidus, 

instead of within the subcommissural region near the basal forebrain as in humans.   

 

 

 

Figure 7.2. The rostrocaudal extent of the rat nbm from 5 representative set of coronal sections stained with H&E, LFB/CV and 
ChAT immunohistochemistry. Green box indicates the regions with the highest ChAT-positive neuronal density in the nbm with 
black arrows showing the position of the nbm.  
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7.4.2 Neuropathological changes after stereotaxic injection of lactacystin into the rat nbm 

ChAT-immunopositive neurons within the rat nbm were quantified in the right (injected) and the left 

(un-injected) hemispheres (Figure 7.5). A dose-dependent decrease in ChAT-positive neuron on the 

injected hemisphere was seen 3 weeks post-injection. However, a great degree of variation in 

neuronal count was seen for high-dose lactacystin at 6 weeks post-injection. It was subsequently 

discovered that lactacystin may undergo hydrolysis upon prolonged storage with aqueous solution. 

Hence, the two rats which received the long-term stored lactacystin were removed from subsequent 

analyses. The mean ChAT-positive neuronal count appeared to be similar between 3 and 6 weeks post-

Figure 7.3. Representative photomicrographs of the nbm regions with the highest ChAT-immunopositive neuron 
density. IC = internal capsule. Images captured at x4 magnification.  

Figure 7.4. Comparison of cholinergic neurons between the rat nbm (a) and the human nbM (b). Scale bar = 50 µm 
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injection for rats with high-dose lactacystin. A progressive decrease in neuronal count was observed 

for those with low-dose lactacystin, reaching a level comparable to that with high-dose lactacystin at 

6 weeks post-injection. In addition, non-specific loss of striatal cholinergic fibres and a reduction of 

interneuron ramification was observed at 6 weeks after high-dose lactacystin injection compared with 

the contralateral hemisphere (Figure 7.6).  However, αSN-immunopositive inclusions or aggregations 

were not identified in the surviving neurons of the nbm or surrounding areas in the brains of high-

dose lactacystin injected rats at 6 weeks post-injection.  

 

In the hemisphere contralateral to the injected side, nbm ChAT-positive neuronal count was relatively 

unaltered for those with low-dose lactacystin injected. However, for those with high-dose lactacystin 

injected, ChAT-positive neurons were reduced compared with sham and low-dose injected rats (Figure 

7.5).  

 

 

Figure 7.5. ChAT-immunopositive neuronal count in 
the right and left nbm of sham and lactacystin 
injected rats at 3 and 6 weeks post-injection.  Error 
bars = Mean ± SEM 
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Cortical cholinergic innervation density was measured at the anterior cingulate, primary motor and 

primary somatosensory cortices 6 weeks post-injection (Figure 7.7).  In the injected hemisphere, 

similar dose-dependent loss of ChAT-immunopositive fibres was found. However, for high-dose 

lactacystin injected rats, the extent of cholinergic innervation loss was not as great in the anterior 

cingulate cortex (mean of 37.5% decrease from sham) compared with the other cortical regions (mean 

of 71.9% decrease for primary motor cortex and 81.2% decrease for primary somatosensory cortex). 

In the contralateral hemisphere, similar degrees of cholinergic innervation were found, with those 

with low-dose lactacystin having an increase in ChAT-immunopositive fibre density in the anterior 

cingulate and primary motor cortices compared with sham injected rats.  

 

When nbm cholinergic neuronal count on the injected hemisphere was compared with ChAT-positive 

innervation in the various cortical regions, significantly positive correlations were identified with nbm 

count correlated the strongest to the primary somatosensory cortical innervation (r=0.8396, p = 

0.0091) (Figure 7.8).  

 

 

  

Figure 7.6. Striatal cholinergic denervation seen at 6 weeks post-injection of high-dose lactacystin in the injected 
hemisphere (a) compared with the un-injected hemisphere (b). 
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Figure 7.7. ChAT-immunopositive fibre density in the right and left cortical regions of sham and lactacystin injected rats at 6 weeks post-injection.  Error bars = Mean ± SEM 
 



 
 

 

 

7.4.3 Changes in motor behaviour after lactacystin injection   

Motor asymmetry on lactacystin or sham-injected rats was assessed using apomorphine-induced 

rotation test and vertical cylinder test (Figure 7.9). For the apomorphine-induced rotation test, the 

test duration was originally 30 minutes. However, 4 rats did not produce consistent rotation in the last 

5 minutes. As a result, the total net contralateral rotation up to 25 minutes was analysed. Only those 

with high-dose lactacystin injected displayed signs of motor asymmetry at 6 weeks post-injection, in 

particular a high ratio of ipsilateral to overall forelimb use was seen in the vertical cylinder test (mean 

= 0.80). Interestingly, for the apomorphine-induced rotation test, there was a high number of net 

rotation towards the ipsilateral side of the lesion for the high-dose injected rats.   

 

Figure 7.8. Correlation between nbm ChAT-immunopositive neuronal count and ChAT-immunopositivity in the anterior 
cingulate, primary motor and primary somatosensory cortices. 

Figure 7.9. Assessment of motor asymmetry with apomorphine-induced rotation test (a) and vertical cylinder test (b) 
at 3 and 6 weeks post-injection of lactacystin or vehicle. Error bars = Mean ± SEM 
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7.5 Discussion 

This pilot study satisfied the hypothesis that the lactacystin lesioning model on the rat nbm will 

produce certain pathological and clinical features seen in LBDem patients. In particular, I have 

compared the anatomy between the rat nbm with the human nbM. With the rostrocaudal extent of 

the nbm being mapped, a dose-dependent and progressive reduction of the nbm cholinergic neurons 

was found with lactacystin lesion. Although motor behavioural deficit was noted in rats with high-dose 

lactacystin lesion, it may be due to non-specific damage to the striatum around the injection site.  

 

The human nbM is found in the subcommisural region of the basal forebrain. In a similar anatomical 

location in the rat lies the nhlDBB, which projects to the olfactory bulb (Mesulam et al., 1983b). The 

importance of olfaction in rodents possibly explains why the nhlDBB is the largest component of the 

rodent cholinergic basal forebrain complex. The general topographical projection pattern of the 

cholinergic basal forebrain is similar in rodents and primates where the anterior part (including the 

MSN and nvlDBB) projects to the hippocampus and the posterior part (nbm or nbM) projects to the 

cerebral cortex. However, whether such topography exists within the nbm similar to that in the 

primates’ nbM has been a subject for debate. Lehmann and colleagues were first to demonstrate a 

possible topographical neocortical projection from the rat nbm using horseradish-peroxidase (HRP) 

retrograde tracing, where they reported the frontal-occipital cortical innervation corresponds to 

projection rostro-caudally within the nbm. However, other authors using both retrograde and 

anterograde labelling techniques coupled with AChE histochemistry have reported the general 

rostrocaudal pattern of innervation exists apart from the occipital and cingulate cortices, where they 

are innervated mostly by the nvlDBB and the nhlDBB (Bigl et al., 1982; Lamour et al., 1982; Saper, 

1984). Although it was later suggested that the topographical subregional division of the nbM could 

only be applicable for primates, a recent detailed mapping of the rat basal forebrain neurons using 

multiple retrograde tracers and atlas-based 3D reconstruction by Zaborszky et al confirmed that the 

rat basal forebrain cholinergic group has strict topographical organisation which innervates specific 

regions of the cerebral cortex (Zaborszky et al., 2015). In particular, rostromedial basal forebrain 

preferentially innervates the medial cortical regions including the cingulate cortex; and caudolateral 

basal forebrain innervates more lateral cortical regions including temporal, insular and perirhinal 

cortices (Zaborszky et al., 2015). In the current study, although retrograde mapping of cortical 

cholinergic innervation was not performed, lactacystin injection to the intermediate nbm region 

showed significant correlation between nbm cholinergic neuron loss and cortical cholinergic fibre 

reduction. In particular, there was a greater reduction of cholinergic fibres in the more laterally located 
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somatosensory cortex compared with the anterior cingulate cortex, which correlates with the 

topographic maps of the basal forebrain suggested by previous studies.  

 

Current animal models of PD induce dopaminergic loss and produce motor deficits, but they do not 

simulate the cholinergic dysfunction and cognitive decline seen in PD patients. Similarly, models of AD 

with cholinergic lesioning do not cause the neuropathological changes and motor impairment seen in 

LBDem cases. As a result, Wisman et al performed stereotaxic lesion in the rat cholinergic basal 

forebrain and the dopaminergic ventral tegmental area (VTA) using 192IgG-saporin and 6-OHDA 

respectively, which they found significant motor and working memory deficits were observed only if 

the MSN/nvlDBB and the VTA but not the nbm were lesioned. However, the pathological hallmark of 

PD, αSN aggregation, was absent. Hence, the same group subsequently stereotactically injected a 

recombinant adeno-associated viral vector encoding the human αSN into the rat MSN/nvlDBB and 

VTA which they identified significant motor and cognitive deficits in rats, but neuronal loss was found 

to be modest and may be due to non-specific effects. Perhaps the better model for cognitive 

impairment in LBD is from transgenic animals which express human wild-type αSN. One particular 

example is the Thy1-αSN (“Line-61”) mice from Chesselet’s group (Chesselet et al., 2012), where 

progressive motor cognitive impairment with cholinergic deficits and increasing αSN expression in the 

mice nbm were found (Chesselet et al., 2012; Magen et al., 2012). However, this model is time-

dependent and only a moderate reduction in cortical acetylcholine was found at 6 months of age 

(Magen et al., 2012).   

 

MacInnes et al proposed that the stereotaxic lesioning of the rat nbm by lactacystin can be a robust 

model for LBDem as significant reduction in nbm and SN neurons with αSN aggregation could be found 

3 weeks after stereotaxic injection with high-dose (20 µg) lactacystin (MacInnes et al., 2008). The 

present study expanded on the MacInnes et al study and found not only a dose-dependent effect on 

neuronal death caused by lactacystin, but a progressive loss of neurons at a lower dose of the toxin 

beyond 3 weeks after injection. Neuronal loss in the nbm of rats with low-dose lactacystin injection 

reached the level seen with higher dosage at 6 weeks post-injection, but significant motor asymmetry 

could not be observed. Clear motor deficits were observed in rats injected with high-dose lactacystin. 

Although this may be explained by the SN loss seen in the previous study (MacInnes et al., 2008), it 

could also be due to the extensive non-specific striatal neuronal loss adjacent to the site of injection 

as evidenced by the apomorphine-induced rotation test which an unexpected rotation bias towards 

the ipsilateral rather than the contralateral side of the lesion was observed (indicating a loss of 
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function in the ipsilateral striatum). Therefore, future study should avoid the use of high-dose 

lactacystin due to the non-specificity of the lesion.  

 

The present study is in agreement with MacInnes et al that the lactacystin nbm lesioning can be useful 

to model several pathological and clinical aspects of LBDem. However, the validation of this as a robust 

model for LBDem will require further behaviour testing for cognitive changes. In particular, tests on 

cognitive domains affected by LBD patients should be used. For example, the 5-choice serial reaction 

time task for visual attention and working memory (Chudasama et al., 2004); and the 8-arm maze for 

spatial working memory (Shen et al., 1996). Also, a more sensitive test for motor behaviour, such as 

the rotarod test, can be used to objectively quantify the degree of motor deficit (Brooks and Dunnett, 

2009). However, it is important to note that motor impairment is a core feature but is not essential 

for a diagnosis for DLB (McKeith et al., 2005). Hence, nbm lesioning with low-dose lactacystin can still 

be useful as a model of DLB if significant cognitive deficit could be seen, despite the absence of motor 

impairment.  

 

 

 

[Declaration: Rodent behaviour testing for this study was carried out by Miss Anuri Shah, a joint-PhD 

student at the Universtiy of Hong Kong and King’s College London] 
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Chapter 8 – General discussion 
 
8.1 Summary of thesis  

The brain cholinergic system is central to cognition and it has become apparent that cholinergic failure 

contributes to cognitive decline in PD and DLB, similar to AD. However, there are differing profiles of 

cognitive deficits between LBD and AD which can be related to dysfunction in distinct cortical and 

hippocampal regions. Since early retrograde tracer studies in non-human primates have revealed that 

the entire cerebral cortex and hippocampal formation receive cholinergic input topographically from 

the basal forebrain cholinergic neuron groups, this thesis investigated the hypothesis that different 

subregions of the basal forebrain will be differentially affected across the spectrum of LBD and AD.  

 

Recent technological advancement has led to the development of several tissue clearing techniques 

for the visualisation of a whole intact piece of tissue in three-dimensions. One novel tissue clearing 

technique, CLARITY, was successfully applied on human post-mortem material and a simplified 

protocol, FASTClear, was developed for the use on human brain tissue for the visualisation of 

anatomical structures and pathology in three-dimensions. It was the first time that Lewy body 

pathology had been visualised in three-dimensions without the need of physical sectioning of the 

tissue. Although the rodent nvlDBB and nbm were successfully visualised in 3D, the immunolabelling 

and visualisation of cholinergic neurons in the human basal forebrain remain challenging and will 

require further work (Chapter 3).  

 

Since it was not possible for the entire basal forebrain to be analysed with tissue clearing technique, 

tissue sections containing various basal forebrain subregions were used in this study. However, 

current nbM subdivisions were originally delineated in non-human primates and this not directly 

translate to the human brain due to anatomical differences. Hence, a thorough review of the literature 

was carried out. Based on the topographical nbM projections derived from retrograde tracer studies 

on non-human primates, a simplified subdivisional scheme of the human nbM into anterior, 

intermediate and posterior subdivisions was established (Chapter 4). Using this scheme, it was found 

that different nbM subregions were differentially affected between LBD and AD. In particular, there 

was a relative sparing of the frontal-cortically projecting anterior nbM in AD cases, whereas all three 

nbM subregions were equally depleted in LBD with cognitive impairment, to an extent even greater 

than that in AD. Among LBD cases, a step-wise gradient of increasing degree of cholinergic neuronal 

loss was found across the entire nbM as cognitive disability increased. Importantly, for LBD cases 

without cognitive deficits, severe cholinergic neuronal loss was found in the posterior nbM, mirroring 

the posterior cortical cholinergic deficits reported in post-mortem and in vivo imaging studies. Also, a 
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dichotomous mechanism of nbM neuronal degeneration was present between LBD and AD as 

evidenced by the significant association between Lewy pathologies and nbM neuronal loss and 

cholinergic cell atrophy seen in AD relative to PD. This supports the previous theory that PD undergoes 

primary nbM degeneration whereas nbM cholinergic neuronal depletion is due to retrograde 

degeneration secondary to pathology in cortical targets (Chapter 5).   

 

Similar to the nbM, the anatomy of the rostral cholinergic basal forebrain was reviewed and redefined, 

and a sampling strategy for the nvlDBB in the post-mortem human brain was established. It was 

identified that LBD cases with cognitive decline, but not AD cases, had a significant loss of cholinergic 

neurons in the nvlDBB. This led to the hypothesis that there may be a possible functional connection 

between the cholinergic nvlDBB (Ch2) and the CA2 subfield in the hippocampus, which is particularly 

vulnerable to Lewy pathologies (Chapter 6). In summary, combining the results from Chapters 5 and 

6, the original hypothesis of the thesis was satisfied where a clear rostrocaudal gradient of increasing 

degree of cholinergic neuronal loss is seen for AD cases across the basal forebrain, and a more severe 

and homogenous depletion is seen for LBDem cases (Figure 8.1).  

 

Finally, the cholinergic basal forebrain anatomy was compared between human and rats. A pilot study 

was carried out which demonstrated lactacystin injection into the rat nbm can replicate certain 

pathological and clinical features of LBDem and this can potentially be a novel model for PDD or DLB 

(Chapter 7).  

 

  



 
 

 

Figure 8.1. Scatter plot showing ChAT-positive neuronal density in LBD and AD cases in different basal forebrain subregions relative to controls. 
Results combined from Chapters 5 and 6. Error bars = SEM  



 
 

8.2 Significance and implication of studies 

There are a number of important implications of the studies in this thesis. Firstly, the development of 

novel tissue clearing strategies can potentially revolutionise the field of pathology, not limited to 

studies of the brain. It introduces a new dimension to how anatomical structures are visualised and 

enables further analysis into how different structures and pathologies are organised spatially. For 

example, neuronal projections in the human brain can be visualised in three-dimensions without the 

need for retrograde or anterograde tracers. This can help us understand the functional connections 

from various brain nuclei and the anatomical spread of protein inclusion pathologies such as tau and 

αSN within the brain. Data generated from this can also validate and improve in vivo tractography 

studies in the human brain. Furthermore, successful tissue clearing of a defined structure can replace 

stereology for a more accurate neuronal quantification. This can overcome issues due to anatomical 

variation between individuals and will be particularly useful in studying neurodegenerative 

pathologies where different degrees of brain atrophy are present. In addition, this technique can have 

great potential in translational research in understanding different diseases. For example, detailed 

analysis of neovascularisation in tumours, 3D visualisation of glial reaction around demyelinating 

plaques in multiple sclerosis, and spatial interaction between AD and Lewy pathologies in 

neurodegenerative conditions will be achievable with tissue clearing. Recently, we have carried out 

further work extending from this thesis which showed even formalin-fixed, paraffin-embedded tissue 

can be successfully reversed for tissue clearing and 3D visualisation. This has huge potential in the field 

of pathology as even archival tissues can now become useful for further research.   

 

Secondly, this thesis reinstated the importance of the cholinergic basal forebrain in cognition as it is 

the only region of the brain that innervates most (if not all) the cortical and hippocampal regions that 

are vital for cognitive processing.  Importantly, the subregional human and rodent basal forebrain 

anatomy have been redefined. In particular, based on studies from this thesis, it was proposed that 

different subregions of the human nbM topographically innervate the cortex similarly to that in non-

human primates: anterior nbM to anterior frontal and medial cortical regions; intermediate nbM to 

lateral frontoparietal cortical regions; posterior nbM to occipital and temporal regions. Also, the 

cholinergic nvlDBB may have connection to the hippocampal CA2 subfield. This will hopefully 

encourage further clinicopathological investigations into the role of subdivisional basal forebrain 

pathology and different domains of neuropsychiatric deficits, which may be useful in differentiating 

dementing disorders clinically when combined with in vivo basal forebrain imaging. Furthermore, the 

establishment of subdivisional basal forebrain anatomy will provide discrete targets for the 

modulation of regional cortical activity by means of deep brain stimulation and stereotactic delivery 
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of trophic factors, offering alternative options of symptomatic treatment for patients suffering from 

AD and LBDem.  

 

Thirdly, the significance and severity of cholinergic deficit in LBD, to an extent even greater than AD, 

have been recognised. Although there were inherent limitations in the retrospective nature of this 

clinicopathological study, the fact that a step-wise gradient of increasing cholinergic neuronal loss in 

the nbM and nvlDBB from PD to PD-MCI to PDD was found validates the use of retrospective case-

note ascertainment of cognitive impairment in PD cases. It may be important to consider PD as a 

“dopaminergic-cholinergic deficient syndrome” as a significant degree of cholinergic loss can even be 

found in PD cases without cognitive deficits. Hence, acetylcholinesterase inhibitor therapy, which has 

been proven effective for LBDem patients, may provide symptomatic relief for PD patients with MCI. 

Also, the advancement of imaging techniques with novel cholinergic ligands will help identify patients 

who are at risk of developing cognitive impairment and monitor disease progression in LBD cases. In 

addition, the degree of cholinergic deficits may differ between males and females, as well as between 

different PD subtypes. This will have significant impact on the management and counselling of PD 

patients on prognosis of cognitive impairment. Moreover, Lewy pathologies were found to be 

significantly associated with nbM neuronal loss in LBD cases, suggesting aggregation of αSN is either 

a cause of neuronal death, or a result from the failure of the ubiquitin-proteosome system for the 

clearance of aggregated protein in dying cholinergic neurons, in a manner similar to that in SN 

dopaminergic neurons. As with the treatment of motor symptoms with dopaminergic replacement 

therapy, pro-cholinergic drugs are likely to provide only symptomatic relief without significant 

alteration to the disease progression. Stanley Prusiner suggested that aggregated forms of αSN, or in 

fact all other pathological protein inclusions, are prions that have self-propagating properties causing 

neurodegeneration. Therefore, the only plausible “cure” for LBD will require a treatment regime which 

removes and prevents further conversion of αSN prions (Prusiner, 2013).  

 

8.3 Future work and conclusions 

Although novel tissue clearing techniques have been successfully attempted on human brain tissues, 

cholinergic neuron labelling remained challenging and three-dimensional visualisation of the human 

cholinergic basal forebrain is yet to be achieved. This appeared to be due to the necessity of antigen 

retrieval for immunolabelling for ChAT, as well as the weak antigenicity of the enzyme affected by 

post-mortem variables. However, a recent modified tissue clearing protocol called SWITCH (stands for 

(system-wide control of interaction time and kinetics of chemicals) utilises SDS to enhance penetration 

of antibodies deep into fixed post-mortem tissues (Murray et al., 2015). Since SDS also has antigen 
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retrieval properties, the combination of SWITCH with our current FASTClear approach may be suitable 

for improving immunolabelling of cleared tissues. Also, the use of tyramide signal amplification in 

tissue clearing has been tested to enhance signal of immunolabelled antigens (Sylwestrak et al., 2016), 

which will be ideal for the visualisation of the weak ChAT expression in the post-mortem human brain.  

 

In this study, pathology in different subregions of the cholinergic basal forebrain in LBD and AD cases 

was correlated to regional cortical cholinergic deficits seen in previous post-mortem enzymatic assay 

and in vivo imaging studies using cholinergic ligands. However, in order to confirm this, detailed 

correlation analysis between subdivisional basal forebrain cholinergic neuron loss and regional 

cortical/hippocampal terminal cholinergic fibre density have to be carried out. Also, future work can 

include further clinicopathological correlation studies between cholinergic fibre loss in different 

cortical areas and different domains of neuropsychiatric impairment. In addition, to fully appreciate 

the extent of pathological damage and adaptive changes to the brain cholinergic system in LBD, other 

cholinergic markers such as vAChT, ChT and cholinergic receptors, as well as neurotrophic factors have 

to be studied across the spectrum of LBD. This may lead to the identification of potential biomarkers 

for the prediction of dementia risk and development of pharmacological treatment for cognitive 

impairment in LBD.  

 

Since gender differences and PD subtypes were shown to have significant effects on cholinergic deficit 

in LBD cases, further studies on the genetic basis of cognitive decline in LBD have to be carried out. In 

particular, X-linked genes and genetic factors associated with differing PD subtypes, such as COMT 

polymorphisms and MAPT tau haplotypes, should be emphasised.  

 

With the increased emphasis in non-motor symptoms in PD, the role of other neurotransmitters in 

the pathogenesis of cognitive impairment in LBD should not be neglected. For example, the 

noradrenergic system from the locus coeruleus and the serotoninergic system from the raphe nuclei, 

which contribute to sleep dysfunction and mood disorders respectively. These neurotransmitter 

systems can be affected by Lewy pathologies early in the disease course and detailed 

clinicopathological investigation should be carried out. Different neurotransmitter systems may 

interact with one another. A full understanding of different pattern of neurotransmitter deficits in 

different disease groups can hopefully lead to improved, individualised management for patients. 

 

Finally, there is currently no animal model that can accurately reproduce the clinical and pathological 

features for PDD/DLB. Although the current rat nbm lesioning model with lactacystin is promising, it 
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remains a highly non-specific model and further refinement will be needed. It will also be useful to 

compare the pathological changes and behavioural phenotypes between toxin models and genetic 

models since this could increase our understanding of sporadic and familial forms of the disease. 

Ultimately, animal models will be useful for the understanding of underlying molecular mechanisms 

and provide a platform for subsequent trials for novel therapeutics.  

 

In conclusion, this thesis revisited the basal forebrain cholinergic system, which was a hot-topic for AD 

research in the late 20th century. In particular, pathology within basal forebrain subregions has been 

thoroughly investigated and it was discovered that cholinergic function can be more severely and 

extensively affected in LBD. This will hopefully facilitate further research into the non-dopaminergic 

and non-motor aspects of PD and lead to better management to improve quality of life of patients.   
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Appendix 1 – An example of clinical summary from the Parkinson’s UK 
Tissue Bank 
 

PD 258 dob 24.04.1939 Dod 03.02.2009 -M 

Quality of Notes:  Excellent 
Cause of death: 

Presentation: Tremor, reduced swing left arm 
Age of onset: 53 
Disease Duration: 17 
Clinical History: Familial Parkinson’s/ ParkinsonD with dementia 
Progressive Parkinson’s with marked dyskinesia and dystonia (facial m, neck, 
axial, and limbs) autonomic features, late dementia. Reduced eye movements 
Drugs:  Selegiline, Sinemet Plus, Pergolide, Artane, Cabergolide, Alprazolam, 
Sinemet Plus, Entacapone, Apomorphine pump/  infusion Donepezil, Amantadine 
Venlafaxine, Amantadine, Quietapine, Alprazolam, Botulinum injections,Memantine, 
Amitriptylline 
Complications: 
Fluctuations 
Freezing 
Falls 
Posture, festination 
Dyskinesias, 
Dystonic facies, generalized dystonia (dose related?) 

Autonomic: 
Dysphonia 
Dysarthria 
Drooling 
Constipation 
Hesitancy, retention 
No orthostatic hypotension noted 
Dysphagia 
Psychiatric: 
Anxiety, depression (premorbid onset) 
RBD 
Hallucinations  
Obsessive “negative” thoughts 
Memory  
MCI- Dementia (2003/4) 
 
Premorbid & Risks:  
former early smoker, moderate alcool 
anxiety 

Family History 
1st degree cousin PD 
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PD 258 dob 24.04.1939 Dod 03.02.2009 -M 
 

CLINICAL HISTORY: 
1991: hypomimia, reduced swing left arm, tremor left, EP rigidity good gait/posture, 
Depressed 
1993: Dr Scadding: above and small steps, voice quieter. Still able to have cycling 
holiday in France. Rest tremor, coqwheel rigidity and loss of swing left arm; mild 
dysphonia. Snoring: Selegiline 10mgs and Sinemet Plus 62.5 tds. 
Improved on Sinemet Plus 125 tds and Selegiline 5mgs BD. Mild dyskinesia? 
Occasional nausea. 
1994: Sinemet 125 CR, tds 
1996: tremor worse, fluctuations -stoppped Selegiline, increased Sinemet . Hesitancy 
of micturition and nocturia. 
1997: pergolide 200 tds, Sinemet CR Artane, Complaints of constipation, 
lightheadiness and dry mouth. Selegiline reintroduced. Moderate dyskinesia 
1998: fluctuations much worse, severe mid-dose dyskinesia and axial dystonia  
1999: Masud Husain/ A Lees: Dystonic facies and posture left arm, no rest tremor. 
Cabergolide 4mgs. Sinemet CR 1.5/1/1/1. Some improvement of dyskinesia.  
2000: episodes of freezing, dysarthria, forgetful 
2001: Freezing, falls, festination. Dyskinesias. Acute retention. Vivd dreams? 
Quietapine 
2002: short clinical trial of a natural powder containing L Dopa. Sinemet Plus, 
Cabergolide, Selegiline, Entacapone, Madopar CR nocte. Valium PRN 
2003; Cabergolide, Selegiline, Alprazolam, Sinemet Plus, Entacapone, Apomorphine 
pump/  infusion.  MMSE 27/30, some hallucinations whilst falling asleep. Reduced 
mobility of eye movements. Occasional delusions/ hallucinations. Diurnal 
sleepiness. Severe PD. Drooling, salivation, swallowing difficulties 
2004: MMSE 20/30. Domezepil periods of immobility. Amantadine 
2005: Advanced PD, recurrent hallucinations, “negative obsessional thoughts” but no 
paranoia. Venlafaxine. Rather stable. Blepharospasm. 
2007: Sinemet Plus , Apomorphine, Venlafaxine, Amantadine, Quietapine, 
Alprazolam, Donepezil Botulinum injections for blepharospasm W/C Flexed posture 
with antecolis 
2008: Hallucinations increased, severe freezing incl speech. Stopped Amantadine. 
Replaced Donepezil with Memantine. Amitriptylline replaced Venlafaxine. 
Jan 2009: severe difficulties swallowing, severe dystonia generalised. Died 
03/02/2009- passed away 
 

OTHER MEDICAL: 
Former smoker, stopped 1978. 200U wine per week 
1968: anxiety-depression 
2001: prostatectomy- benign 

FAMILY HISTORY: 
Twin brother no PD 
1st degree cousin PD 

MEDICATION:   
Valium 
1993: Selegiline, Sinemet Plus 
1997: pergolide, Artane,  



245 
 

1999: Cabergolide 
2003: ; Cabergolide, Selegiline, Alprazolam, Sinemet Plus, Entacapone, Apomorphine 
pump/  infusion 
2004: Donepezil, Amantadine 
2005: Venlafaxine 
2007: Sinemet Plus , Apomorphine, Venlafaxine, Amantadine, Quietapine, 
Alprazolam, DonepezilBotulinum injections (blepharospasm) 
2008: Memantine, Amitriptylline 

  



 
 

Appendix 2 – Selection and exclusion of cases from the Parkinson’s UK Tissue bank 
Case Diagnosis Selected? Reason for exclusion Sections available 

for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD01 PDD N Incomplete clinical notes ; poor tissue preservation N/A N/A 
PD02 PDD N Lack of tissue remaining N/A N/A 
PD03 PD-MCI Y N/A Y N 
PD04 DLB/AD N Co-existing AD, poor tissue preservation N/A N/A 
PD05 PDD N Incomplete clinical notes  N/A N/A 
PD06 PD N Incomplete clinical notes  N/A N/A 
PD07 PD Y N/A N N 
PD08 PD Y N/A N N 
PD09 PD/MS N Co-existing MS ; poor tissue preservation N/A N/A 
PD10 PDD Y N/A N Y 
PD11 PDD N Poor tissue preservation N/A N/A 
PD12 MSA N Co-existing demyelinating pathology N/A N/A 
PD13 PDD Y N/A N N 
PD14 PD N Incomplete clinical notes  N/A N/A 
PD15 PD N Incomplete clinical notes  N/A N/A 
PD16 PD-MCI Y N/A Y N 
PD17 PDD Y N/A N N 
PD18 PDD N Incomplete clinical notes  N/A N/A 
PD19 PD Y N/A Y Y 
PD20 PD Y N/A N N 
PD21 PDD Y N/A N N 
PD22 PD/PSP N Co-existing PSP N/A N/A 
PD23 PD Y N/A N N 
PD24 PDD Y N/A Y N 
PD25 MSA N MSA N/A N/A 
PD26 PDD/DLB with AD N Co-existing AD N/A N/A 
PD27 PD N Incomplete clinical notes ; brain oedema and hypoxic changes  N/A N/A 
PD28 PDD  Y N/A Y N 
PD29 PD Y N/A Y N 
PD30 PDD Y N/A N Y 
PD31 PSP/AD N Co-existing PSP and AD N/A N/A 
PD32 PD Y N/A Y N 
PD33 PD N Incomplete clinical notes ;  Multiple parenchymal haemorrhages  N/A N/A 
PD34 PDD Y N/A Y N 
PD35 PSP N PSP N/A N/A 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD36 PD N Incomplete clinical notes N/A N/A 
PD37 PDD  Y N/A N N 
PD38 Mild AD changes N Focal ischaemic damage in the putamen N/A N/A 
PD39 PDD N Multiple infarct N/A N/A 
PD40 Mild AD changes N Mild AD changes N/A N/A 
PD41 PDD  Y N/A N N 
PD42 PD N Micro-abscess formation, microgliosis N/A N/A 
PD43 MSA N MSA N/A N/A 
PD44 PDD Y N/A Y N 
PD45 PDD  N Incomplete clinical notes N/A N/A 
PD46 Early cerebritis N Early cerebritis N/A N/A 
PD47 PD/PSP N Co-existing PSP N/A N/A 
PD48 Age-related changes N SCA/OPCA? N/A N/A 
PD49 PD N Incomplete clinical notes ; cavernous angioma of occipital lobe N/A N/A 
PD50 PD N Subcortical infarct N/A N/A 
PD51 PD Y N/A Y N 
PD52 PDD Y N/A N N 
PD53 Hypoxic changes/Essential tremor N Hypoxic changes N/A N/A 
PD54 PD Y N/A Y N 
PD55 PDD N Cortical infarcts N/A N/A 
PD56 PDD  Y N/A Y N 
PD57 PD Y N/A N N 
PD58 PD/PSP N Co-existing PSP N/A N/A 
PD59 PD Y N/A Y N 
PD60 DLB/PDD N cortical microinfarct N/A N/A 
PD61 PDD  Y N/A Y N 
PD62 PDD  Y N/A Y N 
PD63 PD Y N/A Y N 
PD64 PSP N PSP N/A N/A 
PD65 Age-related changes N Mild age-related changes N/A N/A 
PD66 PD-MCI Y N/A N N 
PD67 PDD Y N/A Y N 
PD68 PD N Microvascular pathology N/A N/A 
PD69 PDD Y N/A Y N 
PD70 PD Y N/A Y N 
PD71 Significant substantia nigra cell 

loss 
N Significant substantia nigra cell loss N/A N/A 

PD72 PD-MCI Y N/A Y N 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD73 FTLD/MND N FTLD/MND N/A N/A 
PD74 PD N Microvascular pathology ; subcortical infarct N/A N/A 
PD75 PSP N PSP, Microvascular pathology N/A N/A 
PD76 PDD Y N/A Y N 
PD77 PDD Y N/A Y N 
PD78 PD-MCI Y N/A Y N 
PD79 PDD N Microvascular pathology N/A N/A 
PD80 MSA N MSA N/A N/A 
PD81 PD Y N/A Y N 
PD82 DLB/AD  N Co-existing AD; Tumour N/A N/A 
PD83 MSA N MSA N/A N/A 
PD84 PD-MCI Y N/A N N 
PD85 PD N Unusual pathological changes ; diffuse hypoxic changes ; brain oedema N/A N/A 
PD86 PD N Neuroleptic exposure ; Incomplete clinical notes  N/A N/A 
PD87 PSP N PSP N/A N/A 
PD88 PDD Y N/A N N 
PD89 DLB Y N/A Y N 
PD90 PDD N Subcortical infarct N/A N/A 
PD91 PD N Drug-induced PD N/A N/A 
PD92 PDD Y N/A Y N 
PD93 PD-MCI Y N/A Y N 
PD94 PD-MCI Y N/A Y N 
PD95 PD-MCI Y N/A Y N 
PD96 PSP N PSP, subcortical infarct N/A N/A 
PD97 PDD Y N/A Y N 
PD98 DLB/AD N Co-existing AD (Braak tau >4) N/A N/A 
PD99 PDD N Incomplete clinical notes N/A N/A 
PD100 PDD Y N/A Y N 
PD101 PD Y N/A Y N 
PD102 PDD N Cortical infarct N/A N/A 
PD103 DLB/AD N Co-existing AD (Braak tau 5) N N/A 
PD104 PD-MCI Y N/A Y Y 
PD105 MSA N MSA N/A N/A 
PD106 PD Y N/A Y N 
PD107 PD Y N/A Y Y 
PD108 PSP N PSP N/A N/A 
PD109 PDD Y N/A Y N 
PD110 PDD N Incomplete clinical notes N/A N/A 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD111 PSP/AD N PSP and AD N/A N/A 
PD112 PSP N PSP N/A N/A 
PD113 PDD Y N/A N N 
PD114 PD Y N/A Y N 
PD115 Likely DLB N Incomplete clinical notes N/A N/A 
PD116 PD N Incomplete clinical notes N/A N/A 
PD117 PD N Significant neuroleptic exposure ; Incomplete clinical notes N/A N/A 
PD118 PDD N Neuroleptic exposure ; Axonal compression N/A N/A 
PD119 PDD/AD N Co-existing AD (Braak tau 6) N/A N/A 
PD120 PD N Complex pathology (including melanin deposit in cerebellum) N/A N/A 
PD121 PD Y N/A N N 
PD122 PD-MCI Y N/A N Y 
PD123 PD-MCI Y N/A Y N 
PD124 PD-MCI Y N/A N Y 
PD125 PDD/MSA N Co-existing MSA N/A N/A 
PD126 PSP/AD N PSP and AD N/A N/A 
PD127 PD-MCI Y N/A N N 
PD128 PD N Last visit to clinician > 2 years N/A N/A 
PD129 PDD Y N/A N Y 
PD130 PDD Y N/A N Y 
PD131 PDD Y N/A Y N 
PD132 PD Y N/A Y N 
PD133 PDD N Multiple infarct N/A N/A 
PD134 PDD Y N/A N N 
PD135 PDD Y N/A N N 
PD136 PD-MCI Y N/A Y N 
PD137 PDD Y N/A Y N 
PD138 PDD  Y N/A Y N 
PD139 PSP N PSP N/A N/A 
PD140 PDD Y N/A Y Y 
PD141 PD Y N/A Y N 
PD142 PDD  Y N/A N N 
PD143 PDD/AD N Co-existing AD (Braak tau 4) N/A N/A 
PD144 PDD Y N/A Y N 
PD145 PSP N PSP N/A N/A 
PD146 PDD  Y N/A Y N 
PD147 PSP N PSP N/A N/A 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD148 Intraparenchymal and 
subarachnoid haemorrhage 

N Intraparenchymal and subarachnoid haemorrhage N/A N/A 

PD149 PDD Y N/A Y N 
PD150 Age-related changes or vascular 

PD 
N Age-related changes or vascular PD N/A N/A 

PD151 PDD  N Incomplete clinical notes N/A N/A 
PD152 DLB Y N/A N N 
PD153 PD-MCI N Significant neuroleptic exposure N/A N/A 
PD154 PD N Possible co-existing MSA N/A N/A 
PD155 PD Y N/A Y N 
PD156 PDD  Y N/A Y N 
PD157 PDD  Y N/A Y N 
PD158 PDD N Multiple infarct N/A N/A 
PD159 PDD N Vascular pathology N/A N/A 
PD160 PD Y N/A Y N 
PD161 PDD Y N/A N N 
PD162 PD-MCI N Multiple infarct N/A N/A 
PD163 DLB Y N/A Y N 
PD164 PD-MCI N Incomplete clinical notes N/A N/A 
PD165 PD Y N/A Y N 
PD166 PD N Subcortical infarct N/A N/A 
PD167 AD N AD with co-existing alpha-synucleinopathy N/A N/A 
PD168 PD-MCI/AD N Incomplete clinical notes N/A N/A 
PD169 PSP N PSP N/A N/A 
PD170 PD N Thalamotomy (tissue damage) N/A N/A 
PD171 PDD Y N/A Y N 
PD172 PDD N Pontine demyelination N/A N/A 
PD173 PSP N PSP N/A N/A 
PD174 PSP N Lupus-type vasculopathy N/A N/A 
PD175 PD/MSA N Co-existing MSA N/A N/A 
PD176 MSA N Multiple infarct N/A N/A 
PD177 PDD Y N/A N N 
PD178 PSP N PSP N/A N/A 
PD179 PD/MS N Co-existing MS N/A N/A 
PD180 PDD Y N/A Y N 
PD181 PD N Incomplete clinical notes N/A N/A 
PD182 PDD N Incomplete clinical notes N/A N/A 
PD183 PD Y N/A N N 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD184 PD N Drug-induced PD N/A N/A 
PD185 PDD N Cerebellar infarct N/A N/A 
PD186 PD-MCI N Co-existing AD pathology (Braak tau stage 4) N/A N/A 
PD187 PD-MCI Y N/A Y N 
PD188 PDD N Incomplete clinical notes ; Ischaemic damage N/A N/A 
PD189 DLB Y N/A Y N 
PD190 PD-MCI Y N/A Y N 
PD191 PD Y N/A N N 
PD192 MSA N MSA N/A N/A 
PD193 PDD/AD N Co-existing AD (Braak tau 4) N/A N/A 
PD194 PDD N Incomplete clinical notes N/A N/A 
PD195 DLB Y N/A N N 
PD196 PD Y N/A Y N 
PD197 PD Y N/A Y N 
PD198 PDD N Incomplete clinical notes N/A N/A 
PD199 PDD N Last visit to clinician > 2 years N/A N/A 
PD200 PDD N CAA pathology, atypically mild aSN deposit N/A N/A 
PD201 PD N Widespread CAA, vascular pathologies N/A N/A 
PD202 PSP N PSP N/A N/A 
PD203 PD Y N/A Y N 
PD204 PD Y N/A Y N 
PD205 MSA N MSA N/A N/A 
PD206 PD Y N/A Y N 
PD207 PDD N Incomplete clinical notes N/A N/A 
PD208 PD/ALS N Co-existing ALS N/A N/A 
PD209 PD/MSA N Co-existing MSA N/A N/A 
PD210 PD Y N/A Y N 
PD211 PD-MCI Y N/A Y N 
PD212 PD N No clinical summaries N/A N/A 
PD213 PD N Incomplete clinical notes (no notes 3 years before death) N/A N/A 
PD214 PD N Incomplete clinical notes N/A N/A 
PD215 PD N Incomplete clinical notes N/A N/A 
PD216 PD N Incomplete clinical notes N/A N/A 
PD217 PD/PSP N Co-existing PSP ; Multiple infarct N/A N/A 
PD218 Significant substantia nigra 

damage 
N Significant substantia nigra damage; no synucleinopathy N/A N/A 

PD219 DLB Y N/A Y N 
PD220 PDD N Incomplete clinical notes N/A N/A 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD221 PD/MSA N Co-existing MSA N/A N/A 
PD222 Central pontine myelinolysis N Co-existing early PSP pathology N/A N/A 
PD223 PDD/MSA N Co-existing MSA ; pontine infarct N/A N/A 
PD224 PD N Incomplete clinical notes N/A N/A 
PD225 PD N No clinical summaries N/A N/A 
PD226 PD/PDD N No clinical summaries N/A N/A 
PD227 MSA N MSA N/A N/A 
PD228 PD Y N/A N N 
PD229 PD Y N/A Y N 
PD230 AD N AD N/A N/A 
PD231 PD-MCI N Incomplete clinical notes N/A N/A 
PD232 PD-MCI Y N/A N N 
PD233 PDD  Y N/A N N 
PD234 PDD  N Incomplete clinical notes (no notes 4 years before death) N/A N/A 
PD235 PD-MCI N Incomplete clinical notes N/A N/A 
PD236 PD N Secondary malignancy ; multiple infarct N/A N/A 
PD237 PD/PSP N Co-existing PSP  N/A N/A 
PD238 PD-MCI N Incomplete clinical notes N/A N/A 
PD239 PD N Cortical infarct N/A N/A 
PD240 PSP N PSP N/A N/A 
PD241 DLB Y N/A Y N 
PD242 vCJD N vCJD N/A N/A 
PD243 PD Y N/A Y N 
PD244 PDD N Incomplete clinical notes N/A N/A 
PD245 PD/PSP N Co-existing PSP N/A N/A 
PD246 PDD Y N/A N N 
PD247 PD N Subcortical infarct N/A N/A 
PD248 Multiple ischaemic infarcts N Multiple ischaemic infarcts N/A N/A 
PD249 PSP N PSP N/A N/A 
PD250 PDD Y N/A Y Y 
PD251 PDD N Cerebellar infarct, cystic putamen infarct N/A N/A 
PD252 PD N Secondary malignancy  N/A N/A 
PD253 PSP N PSP N/A N/A 
PD254 PD/PSP N Co-existing PSP N/A N/A 
PD255 PDD Y N/A Y N 
PD256 PDD/DLB N Incomplete clinical notes N/A N/A 
PD257 DLB N No clinical summaries N/A N/A 
PD258 PDD Y N/A Y N 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD259 PD N Multiple infarct N/A N/A 
PD260 PD Y N/A Y Y 
PD261 PD N Incomplete clinical notes N/A N/A 
PD262 PD/PSP N Co-existing PSP N/A N/A 
PD263 PD-MCI Y N/A Y N 
PD264 PDD Y N/A Y N 
PD265 PD/PSP N Co-existing PSP N/A N/A 
PD266 PDD/AD N Subcortical infarct N/A N/A 
PD267 PD Y N/A Y N 
PD268 PDD N Cortical infarct N/A N/A 
PD269 PDD Y N/A Y N 
PD270 PD Y N/A Y Y 
PD271 PDD N Incomplete clinical notes N/A N/A 
PD272 PD Y N/A Y N 
PD273 PDD Y N/A Y Y 
PD274 Significant substantia nigra 

damage 
N Significant substantia nigra damage N/A N/A 

PD275 PD Y N/A N N 
PD276 PSP N PSP ; Multiple infarct N/A N/A 
PD277 PDD Y N/A N N 
PD278 PD-MCI N Diffuse microvascular pathology, infarction of anterior limb of internal capsule N/A N/A 
PD279 PDD Y N/A N N 
PD280 PDD/MSA N Co-existing MSA N/A N/A 
PD281 PD N Multiple infarct N/A N/A 
PD282 AD N AD N/A N/A 
PD283 PD/PSP N Co-existing PSP N/A N/A 
PD284 PD Y N/A Y N 
PD285 PDD N Co-existing AD (Braak tau 4) N/A N/A 
PD286 PDD Y N/A Y N 
PD287 PDD Y N/A Y N 
PD288 CBD N CBD N/A N/A 
PD289 PD-MCI Y N/A Y N 
PD290 PD N Incomplete clinical notes N/A N/A 
PD291 Control Y N/A Y N 
PD292 MSA N MSA N/A N/A 
PD293 PDD Y N/A Y N 
PD294 DLB Y N/A N Y 
PD295 PDD Y N/A Y N 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD296 DLB Y N/A N N 
PD297 DLB  N Incomplete clinical notes (Lack of end of life notes) N/A N/A 
PD298 CAA N CAA, subcortical infarction N/A N/A 
PD299 PDD Y N/A Y Y 
PD300 MSA N MSA N/A N/A 
PD301 PDD Y N/A Y N 
PD302 PSP N PSP N/A N/A 
PD303 Age-related changes N Microvascular pathology N/A N/A 
PD304 PDD Y N/A Y N 
PD305 PD N Incomplete clinical notes ;  severe hippocampal sclerosis ; microvascular pathology  N/A N/A 
PD306 PDD N Incomplete clinical notes N/A N/A 
PD307 PDD Y N/A Y N 
PD308 PD N Cortical infarct N/A N/A 
PD309 PDD N No formalin-fixed tissue available N/A N/A 
PD310 PD Y N/A Y N 
PD311 PDD N Severe calcium deposit in pallidus of unknown significance N/A N/A 
PD312 Control N Cortical infarct N/A N/A 
PD313 PD/AD N Incomplete clinical notes N/A N/A 
PD314 PDD N Incomplete clinical notes N/A N/A 
PD315 PD N Cortical infarct N/A N/A 
PD316 PD N Incomplete clinical notes N/A N/A 
PD317 PD N Microabscess formation N/A N/A 
PD318 PD N Incomplete clinical notes N/A N/A 
PD319 PDD N Incomplete clinical notes N/A N/A 
PD320 PD N Significant neuroleptics exposure N/A N/A 
PD321 PD N Incomplete clinical notes N/A N/A 
PD322 PD N Incomplete clinical notes N/A N/A 
PD323 PDD Y N/A Y N 
PD324 PDD Y N/A Y N 
PD325 PSP with amygdala-predominant 

alpha-synucleinopathy 
N PSP with co-existing alpha-synucleinopathy N/A N/A 

PD326 MSA N MSA N/A N/A 
PD327 PDD Y N/A N Y 
PD328 PDD N Neuroleptic exposure ; Cortical infarct N/A N/A 
PD329 PD N Significant neuroleptics exposure N/A N/A 
PD330 DLB/AD N Co-existing AD (Braak tau 5) N/A N/A 
PD331 PD-MCI Y N/A Y N 
PD332 PD-MCI N Incomplete clinical notes N/A N/A 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD333 MSA N MSA N/A N/A 
PD334 PDD N Cortical infarct N/A N/A 
PD335 PD N Incomplete clinical notes N/A N/A 
PD336 PDD Y N/A Y N 
PD337 PDD Y N/A Y N 
PD338 PD N Incomplete clinical notes N/A N/A 
PD339 PSP N PSP N/A N/A 
PD340 PDD Y N/A Y N 
PD341 PDD Y N/A Y N 
PD342 PDD/AD N Co-existing AD; Incomplete clinical notes N/A N/A 
PD343 DLB Y N/A Y N 
PD344 PD N Multiple infarct ; Microvascular pathology N/A N/A 
PD345 PSP N PSP N/A N/A 
PD346 PD/PSP N Co-existing PSP ; incomplete clinical notes N/A N/A 
PD347 PD Y N/A Y N 
PD348 PD Y N/A Y N 
PD349 PSP N PSP N/A N/A 
PD350 AD/PD N AD (Braak tau 6) with PD (Braak aSN 6) N/A N/A 
PD351 PD N Secondary malignancy N/A N/A 
PD352 PD/PDD N Cerebellar leptomeningeal micro-metastasis of carcinoma N/A N/A 
PD353 PD N Significant neuroleptics exposure N/A N/A 
PD354 PD N Incomplete clinical notes N/A N/A 
PD355 PSP N PSP N/A N/A 
PD356 PD Y N/A Y N 
PD357 PD-MCI N Microvascular pathology N/A N/A 
PD358 Tauopathy N Unclassifiable tauopathy  N/A N/A 
PD359 PDD/AD N Subcortical infarct N/A N/A 
PD360 PD-MCI N Last visit to clinician > 2 years N/A N/A 
PD361 PD N Cortical microinfarct N/A N/A 
PD362 AD/PD N AD (Braak tau 6) with PD (Braak aSN 6) N/A N/A 
PD363 MSA N MSA N/A N/A 
PD364 MSA N MSA N/A N/A 
PD365 DLB  Y N/A Y N 
PD366 PDD Y N/A Y Y 
PD367 Age-related changes N No PD pathology, incomplete clinical notes N/A N/A 
PD368 PD-MCI N Multiple infarct N/A N/A 
PD369 PD-MCI N Multiple infarct N/A N/A 
PD370 PD Y N/A Y N 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD371 PDD Y N/A Y N 
PD372 PDD Y N/A Y N 
PD373 PD Y N/A Y N 
PD374 PDD Y N/A Y Y 
PD375 PD-MCI N Incomplete clinical notes N/A N/A 
PD376 PD/PSP N Co-existing PSP  N/A N/A 
PD377 PD Y N/A N N 
PD378 PD-MCI Y N/A Y N 
PD379 PSP N PSP, multiple infarct N/A N/A 
PD380 PD Y N/A N Y 
PD381 PD-MCI Y N/A Y N 
PD382 PD/MSA N Co-existing MSA N/A N/A 
PD383 PD N Multiple infarct N/A N/A 
PD384 DLB/AD N Co-existing AD (Braak tau 6) N/A N/A 
PD385 DLB Y N/A N N 
PD386 PD-MCI Y N/A Y N 
PD387 PDD  N Incomplete clinical notes (not notes 4 years before death) N/A N/A 
PD388 PSP N Multiple infarct N/A N/A 
PD389 DLB N Unknown tau pathology ; Multiple infarct N/A N/A 
PD390 PD N Microvascular pathology N/A N/A 
PD391 PDD  Y N/A Y N 
PD392 PSP N PSP N/A N/A 
PD393 PDD  N Microvascular pathology N/A N/A 
PD394 No neuropath report N No neuropath report N/A N/A 
PD395 No neuropath report N No neuropath report N/A N/A 
PD396 PD N Multiple infarct ;  Incomplete clinical notes N/A N/A 
PD397 PD N Last visit to clinician > 2 years N/A N/A 
PD398 PD Y N/A Y N 
PD399 PDD Y N/A Y N 
PD400 Age-related changes N Microvascular pathology ; cortical infarct N/A N/A 
PD401 No neuropath report N No neuropath report N/A N/A 
PD402 PD/MSA/PSP N Co-existing MSA and PSP N/A N/A 
PD403 PDD N Thalamotomy (tissue damage) N/A N/A 
PD404 DLB Y N/A Y N 
PD405 PDD Y N/A Y N 
PD406 PD Y N/A N N 
PD407 PD N Secondary malignancy ; Cortical infarct N/A N/A 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD408 Multiple cortical micro-
metastases consistent with 
primary melanoma 

N Secondary malignancy N/A N/A 

PD409 PD N Multiple infarct ; Haemangioma N/A N/A 
PD410 MSA N MSA N/A N/A 
PD411 PD/tauopathy N Co-existing unclassifiable tauopathy ; Microvascular pathology N/A N/A 
PD412 PD N Subcortical infarct N/A N/A 
PD413 PD Y N/A Y N 
PD414 PD N Metastatic melanoma N/A N/A 
PD415 PDD Y N/A Y N 
PD416 PD Y N/A Y N 
PD417 PD N Incomplete clinical notes N/A N/A 
PD418 PDD N Microvascular pathology N/A N/A 
PD419 PD Y N/A Y N 
PD420 PD N Cerebral infarction (watershed)  N/A N/A 
PD421 PDD  N Multiple infarct N/A N/A 
PD422 PDD Y N/A Y Y 
PD423 PD Y N/A Y N 
PD424 PDD/tauopathy N Co-existing unclassifiable tauopathy N/A N/A 
PD425 PD N Microvascular pathology  N/A N/A 
PD426 PD N co-existing cerebral neoplasm N/A N/A 
PD427 PDD N No clinical summaries N/A N/A 
PD428 PD Y N/A Y N 
PD429 PD Y N/A N Y 
PD430 PDD/AD N Co-existing AD (Braak tau 6) N/A N/A 
PD431 PD/MSA N Co-existing early MSA N/A N/A 
PD432 PSP N Microvascular pathology N/A N/A 
PD433 PD Y N/A Y Y 
PD434 PD/MSA N Co-existing MSA ; trigeminal schwannoma ; cortical infarct N/A N/A 
PD435 PD-MCI N Incomplete clinical notes  N/A N/A 
PD436 PD N Subcortical infarct N/A N/A 
PD437 PD/AD N Co-existing AD (Braak tau 6) N/A N/A 
PD438 PD N Small lacunar infarct of GP, Braak tau 4  N/A N/A 
PD439 PD N frontal infarct  N/A N/A 
PD440 Vascular PD N Cerebrovascular disease ; Vascular parkinsonism  N/A N/A 
PD441 DLB/AD N Co-existing AD added  N/A N/A 
PD442 PD N cerebral haemorrhage  N/A N/A 
PD443 PDD  Y N/A Y N 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD444 No neuropath report N No neuropath report N/A N/A 
PD445 No neuropath report N No neuropath report N/A N/A 
PD446 No neuropath report N No neuropath report N/A N/A 
PD447 No neuropath report N No neuropath report N/A N/A 
PD448 No neuropath report N No neuropath report N/A N/A 
PD449 No neuropath report N No neuropath report N/A N/A 
PD450 No neuropath report N No neuropath report N/A N/A 
PD451 PD Y N/A Y N 
PD452 No neuropath report N No neuropath report N/A N/A 
PD453 No neuropath report N No neuropath report N/A N/A 
PD454 No neuropath report N No neuropath report N/A N/A 
PD455 No neuropath report N No neuropath report N/A N/A 
PD456 PDD/MSA N Co-existing MSA N/A N/A 
PD457 No neuropath report N No neuropath report N/A N/A 
PD458 No neuropath report N No neuropath report N/A N/A 
PD459 No neuropath report N No neuropath report N/A N/A 
PD460 No neuropath report N No neuropath report N/A N/A 
PD461 PSP/AD N PSP with AD N/A N/A 
PD462 No neuropath report N No neuropath report N/A N/A 
PD463 PD-MCI N Mild microvascular pathology N/A N/A 
PD464 PDD N Poor tissue preservation  N/A N/A 
PD465 PD-MCI Y N/A Y N 
PD466 No neuropath report N No neuropath report N/A N/A 
PD467 No neuropath report N No neuropath report N/A N/A 
PD468 No neuropath report N No neuropath report N/A N/A 
PD469 No neuropath report N No neuropath report N/A N/A 
PD470 No neuropath report N No neuropath report N/A N/A 
PD471 PD-MCI N Mild cerebral vascular disease (small ischaemic lesion in deep white matter of 

temporal lobe) 
N/A N/A 

PD472 No neuropath report N No neuropath report N/A N/A 
PD473 No neuropath report N No neuropath report N/A N/A 
PD474 No neuropath report N No neuropath report N/A N/A 
PD475 No neuropath report N No neuropath report N/A N/A 
PD476 No neuropath report N No neuropath report N/A N/A 
PD477 No neuropath report N No neuropath report N/A N/A 
PD478 No neuropath report N No neuropath report N/A N/A 
PD479 PDD Y N/A Y N 
PD480 No neuropath report N No neuropath report N/A N/A 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD481 No neuropath report N No neuropath report N/A N/A 
PD482 PDD  Y N/A Y Y 
PD483 MSA N MSA N/A N/A 
PD484 No neuropath report N No neuropath report N/A N/A 
PD485 No neuropath report N No neuropath report N/A N/A 
PD486 No neuropath report N No neuropath report N/A N/A 
PD487 No neuropath report N No neuropath report N/A N/A 
PD488 No neuropath report N No neuropath report N/A N/A 
PD489 No neuropath report N No neuropath report N/A N/A 
PD490 No neuropath report N No neuropath report N/A N/A 
PD491 PD/PSP N Cerebral contusions, small pontine infarct, microvascular pathology, co-existing 

PSP  
N/A N/A 

PD492 MSA N MSA N/A N/A 
PD493 PD/AD N Co-existing AD (Braak tau 6) N/A N/A 
PD494 PD  N Incomplete clinical notes  N/A N/A 
PD495 No neuropath report N No neuropath report N/A N/A 
PD496 No neuropath report N No neuropath report N/A N/A 
PD497 Vascular PD N Severe microvascular pathology, multiple cortical and white matter infarct N/A N/A 
PD498 PD N Incomplete clinical notes N/A N/A 
PD499 MSA N MSA N/A N/A 
PD500 PSP N PSP N/A N/A 
PD501 PDD Y N/A Y N 
PD502 PDD Y N/A N N 
PD503 PD-MCI Y N/A Y Y 
PD504 PD N Poor tissue fixation  N/A N/A 
PD505 MSA N MSA N/A N/A 
PD506 PD Y N/A Y Y 
PD507 PD/PSP N Co-existing PSP; Multiple infarct N/A N/A 
PD508 No clinical notes N No clinical notes N/A N/A 
PD509 PSP N PSP; Co-existing cerebellar infarct  N/A N/A 
PD510 PD-MCI Y N/A Y N 
PD511 PD-MCI Y N/A Y Y 
PD512 PD N Severe microvascular pathology in basal ganglia, small infarct in cerebellum N/A N/A 
PD513 PDD Y N/A Y Y 
PD514 PD-MCI N Microvascular pathology in basal ganglia N/A N/A 
PD515 MSA N MSA N/A N/A 
PD516 PD-MCI N Co-existing infarction in basal ganglia N/A N/A 
PD517 PD Y N/A Y N 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD518 PSP N PSP N/A N/A 
PD519 PD N Microvascular pathology N/A N/A 
PD520 PD-MCI N Incomplete clinical notes, small cerebellar infarct N/A N/A 
PD521 MSA N MSA N/A N/A 
PD522 No neuropath report N No neuropath report N/A N/A 
PD523 PD N Severe microvascular pathology in basal ganglia, focal mild acute leptomeningeal 

inflammation in medulla and cerebellum 
N/A N/A 

PD524 PD/AD N Multiple infarct; co-existing AD N/A N/A 
PD525 PD/FTD/CJD N Possible CJD/frontal temporal dementia N/A N/A 
PD526 MSA N MSA N/A N/A 
PD527 Left pontine infarct N Multiple infarct N/A N/A 
PD528 MSA N MSA N/A N/A 
PD529 Mild aging changes N Mild aging changes N/A N/A 
PD530 PDD Y N/A Y Y 
PD531 PDD Y N/A Y N 
PD532 PSP N Microvascular pathology in basal ganglia N/A N/A 
PD533 PD-MCI N Incomplete clinical notes (no notes for last 4 years of life) N/A N/A 
PD534 PD N Mild small vessels disease in basal ganglia  N/A N/A 
PD535 No neuropath report N No neuropath report N/A N/A 
PD536 PDD N hippocampal sclerosis N/A N/A 
PD537 PDD N Mild small vessel disease N/A N/A 
PD538 PDD Y N/A Y N 
PD539 PDD  Y N/A Y Y 
PD540 PDD Y N/A N N 
PD541 PD-MCI Y N/A Y N 
PD542 PD Y N/A Y N 
PD543 No neuropath report N No neuropath report N/A N/A 
PD544 PDD N Incidental schwannoma (Grade I, WHO 2007) N/A N/A 
PD545 PDD Y N/A N N 
PD546 PD Y N/A Y N 
PD547 No clinical notes N No clinical notes N/A N/A 
PD548 PDD Y N/A Y N 
PD549 Control Y N/A ? N 
PD550 PD-MCI Y N/A Y N 
PD551 No neuropath report N No neuropath report N/A N/A 
PD552 PD-MCI N Multiple infarct N/A N/A 
PD553 PDD N Co-existing fronto-parietal meningioma N/A N/A 
PD554 PD N Poor clinical notes; small vessel disease in frontal cortex white matter N/A N/A 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD555 MSA N MSA N/A N/A 
PD556 PD/AD N Braak tau 4 N/A N/A 
PD557 PDD N Mild small vessel disease N/A N/A 
PD558 PDD/AD N Mild small vessel disease; Braak Tau 4 N/A N/A 
PD559 PD  N Poor tissue fixation N/A N/A 
PD560 AD N AD N/A N/A 
PD561 PDD  Y N/A Y N 
PD562 PDD N Severe CAA pathology; extensive myelin pallor in the occipital white matter 

without features of active demyelination 
N/A N/A 

PD563 PDD Y N/A Y N 
PD564 PDD Y N/A Y N 
PD565 PD Y N/A Y N 
PD566 PDD Y N/A Y N 
PD567 No neuropath report N No neuropath report N/A N/A 
PD568 PD-MCI Y N/A Y N 
PD569 PDD N Poor clinical notes N/A N/A 
PD570 No neuropath report N No neuropath report N/A N/A 
PD571 No neuropath report N No neuropath report N/A N/A 
PD572 No neuropath report N No neuropath report N/A N/A 
PD573 No neuropath report N No neuropath report N/A N/A 
PD574 No neuropath report N No neuropath report N/A N/A 
PD575 No neuropath report N No neuropath report N/A N/A 
PD576 No neuropath report N No neuropath report N/A N/A 
PD577 No neuropath report N No neuropath report N/A N/A 
PD578 No neuropath report N No neuropath report N/A N/A 
PD579 No neuropath report N No neuropath report N/A N/A 
PD580 No neuropath report N No neuropath report N/A N/A 
PD581 PD N Metastatic adenocarcinoma N/A N/A 
PD582 No neuropath report N No neuropath report N/A N/A 
PD583 No neuropath report N No neuropath report N/A N/A 
PD584 No clinical notes N No clinical notes N/A N/A 
PD585 No neuropath report N No neuropath report N/A N/A 
PD586 No neuropath report N No neuropath report N/A N/A 
PD587 No neuropath report N No neuropath report N/A N/A 
PD588 No neuropath report N No neuropath report N/A N/A 
PD589 No neuropath report N No neuropath report N/A N/A 
PD590 No neuropath report N No neuropath report N/A N/A 
PD591 No neuropath report N No neuropath report N/A N/A 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD592 No neuropath report N No neuropath report N/A N/A 
PD593 No neuropath report N No neuropath report N/A N/A 
PD594 No neuropath report N No neuropath report N/A N/A 
PD595 No neuropath report N No neuropath report N/A N/A 
PD596 No neuropath report N No neuropath report N/A N/A 
PD597 No neuropath report N No neuropath report N/A N/A 
PD598 No neuropath report N No neuropath report N/A N/A 
PD599 PDD N Mild cerebral vascular (small vessel) disease  N/A N/A 
PD600 MSA N MSA N/A N/A 
PD601 MSA N MSA N/A N/A 
PD602 Pure nigral degeneration N Pure nigral degeneration N/A N/A 
PD603 PDD Y N/A Y N 
PD604 PDD  N Mild cerebrovascular disease N/A N/A 
PD605 PDD Y N/A Y N 
PD606 PD/AD N Co-existing TDP-43 proteinopathy; Braak Tau Stage 4 N/A N/A 
PD607 Pathological ageing  N Co-existing small vessel disease N/A N/A 
PD608 Tauopathy (possibly PSP)/AD N Braak tau 4; mild cerebrovascular disease N/A N/A 
PD609 PD N small vessel disease N/A N/A 
PD610 No neuropath report N No neuropath report N/A N/A 
PD611 No neuropath report N No neuropath report N/A N/A 
PD612 No neuropath report N No neuropath report N/A N/A 
PD613 No neuropath report N No neuropath report N/A N/A 
PD614 PD Y N/A N N 
PD615 PD N Incomplete clinical notes N/A N/A 
PD616 PD Y N/A Y N 
PD617 PD Y N/A N N 
PD618 PD-MCI Y N/A Y N 
PD619 PD-MCI Y N/A Y N 
PD620 PDD N small vessel disease N/A N/A 
PD621 PD N small vessel disease N/A N/A 
PD622 PD N Cerebral vascular disease; Subcortical arteriosclerotic encephalopathy  N/A N/A 
PD623 PD-MCI N Incomplete clinical notes N/A N/A 
PD624 PDD Y N/A Y N 
PD625 No clinical notes N No clinical notes N/A N/A 
PD626 No neuropath report N No neuropath report N/A N/A 
PD627 No neuropath report N No neuropath report N/A N/A 
PD628 PD  N small vessel disease N/A N/A 
PD629 PD-MCI N Cerebral vascular disease N/A N/A 
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Case Diagnosis Selected? Reason for exclusion Sections available 
for nbM study 
(Chapter 5) 

Sections available for 
nvlDBB study 
(Chapter 6) 

PD630 Neurofibrillary tangle 
parkinsonism 

N Neurofibrillary tangle parkinsonism N/A N/A 

PD631 PDD (?) N Last visit to clinician > 2 years N/A N/A 
PD632 No neuropath report N No neuropath report N/A N/A 
PD633 PD-MCI Y N/A Y N 
PD634 PD Y N/A N N 
PD635 No neuropath report N No neuropath report N/A N/A 
PD636 PDD Y N/A N N 
PD637 PD N Mild cerebral vascular disease N/A N/A 
PD638 No neuropath report N No neuropath report N/A N/A 
PD639 PDD Y N/A Y N 
PD640 PD-MCI Y N/A Y N 
PD641 No neuropath report N No neuropath report N/A N/A 
PD642 PD N Mild cerebral vascular disease N/A N/A 
PD643 No neuropath report N No neuropath report N/A N/A 
PD644 PD Y N/A Y N 

      
 Total number of cases selected  219 Total number of cases with sections available 164 30 
 (Including 69 PD, 36 PD-MCI, 99 PDD, 13 DLB and 2 controls)   
 Total number of cases excluded 425    
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Appendix 3 – Control cases information from the Parkinson’s UK Tissue bank  
 

Control Selected? Sections available 
for nbM study 
(Chapter 5) 

Sections available 
for nvlDBB study 
(Chapter 6) 

Gender Age at 
death 

Cause of death 

PDC01 N N/A N/A M 76 Acute Myocardial Infarction 
PDC02 N N/A N/A M 88 Cholelithiasis leading to biliary sepsis 
PDC03 Y N N M 84 Pancreatic carcinoma & Gastrointestinal Haemorrhage 
PDC04 N N/A N/A M 84 Unknown 
PDC05 Y N N M 58 Unknown 
PDC06 Y N N F 82 Unknown 
PDC07 N N/A N/A F 104 Chest infection 
PDC08 Y Y Y F 71 Myocardial infarction 
PDC09 N N/A N/A M 79 Sepsis 
PDC10 N N/A N/A F 79 Unknown 
PDC11 Y N N M 71 Haemopericardium, Ruptured acute myocardial infarction  
PDC12 Y Y N F 84 Cardiac arrest 
PDC13 Y Y N M 77 Unknown 
PDC14 Y N N F 91 Unknown 
PDC15 N N/A N/A F 81 Oesophageal Carcinoma, metastases in lung and liver  
PDC16 N N/A N/A F 91 Bronchial pneumonia, old age  
PDC17 N N/A N/A F 76 Unknown 
PDC18 N N/A N/A F 71 Enteritis and pulmonary embolism 
PDC19 Y Y N F 74 Unknown 
PDC20 N N/A N/A F 74 Sepsis, colon carcinoma 
PDC21 N N/A N/A M 87 Myocardial infarction 
PDC22 Y N N M 75 Squamous cell carcinoma of the lung 
PDC23 N N/A N/A F 78 Unknown 
PDC24 Y Y Y F 68 Unknown 
PDC25 N N/A N/A M 81 Brain metastases 
PDC26 Y Y N F 80 Breast carcinoma with spinal metastasis; carcinosarcoma uterus 
PDC27 N N/A N/A M 89 Cardiac arrest, pneumonia 
PDC28 Y Y N F 84 Pancreatic cancer 
PDC29 N N/A N/A M 82 Metastatic liver and lung cancer 
PDC30 N N/A N/A M 87 Conductive Cardiac Failure. Chronic kidney disease. Osteoporosis. Malignant Neoplasm of 

Prostate 
PDC31 N N/A N/A F 98 Hypostatic Pneumonia/COPD 
PDC32 N N/A N/A F 91 Unknown 
PDC33 N N/A N/A F 77 Coronary artery haemorrhage following stent operation 
PDC34 Y Y N M 90 Respiratory failure secondary to bronchial cancer 
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Control Selected? Sections available 
for nbM study 
(Chapter 5) 

Sections available 
for nvlDBB study 
(Chapter 6) 

Gender Age at 
death 

Cause of death 

PDC35 N N/A N/A F 89 Advanced cancer of uterus, renal failure  
PDC36 N N/A N/A F 57 Metastatic carcinoma of the breast  
PDC37 N N/A N/A F 94 Pulmonary Oedema; Acute Left Ventricular Failure; Hypertensive Heart Disease; Chronic 

Obstructive Airway Disease; Stage Three Chronic Kidney Disease 
PDC38 N N/A N/A M 73 CVA? Stroke 
PDC39 N N/A N/A F 50 Metastatic renal cancer 
PDC40 N N/A N/A F 61 No neuropathology report 
PDC41 N N/A N/A M 66 No neuropathology report 
PDC42 N N/A N/A F 86 No neuropathology report 
PDC43 N N/A N/A F 90 Sepsis, Renal failure, Congestive Cardiac Failure, Atrial Fibrillation 
PDC44 Y Y N F 97 congestive heart disease, inoperable aortic stenosis 
PDC45 N N/A N/A M 81 Metastatic oesophageal carcinoma 
PDC46 N N/A N/A M 85 No neuropathology report 
PDC47 N N/A N/A F 84 No neuropathology report 
PDC48 N N/A N/A F 90 No neuropathology report 
PDC49 N N/A N/A M 74 ruptured aortic graft 
PDC50 N N/A N/A F 80 end stage primary pulmonary hypertension 
PDC51 N N/A N/A M 84 No neuropathology report 
PDC52 N N/A N/A F 73 No clinical notes 
PDC53 N N/A N/A F 89 No clinical notes 
PDC54 N N/A N/A F 66 No clinical notes 
PDC55 N N/A N/A F 100 No neuropathology report 
PDC56 N N/A N/A F 70 No neuropathology report 
PDC57 N N/A N/A F 68 No clinical notes 
PDC58 Y Y Y F 83 hyperglycemia 
PDC59 N N/A N/A F 83 No neuropathology report 
PDC60 N N/A N/A M 91 No neuropathology report 
PDC61 N N/A N/A F 78 No neuropathology report 
PDC62  N N/A N/A M 75 Unknown 

       
Selected 16 10 3    
Excluded 46      

 
 



 
 

Appendix 4 - Post-mortem studies on regional cortical reduction of ChAT activity. 

Year Authors Disease 

Age at 
death 
(mean) 

Age at 
onset 
(mean ± SD) 

Disease 
duration 
(mean ± SD) 

MMSE 
(mean ± 
SD) n 

Frontal 
cortex 
reduction 

Parietal 
cortex 
reduction 

Occipital 
cortex 
reduction 

Temporal 
cortex 
reduction 

Hippocampus 
reduction 

1976 Bowen et al  AD Range 79-97 N/A N/A N/A 9 38.6%     

1976 
Davies and 
Maloney AD 68.7 N/A N/A N/A 3 66.7% 79.0% 83.4%  91.9% 

1978 Reisine et al  AD 68 N/A N/A N/A 6 60.0%    80.0% 
1979 Bowen et al AD 81 ± 5 N/A N/A N/A 17    65.0%  
1979 Davies AD 86.7 N/A N/A N/A 8 60.0% 75.0%  50.0% 69.1% 
   58.8 N/A N/A N/A 6 93.6% 95.3%  95.8% 93.8% 
1980 Rossor et al  AD  84 ± 8 N/A N/A N/A 7 28.0% 32.6% 30.0% 53.1% 52.6% 
1982 Wilcock et al AD 79 N/A N/A N/A 30 26.0%   49.0%  
1983 Candy et al AD 81 ± 4.6 N/A N/A N/A 5 59.3%   81.1%  
1985 Perry et al AD 83 ± 6 N/A N/A N/A 8 59.3% 82.3% 59.4% 76.3%  
1987 Dickson et al AD N/A N/A N/A N/A 17 87.8% 88.5% 85.6% 87.0% 70.8% 
1988 Whitehouse et al  AD 75 N/A N/A N/A 9 52.8%  64.4% 72.6%  
1990 Perry et al AD 81 ± 5 N/A N/A 5.4 ± 8.0 6  57.0%    
1993 Langlais et al AD 79.2 ± 6.5 73.7 ± 6.6 6.5 ± 3.4 N/A 6 34.0% 60.0%  56.0%  
1993 Perry et al AD 81 ± 5 N/A N/A N/A 14 51.7% 57.6% 25.4% 56.7% 74.6% 
1994 Perry et al AD 73 ± 11 N/A N/A N/A 14 37.0%  59.3% 69.2%  
   82 ± 6 N/A N/A N/A 9 26.5%     
   81 ± 5 N/A N/A N/A 6  51.9%  47.1%  
1997 Samuel et al AD 80.9 ± 9.1 73.6 7.3 ± 3.1 10.5 ± 8.1 12 30.3%     
1999 Lippa et al AD 86.4 ± 7.2 76.0 ± 5.7 10.4 ± 3.6 N/A 7 69.3% 28.7%  42.3%  
2000 Tiraboschi et al AD 79.2 ± 8.0 N/A N/A N/A 182 52.0%    51.6% 
2002 Tiraboschi et al AD 80.3 ± 7.6 71.3 9.0 ± 4.1 9.0 ± 9.2 89 33.8% 43.8%  65.9%  
2005 Garzia-Alloza et al AD 81.06 ± 1.60 N/A N/A 5 ± 1 22 69.1%   65.0%  

     AD Weighted mean 492 47.9% 54.9% 57.7% 64.3% 57.1% 
             

1990 Perry et al DLB 81 ± 6 N/A N/A 14.0 ± 9.7 10  68.2%    
1993 Perry et al DLB 81 ± 6 N/A N/A N/A 14 44.8% 81.0% 32.4% 70.1% 57.6% 
1994 Perry et al DLB 77 ± 10 N/A N/A N/A 5 75.5%     
   78 ± 7 N/A N/A N/A 11  75.9%  72.4%  
1997 Samuel et al DLB 74.4 ± 1.7 67.4 7.0 ± 2.7 16.8 ± 4.9 4 80.9%     
1999 Lippa et al DLB 83.0 ± 5.7 75.5 ± 4.9 7.5 ± 0.7 N/A 2 70.5% 60.1%  28.2%  
2000 Tiraboschi et al DLB 80.2 ± 6.9 N/A N/A N/A 6 83.8%     

     DLB Weighted mean 52 63.6% 74.9% 32.4% 68.0% 57.6% 
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Year Authors Disease 

Age at 
death 
(mean) 

Age at 
onset 
(mean ± SD) 

Disease 
duration 
(mean ± SD) 

MMSE 
(mean ± 
SD) n 

Frontal 
cortex 
reduction 

Parietal 
cortex 
reduction 

Occipital 
cortex 
reduction 

Temporal 
cortex 
reduction 

Hippocampus 
reduction 

1987 Dickson et al DLB-AD 70.3 ± 5.4 N/A N/A N/A 6 85.8% 92.5% 86.1% 92.7% 26.8% 
1993 Langlais et al DLB-AD 78.1 ± 7.3 73.3 ± 6.0 5.7 ± 2.5 N/A 7 84.0% 88.0%  80.0%  
1994 Perry et al DLB-AD 75 ± 14 N/A N/A N/A 5 81.5%  88.9% 82.7%  
   74.5 N/A N/A N/A 2 88.7%     
1997 Samuel et al DLB-AD 79.2 ± 5.9 71.8 7.4 ± 3.2 6.4 ± 8.5 9 76.5%     
1999 Lippa et al DLB-AD 78.5 ± 7.6 66.8 ± 12.0 11.8 ± 8.0 N/A 4 71.3% 48.8%  35.8%  
2000 Tiraboschi et al DLB-AD 78.7 ± 7.7 N/A N/A N/A 49 79.1%    63.5% 
2002 Tiraboschi et al DLB-AD 78.3 ± 8.2 70.8 7.5 ± 3.6 7.2 ± 9.3 50 74.1% 79.0%  70.3%  

     DLB-AD Weighted mean 132 77.6% 79.4% 87.4% 72.0% 59.5% 
             

1971 
McGeer and 
McGeer PD 73 N/A N/A N/A 3 27.0%     

1975 Lloyd et al PD 69.7 ± 13.3 N/A N/A N/A 3      
1983 Dubois et al PD 69 ± 4 N/A N/A N/A 7 20.8%     
1983 Perry et al PD 76 ± 10 N/A N/A N/A 3 34.0%   24.8%  
1985 Perry et al PD 74 ± 10 N/A N/A N/A 4 36.9% 51.1% 58.9% 30.6%  
1990 Perry et al PD 76 ± 5 N/A N/A 23.8 ± 4.3 4  54.2%    

     PD Weighted mean 24 28.0% 52.6% 58.9% 28.1% N/A 
             

1988 Whitehouse et al  PD & PDD 76 N/A N/A N/A 8 41.6%  53.3% 6.0%  
1982 Ruberg et al  PD & PDD 70 ± 8 N/A N/A N/A 14 46.9%  40.9%  62.3% 
1991 Rinne et al PD & PDD 76.9 ± 6.9 N/A 11.0 ± 5.3 N/A 49 53.0%   56.0% 51.0% 
1993 Perry et al PD & PDD 76 ± 5 N/A N/A N/A 14 60.0% 72.9% 30.8% 51.5% 44.9% 
2001 Mattila et al  PD & PDD 75.7 ± 6.2 N/A N/A N/A 27 56.9%   63.1% 54.4% 

     PD & PDD weighted mean 112 53.2% 72.9% 39.7% 53.2% 52.6% 
             

1983 Perry et al PD-AD 62 N/A N/A N/A 1 71.7%   87.3%  
1985 Perry et al PD-AD 77 ± 13 N/A N/A N/A 3 53.8% 64.2% 72.3% 87.9%  
1988 Whitehouse et al  PD-AD 76 N/A N/A N/A 4 61.8%  82.2% 73.8%  
2001 Mattila et al  PD-AD 75.7 ± 6.2 N/A N/A N/A 17 57.2%   65.5% 44.5% 

     PD-AD weighted mean 25 58.1% 64.2% 78.0% 70.4% 44.5% 
             

1983 Dubois et al PDD 73 ± 2 N/A N/A N/A 13 52.6%     
1983 Perry et al PDD 71 ± 7 N/A N/A N/A 6 72.6%   83.8%  
1985 Perry et al PDD 72 ± 7 N/A N/A N/A 7 68.6% 78.5% 74.0% 30.6%  
1990 Perry et al PDD 76 ± 5 N/A N/A 23.8 ± 4.3 3  86.9%    
2000 Tiraboschi et al PDD 76.5 ± 4.5 N/A N/A N/A 11 78.5%     

     PDD weighted mean 40 66.6% 81.0% 74.0% 55.2% N/A 
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Appendix 5 - In vivo PET/SPECT imaging studies using cholinergic ligands 

*PDD and DLB grouped 

Year Authors 
Cholinergic 
ligand Disease 

Age of 
patients 
(mean ± SD) 

Age at onset 
(mean ± SD) 

Disease 
duration 
(mean ± SD) 

MMSE 
(mean ± 
SD) n 

Overall 
cortical 
reduction 

Frontal 
cortex 
reduction 

Parietal 
cortex 
reduction 

Occipital 
cortex 
reduction 

Temporal 
cortex 
reduction 

Hippocampus 
reduction 

1996 Kuhl et al  123I-IBVM 
AD (early 
onset; <65) 63 ± 3 57 6 ± 4 13 ± 6 13 30.0% 32.0% 41.0% 35.0% 42.0% 30% 

   
AD (late 
onset; >65) 76 ± 5 70 6 ± 2 12 ± 7 9 14.0% 10.0% 17.0% 15.0% 28.0% 28% 

1997 Iyo et al 11C-MP4A 
AD (mild 
severity) 63.6 ± 3.3 60.4 3.2 ± 2.2 N/A 5 27.0% 19.0% 38.0% 24.0% 31.0%  

1999 Kuhl et al 11C-PMP AD 68 ± 8 65 3 ± 1 16 ± 7 11 40.0%      
  123I-IBVM AD 68 ± 8 65 3 ± 1 16 ± 7 11 30.0%      
2001 Tanaka et al 11C-MP4A AD 66 ± 8 N/A N/A 14.0 ± 4.9 20 24.2% 23.0% 27.0% 22.0% 26.0%  
2003 Bohnen et al  11C-PMP AD 74.3 ± 5.80 N/A N/A 22.2 ± 4.6 12 9.1% 6.1% 5.0%  15.0% 9.2% 
2005 Bohnen et al  11C-PMP AD 75.2 ± 5.6 N/A N/A 22.0 ± 4.6 15 11.1%      

2008 Mázere et al 123I-IBVM 
AD (early 
stage) 80.0 ± 6.8 N/A N/A 23.8 ± 1.6 8       

2015 Shimada et al 11C-MP4A AD 74.5 ± 5.5 72.9 1.6 ± 0.8 17.8 ± 3.5 25 8.2% 7.0% 3.5% 8.1% 13.7%  

      AD Weighted mean 129 19.7% 15.6% 18.6% 18.8% 23.8% 22% 
              
2003 Bohnen et al  11C-PMP DLB 72.8 ± 7.9 * N/A N/A 21.7 ± 6.1 7 20.3% 17.0% 18.3%  24.3% 15.9% 
2009 Shimada et al 11C-MP4A DLB 77.7 ± 5.9 74.0 3.7 ± 2.7 17.8 ± 5.3 11 27.1%      
2010 Klein et al  11C-MP4A DLB 69 ± 8 66 ± 8 3 ± 1 20.7 ± 2.9 6 22.2%   26.0%   
2015 Shimada et al 11C-MP4A DLB 76.9 ± 6.1 73.0 3.9 ± 2.5 15.5 ± 6.7 14 27.8% 25.3% 31.2% 29.5% 30.9%  

      DLB Weighted mean 38 25.3% 22.5% 26.9% 28.5% 28.7% 16% 
              
1996 Kuhl et al  123I-IBVM PD 59 ± 7 55 4 ± 3 28 ± 1 9 9.0% 5.0% 19.0% 21.0% 14.0% 14% 
2003 Bohnen et al  11C-PMP PD 71.2 ± 7.9 N/A N/A 27.3 ± 2.2 11 12.9% 9.7% 11.7%  13.2% 6%  
2005 Hilker et al  11C-MP4A PD 61.4 ± 9.0 56.9 ± 8.8 4.6 ± 2.7 27.9 ± 1.8 17 10.7%      
2006 Bohnen et al  11C-PMP PD 70.8 ± 7.5 64.9 5.9 ± 4.0 28.1 ± 1.4 13 12.7%      
2009 Shimada et al 11C-MP4A PD 67.1 62.9 4.3 27.7 ± 2.2 18 11.8%      
2010 Klein et al  11C-MP4A PD 67 ± 5 62 ± 5 5 ± 3 28.4 ± 1.1 9 22.6%   15.6%   
2010 Gilman et al  11C-PMP PD 61.3 ± 11.3 54.5 ± 10.1 6.8 ± 2.5 28.3 ± 1.7 12 15.3% 13.3% 17.5%  18.3% 13.9% 
      PD Weighted mean 89 13.1% 9.7% 15.9% 18.3% 15.3% 11% 
              
1996 Kuhl et al  123I-IBVM PDD 77 ± 5 69 8 ± 6 21 ± 6 6 34.0% 33.0% 40.0% 39.0% 38.0% 32% 
2003 Bohnen et al  11C-PMP PDD 72.8 ± 7.9* N/A N/A 23.9 ± 5.5 7 19.8% 16.0% 20.1%  21.7% 17.5% 
2005 Hilker et al  11C-MP4A PDD 63.8 ± 8.1 60.1 ± 8.0 3.7 ± 1.9 21.0 ± 5.7 10 29.7%      

2006 Bohnen et al  11C-PMP 
PDD (n=7) 
+ DLB (n=4)  68.8 ± 7.3 64.5 4.3 ± 2.2 23.9 ± 3.2 11 20.9%      

2009 Shimada et al 11C-MP4A PDD 75.0 ± 5.3 65.6 9.4 ± 2.8 18.0 ± 5.6 10 23.4%      
2010 Klein et al  11C-MP4A PDD 62 ± 8 58 ± 9 4 ± 2 21.0 ± 6.6 8 33.2%   35.6%   

      PDD Weighted mean 52 26.3% 23.8% 29.3% 37.1% 29.2% 24% 
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Appendix 6 – nbM study demographics and clinical information.  

Abbreviations: AR, Akinetic-rigid; N/A, Not applicable; N.A. Not available; NBTR, Newcastle Brain Tissue Resources; PMI, post-mortem interval; PUK, 
Parkinson’s UK Tissue bank; TD, Tremor-dominant. 

Case Diagnosis PD subtype  Gender Age 
at 
onset 

Age 
at 
death 

Duration 
of 
disease 

PMI 
(hrs) 

Braak αSN 
stage 

Braak tau 
stage 

Visual 
hallucination 

Memory  Executive 
dysfunction 

Visuospatial 
impairment 

Attention Sleep 
disorders 

PUK1 Control N/A F N/A 87 N/A 13 0 2 N Y N N N N 
PUK2 Control N/A F N/A 71 N/A 17 0 3 N N N N N N 
PUK3 Control N/A F N/A 84 N/A 8 0 2 N N N N N N 
PUK4 Control N/A M N/A 77 N/A 48 0 1 N N N N N N 
PUK5 Control N/A F N/A 74 N/A 29 0 1 N N N N N Y 
PUK6 Control N/A F N/A 68 N/A 41 0 2 N N N N N N 
PUK7 Control N/A F N/A 81 N/A 23 0 1 N N N N N N 
PUK8 Control N/A F N/A 84 N/A 11 0 2 N N N N N N 
PUK9 Control N/A M N/A 90 N/A 12 0 2 N N N N N N 
PUK10 Control N/A F N/A 97 N/A 27 0 1 N N N N N N 
PUK11 Control N/A F N/A 83 N/A 49 0 2 N N N N N N 
NBTR1 Control N/A F N/A 59 N/A 19 0 0 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR2 Control N/A F N/A 74 N/A 67 0 1 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR3 Control N/A F N/A 89 N/A 89 0 3 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR4 Control N/A f N/A 95 N/A 66 0 3 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR5 Control N/A F N/A 98 N/A 98 Brainstem-

type (<3) 
3 N.A. N.A. N.A. N.A. N.A. N.A. 

NBTR6 Control N/A M N/A 73 N/A 25 0 0 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR7 Control N/A F N/A 65 N/A 47 0 1 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR8 Control N/A M N/A 88 N/A 28 0 1 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR9 Control N/A F N/A 76 N/A 86 0 2 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR10 Control N/A F N/A 81 N/A 40 0 1 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR11 Control N/A M N/A 71 N/A 25 0 1 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR12 Control N/A M N/A 94 N/A 25 0 2 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR13 Control N/A F N/A 81 N/A 75 0 2 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR14 Control N/A M N/A 91 N/A 24 0 3 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR15 Control N/A M N/A 84 N/A 45 0 2 N.A. N.A. N.A. N.A. N.A. N.A. 

Control n= 26 Mean/Median   81.35  39.88 0 2       
                
PUK12 PD TD F 54 72 18 36 6 1 N N N N N N 
PUK13 PD TD M 70 76 7 15 6 1 Y N N N N N 
PUK14 PD Mixed/ 

undefined 
M 86 89 3 16 5 1 N N N N N N 
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Case Diagnosis PD subtype  Gender Age 
at 
onset 

Age 
at 
death 

Duration 
of 
disease 

PMI 
(hrs) 

Braak αSN 
stage 

Braak tau 
stage 

Visual 
hallucination 

Memory  Executive 
dysfunction 

Visuospatial 
impairment 

Attention Sleep 
disorders 

PUK15 PD AR M 75 80 5 7 5 2 N N N N N N 
PUK16 PD TD M 65 75 11 26 6 2 N Y N N N N 
PUK17 PD TD M 67 81 15 30 4 2 Y N N N N N 
PUK18 PD TD F 67 80 13 10 4 1 Y N N N N N 
PUK19 PD AR M 58 75 18 29 6 1 Y N N N N Y 
PUK20 PD AR M 65 73 8 19 6 2 Y N N N N Y 
PUK21 PD AR F 69 79 10 41 6 2 N N N N N N 
PUK22 PD AR M 67 75 8 3 5 2 N N N N N Y 
PUK23 PD TD F 62 76 14 18 5 2 N N N N N Y 
PUK24 PD TD M 58 61 2 12 6 2 N N N N Y N 
PUK25 PD TD M 69 78 10 11 5 2 Y N N N N Y 
PUK26 PD TD  F 61 75 14 41 6 2 N N N N N Y 
PUK27 PD AR F 62 80 18 41 6 2 Y N N N N N 
PUK28 PD Mixed/ 

undefined 
M 59 65 6 14 6 2 N N N N N Y 

PUK29 PD AR M 72 76 4 26 6 1 Y N N N N Y 
PUK30 PD Mixed/ 

undefined 
M 66 81 15 25 5 2 Y N N N N Y 

PUK31 PD TD F 58 80 22 15 6 2 Y N N N N Y 
PUK32 PD TD F 66 84 18 19 6 1 N N N N N N 
PUK33 PD TD F 68 88 18 5 3 1 Y N N N N Y 
PUK34 PD AR F 47 70 23 42 5 1 Y N N N N Y 
PUK35 PD TD M 75 81 6 12 6 2 N N N N N N 
PUK36 PD TD F 68 86 18 7 6 3 N Y N N Y N 
PUK37 PD TD M 61 84 23 5 6 2 N N N N N N 
PUK38 PD TD M 75 82 7 22 6 1 Y N N N N Y 
PUK39 PD TD F 72 78 6 4 6 3 N N N N N Y 
PUK40 PD TD M 52 64 12 5 5 2 N N N N N Y 
PUK41 PD AR M 68 84 16 37 6 2 N Y N N N Y 
PUK42 PD TD F 55 75 20 37 6 2 Y N N N N Y 
PUK43 PD TD M 56 62 6 48 5 0 N N N N N Y 
PUK44 PD TD F 68 84 16 15 5 2 N N N N N N 
PUK45 PD AR M 72 78 6 31 6 2 N N N N N N 
PUK46 PD AR F 77 86 9 19 5 2 Y N N N N N 
PUK47 PD TD M 62 66 4 17 6 0 N N Y N N N 
PUK48 PD AR M 72 85 13 30 6 0 Y N N N N N 
PUK49 PD TD M 50 74 24 12 5 0 Y N N N N Y 
PUK50 PD TD F 51 72 21 14 6 2 Y N N N N Y 
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Case Diagnosis PD subtype  Gender Age 
at 
onset 

Age 
at 
death 

Duration 
of 
disease 

PMI 
(hrs) 

Braak αSN 
stage 

Braak tau 
stage 

Visual 
hallucination 

Memory  Executive 
dysfunction 

Visuospatial 
impairment 

Attention Sleep 
disorders 

PUK51 PD TD F 73 85 12 17 6 2 N N N N N Y 
PUK52 PD Mixed/ 

undefined 
M 75 84 9 36 6 1 N N N N N Y 

PUK53 PD TD F 53 66 13 19 6 2 N N N N N N 
PUK54 PD TD F 73 76 3 22 6 1 N N N N N Y 
PUK55 PD Mixed/ 

undefined 
F 55 74 19 29 6 2 Y N N N N Y 

PUK56 PD TD M 35 64 29 20 6 0 Y N N N N N 
PUK57 PD Mixed/ 

undefined 
M 59 67 8 53 6 0 Y N N N N N 

PUK58 PD TD M 54 69 15 12 6 0 Y Y N N N Y 
PUK59 PD TD F 76 81 5 28 5 1 N N N N N Y 
PUK60 PD Mixed/ 

undefined 
F 71 84 13 25 5 3 Y N N N N N 

PUK61 PD TD F 61 80 19 27 6 1 Y Y N N N Y 
PUK62 PD Mixed/ 

undefined 
M 78 89 11 46 6 2 Y N N N N N 

PUK63 PD AR M 61 77 16 28 6 2 Y N N N N Y 

PD n= 52 Mean/Median  64.40 77.04 12.67 22.65 6 2       
                
PUK64 PD-MCI AR M 74 77 3 96 6 1 N Y N N N N 
PUK65 PD-MCI TD F 67 85 18 14 6 2 Y Y N N Y N 
PUK66 PD-MCI TD M 42 62 20 42 4 1 Y Y N N N Y 
PUK67 PD-MCI Mixed/ 

undefined 
M 64 79 15 24 5 2 N Y Y N N Y 

PUK68 PD-MCI Mixed/ 
undefined 

F 67 81 14 22 6 2 Y Y N N N Y 

PUK69 PD-MCI TD M 61 74 14 38 6 2 Y N N N N Y 
PUK70 PD-MCI AR M 47 74 27 46 6 2 Y Y N N N Y 
PUK71 PD-MCI TD M 50 75 25 15 6 2 Y Y Y Y N N 
PUK72 PD-MCI TD F 51 66 16 35 5 1 Y Y N Y Y Y 
PUK73 PD-MCI TD M 40 66 26 12 4 2 Y Y N N N Y 
PUK74 PD-MCI TD M 63 71 8 11 6 2 Y N N N N Y 
PUK75 PD-MCI AR M 63 80 17 73 6 0 Y Y N N Y Y 
PUK76 PD-MCI TD M 72 74 3 10 6 2 N Y N N N N 
PUK77 PD-MCI TD F 56 65 9 N/A 6 2 Y N N N N Y 
PUK78 PD-MCI TD M 43 57 14 26 5 0 N Y N N Y Y 
PUK79 PD-MCI TD M 65 76 11 19 6 1 Y Y Y N N Y 
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Case Diagnosis PD subtype  Gender Age 
at 
onset 

Age 
at 
death 

Duration 
of 
disease 

PMI 
(hrs) 

Braak αSN 
stage 

Braak tau 
stage 

Visual 
hallucination 

Memory  Executive 
dysfunction 

Visuospatial 
impairment 

Attention Sleep 
disorders 

PUK80 PD-MCI TD F 54 80 26 39 6 1 Y Y N N N Y 
PUK81 PD-MCI TD F 47 72 25 28 5 2 Y N N N Y N 
PUK82 PD-MCI TD M 84 91 7 11 6 1 Y N Y N N N 
PUK83 PD-MCI AR F 78 86 8 29 6 1 Y N N N N N 
PUK84 PD-MCI TD M 53 75 22 7 6 2 Y Y N N N Y 
PUK85 PD-MCI TD M 58 70 12 47 5 1 N Y N N N Y 
PUK86 PD-MCI AR M 70 83 13 19 5 0 Y N N N N Y 
PUK87 PD-MCI TD M 66 72 6 11 5 2 N Y N N N Y 
PUK88 PD-MCI TD F 77 84 7 24 6 1 Y N Y N N Y 
PUK89 PD-MCI TD F 66 80 14 37 6 1 Y N Y N N N 
PUK90 PD-MCI TD F 58 77 19 14 6 2 Y Y N N N Y 
PUK91 PD-MCI TD F 82 87 5 34 6 2 Y Y N N N Y 
PUK92 PD-MCI TD F 71 81 10 N/A 6 2 N Y N N N Y 
PUK93 PD-MCI AR F 52 67 15 40 6 1 Y N N N N N 

PD-MCI n= 30 Mean/Median  61.37 75.57 14.30 29.39 6 2       
                
PUK94 PDD AR M 72 81 9 17 6 2 Y Y N N N N 
PUK95 PDD AR M 65 82 18 14 6 2 Y Y Y N N N 
PUK96 PDD TD F 72 84 11 15 6 3 Y Y N N N Y 
PUK97 PDD TD M 74 87 13 15 6 2 Y Y N N N Y 
PUK98 PDD AR M 35 54 19 49 6 2 Y Y Y N N Y 
PUK99 PDD TD M 74 78 4 5 6 2 Y Y N Y N Y 
PUK100 PDD TD M 52 73 22 35 6 2 Y Y N N N Y 
PUK101 PDD AR M 73 83 9 10 6 1 Y N N N N N 
PUK102 PDD AR M 71 82 11 30 6 2 Y Y Y Y N Y 
PUK103 PDD TD M 47 61 14 14 6 1 Y Y N N N Y 
PUK104 PDD TD M 43 58 15 18 6 2 Y Y Y N N N 
PUK105 PDD TD F 71 83 13 24 6 3 Y Y N N N Y 
PUK106 PDD Mixed/ 

undefined 
F 78 88 11 38 6 2 Y Y Y Y Y Y 

PUK107 PDD AR M 77 81 4 32 6 3 Y Y N N N Y 
PUK108 PDD TD M 66 72 6 9 4 2 Y Y Y N Y Y 
PUK109 PDD TD F 62 73 11 22 6 2 Y Y N N N Y 
PUK110 PDD AR F 68 88 21 24 6 2 Y N N N N Y 
PUK111 PDD AR F 67 80 14 24 5 2 Y Y N N N Y 
PUK112 PDD AR F 74 84 10 29 5 2 Y N N N N Y 
PUK113 PDD AR M 82 85 3 36 5 2 Y Y N N N N 
PUK114 PDD TD M 53 62 9 28 3 1 Y Y N N Y Y 
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Case Diagnosis PD subtype  Gender Age 
at 
onset 

Age 
at 
death 

Duration 
of 
disease 

PMI 
(hrs) 

Braak αSN 
stage 

Braak tau 
stage 

Visual 
hallucination 

Memory  Executive 
dysfunction 

Visuospatial 
impairment 

Attention Sleep 
disorders 

PUK115 PDD Mixed/ 
undefined 

M 64 74 10 31 6 2 Y Y N N Y Y 

PUK116 PDD AR F 80 89 9 122 6 3 Y N N N N Y 
PUK117 PDD TD F 72 85 13 N/A 6 2 Y Y N N N N 
PUK118 PDD AR M 67 73 6 5 5 2 Y Y N N N Y 
PUK119 PDD Mixed/ 

undefined 
F 70 85 15 15 6 1 Y N N Y Y Y 

PUK120 PDD TD M 71 81 9 5 6 1 Y N N N N Y 
PUK121 PDD TD M 53 79 27 19 6 2 Y Y N N N Y 
PUK122 PDD TD M 52 69 17 57 6 1 Y Y N N N Y 
PUK123 PDD AR F 64 84 20 28 6 3 Y Y N N N Y 
PUK124 PDD AR M 68 76 8 9 5 2 Y Y N Y N Y 
PUK125 PDD TD M 68 73 5 90 6 2 Y Y Y N N Y 
PUK126 PDD Mixed/ 

undefined 
M 64 82 18 12 6 1 Y Y N N N Y 

PUK127 PDD Mixed/ 
undefined 

M 77 88 11 6 6 2 Y Y N N N Y 

PUK128 PDD TD M 56 69 13 14 6 1 Y Y N N N N 
PUK129 PDD TD M 67 83 16 26 5 1 Y Y N N N Y 
PUK130 PDD Mixed/ 

undefined 
M 60 83 23 24 6 2 Y N N N N Y 

PUK131 PDD TD F 64 83 19 9 5 2 Y N N N N Y 
PUK132 PDD TD F 76 87 11 14 6 1 Y Y N N N N 
PUK133 PDD AR F 70 83 13 15 6 3 Y Y N N N Y 
PUK134 PDD AR M 68 77 9 21 6 1 Y N N N N Y 
PUK135 PDD TD M 87 94 7 15 6 2 Y N Y N N Y 
PUK136 PDD AR M 73 81 8 6 6 2 Y Y N N N Y 
PUK137 PDD TD M 59 75 16 25 6 2 Y Y N N Y Y 
PUK138 PDD TD M 53 67 14 12 5 1 N Y N N Y N 
PUK139 PDD AR M 54 68 14 16 6 2 Y Y N Y Y Y 
PUK140 PDD AR M 49 69 20 17 6 1 Y Y Y Y N Y 
PUK141 PDD TD M 63 77 14 33 6 1 N N N N N N 
PUK142 PDD AR F 53 71 18 25 6 3 Y Y N Y N Y 
PUK143 PDD AR M 51 74 23 27 6 0 Y Y Y N N Y 
PUK144 PDD Mixed/ 

undefined 
M 68 79 11 43 6 0 Y Y N N N Y 

PUK145 PDD AR F 66 77 11 31 6 2 Y Y N N N Y 
PUK146 PDD TD M 68 82 15 24 6 2 Y N N N N Y 
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Case Diagnosis PD subtype  Gender Age 
at 
onset 

Age 
at 
death 

Duration 
of 
disease 

PMI 
(hrs) 

Braak αSN 
stage 

Braak tau 
stage 

Visual 
hallucination 

Memory  Executive 
dysfunction 

Visuospatial 
impairment 

Attention Sleep 
disorders 

PUK147 PDD TD F 68 79 11 17 6 2 Y Y N N N N 
PUK148 PDD AR M 70 75 5 39 6 1 Y Y N N Y Y 
PUK149 PDD TD M 51 68 17 12 6 2 Y N N N N Y 
PUK150 PDD TD M 75 80 5 19 6 3 Y Y N N Y Y 
PUK151 PDD TD M 34 67 33 52 6 0 Y N N N N N 
PUK152 PDD TD F 82 89 7 16 6 2 N Y Y N N Y 
PUK153 PDD TD M 68 74 6 27 6 0 Y N N N N N 
PUK154 PDD TD M 77 85 8 12 6 0 Y N N N N Y 
PUK155 PDD TD M 73 80 7 23 6 0 Y Y N N N Y 
PUK156 PDD TD M 67 73 6 24 5 0 Y N N N Y Y 
PUK157 PDD Mixed/ 

undefined 
M 68 81 13 24 5 2 Y Y Y Y Y Y 

PUK158 PDD TD F 64 84 20 19 6 2 Y N N N N Y 
PUK159 PDD Mixed/ 

undefined 
M 54 76 22 12 6 2 N N N N N Y 

PUK160 PDD AR M 63 75 12 23 6 2 Y Y N N Y Y 
PUK161 PDD TD M 65 83 18 49 6 2 Y Y N N N Y 
PUK162 PDD AR M 56 63 7 9 6 2 Y Y N N Y Y 
PUK163 PDD TD M 62 84 22 19 6 2 Y Y Y N N Y 
PUK164 PDD TD M 65 80 15 53 6 2 Y Y N Y N Y 
PUK165 PDD TD F 65 89 24 N/A 6 2 N N N N N Y 
PUK166 PDD Mixed/ 

undefined 
F 48 79 31 27 6 3 Y Y N N N N 

PDD n= 73 Mean/Median  64.74 78.08 13.41 24.79 6 2       
                
PUK167 DLB N/A M 69 70 1 13 5 2 Y Y N N N Y 
PUK168 DLB N/A M 71 76 6 22 6 2 N Y Y Y Y Y 
PUK169 DLB N/A M 63 71 8 22 6 2 Y Y Y N Y Y 
PUK170 DLB N/A M 60 65 5 8 6 3 Y Y Y Y Y N 
PUK171 DLB N/A M 75 78 3 3 6 3 Y Y N N N N 
PUK172 DLB N/A M 80 81 1 34 5 1 Y N N N N Y 
PUK173 DLB N/A M 78 82 5 14 6 3 Y N N N N Y 
PUK174 DLB N/A M 76 86 10 48 6 1 Y Y N Y N Y 
NBTR16 DLB N/A M N/A 74 N/A 52 6 2 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR17 DLB N/A F 77 89 12 64 6 3 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR18 DLB N/A F 85 87 2 49 6 2 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR19 DLB N/A F 73 79 6 64 6 3 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR20 DLB N/A M 72 79 7 16 6 2 N.A. N.A. N.A. N.A. N.A. N.A. 
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Case Diagnosis PD subtype  Gender Age 
at 
onset 

Age 
at 
death 

Duration 
of 
disease 

PMI 
(hrs) 

Braak αSN 
stage 

Braak tau 
stage 

Visual 
hallucination 

Memory  Executive 
dysfunction 

Visuospatial 
impairment 

Attention Sleep 
disorders 

NBTR21 DLB N/A F 74 82 8 76 6 3 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR22 DLB N/A F 82 84 2 48 6 3 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR23 DLB N/A M 82 86 4 41 6 2 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR24 DLB N/A F 75 78 3 96 6 3 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR25 DLB N/A M 75 78 3 83 5 1 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR26 DLB N/A M 76 81 5 26 6 3 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR27 DLB  N/A F 82 85 3 16 6 3 N.A. N.A. N.A. N.A. N.A. N.A. 

DLB n= 19 Mean/Median  75.00 79.55 4.95 39.75 6 2.5       
                
NBTR28 AD N/A F 79 85 6 32 0 5 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR29 AD N/A F N/A 84 N/A 47 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR30 AD N/A F 80 93 13 53 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR31 AD N/A M 77 83 6 12 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR32 AD N/A F 73 80 7 32 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR33 AD N/A F 75 86 11 69 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR34 AD N/A M 67 78 11 37 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR35 AD N/A F 80 86 6 47 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR36 AD N/A M 83 85 13 29 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR37 AD N/A F 79 87 8 54 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR38 AD N/A F 85 93 8 34 0 5 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR39 AD N/A F 83 89 5 85 Amygdala 

predominant 
6 N.A. N.A. N.A. N.A. N.A. N.A. 

NBTR40 AD N/A F 83 90 7 90 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR41 AD N/A M 76 87 11 22 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR42 AD N/A M 68 80 12 24 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR43 AD N/A M 89 91 2 48 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR44 AD N/A F 62 76 14 37 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR45 AD N/A M N/A 91 N/A 72 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR46 AD N/A M 70 81 12 41 Amygdala 

predominant 
6 N.A. N.A. N.A. N.A. N.A. N.A. 

NBTR47 AD N/A M 69 76 7 53 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR48 AD N/A M 93 96 3 74 0 5 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR49 AD N/A F 67 80 13 10 Amygdala 

predominant 
6 N.A. N.A. N.A. N.A. N.A. N.A. 

NBTR50 AD N/A F 91 96 5 36 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 
NBTR51 AD N/A M 84 85 1 39 0 6 N.A. N.A. N.A. N.A. N.A. N.A. 

AD n= 24 Mean/Median  77.86 85.75 8.23 44.88 0 6       
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Appendix 7 – Rat basal forebrain atlas 

3V, 3rd ventricle; AC, anterior commissure; CC, corpus callosum; Cd + Pt, caudate + putamen; LV, lateral ventricle; OC, optic chiasm 
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nbm, nucleus basalis magnocellularis; nhlDBB, nucleus of the horizontal limb of the diagonal band of Broca 
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3V, 3rd ventricle; AC, anterior commissure; CC, corpus callosum; Cd + Pt, caudate + putamen; LV, lateral ventricle; OC, optic chiasm 
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3V, 3rd ventricle; CC, corpus callosum; Cd + Pt, caudate + putamen; GP, globus pallidus; IC, internal capsule; LV, lateral ventricle; OT, optic tract 
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nbm, nucleus basalis magnocellularis; nhlDBB, nucleus of the horizontal limb of the diagonal band of Broca 
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3V, 3rd ventricle; CC, corpus callosum; Cd + Pt, caudate + putamen; GP, globus pallidus; IC, internal capsule; LV, lateral ventricle; OT, optic tract 
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3V, 3rd ventricle; CC, corpus callosum; Cd + Pt, caudate + putamen; Fx, fornix; GP, globus pallidus; IC, internal capsule; LV, lateral ventricle; OT, optic tract 
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nbm, nucleus basalis magnocellularis 
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3V, 3rd ventricle; CC, corpus callosum; Cd + Pt, caudate + putamen; Fx, fornix; GP, globus pallidus; IC, internal capsule; LV, lateral ventricle; OT, optic tract 
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3V, 3rd ventricle; CC, corpus callosum; Cd + Pt, caudate + putamen; GP, globus pallidus; Hip, hippocampus; IC, internal capsule; LV, lateral ventricle; OT, optic tract 



286 
 

nbm, nucleus basalis magnocellularis 
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3V, 3rd ventricle; CC, corpus callosum; Cd + Pt, caudate + putamen; GP, globus pallidus; Hip, hippocampus; IC, internal capsule; LV, lateral ventricle; OT, optic tract 
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CC, corpus callosum; Cd + Pt, caudate + putamen; GP, globus pallidus; Hip, hippocampus; IC, internal capsule; OT, optic tract 
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nbm, nucleus basalis magnocellularis 



290 
 

  CC, corpus callosum; Cd + Pt, caudate + putamen; GP, globus pallidus; Hip, hippocampus; IC, internal capsule; OT, optic tract 
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