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Abstract 

Degeneration of endothelial cells, a key component of cerebral capillaries, was reported in 

post-mortem brains of patients with Parkinson’s disease (PD). Using immunohistochemical 

staining and image analysis this study compared the changes of all structural components of 

the capillary, and their association with the blood-brain barrier (BBB) function, neuronal 

degeneration, PD specific pathological changes and biological process of vascular remodelling 

between the post-mortem brain tissues of human PD and age-matched control cases. 

While endothelial degeneration was profound the basement membrane (BM) is retained in PD 

brains, leading to an increase in string vessels formation in the middle frontal gyrus (MFG), 

caudate nucleus (CN) and substantia nigra (SN) of the PD cases. Glial fibrillary acid protein 

(GFAP) positive astrocyte was only increased in the CN of the PD cases where there was a 

leakage of the BBB. The biological process of vascular remodelling is impaired in the MFG 

by showing the loss of pericytes, reduced expressions of platelet-derived growth factor 

receptor-beta (PDGFRβ), vascular endothelial growth factor (VEGF) and proliferating 

vascular cells. There was no change in vascular-associated phosphorylated insulin-like growth 

factor (IGF-1Rp), but increased expression of IGF binding protein-2 (IGFBP-2) in the 

astrocytes in PD. The levels of IGF-1Rp in capillaries were correlated with the numbers of 

pericytes and proliferating cells in capillaries.  

In the MFG, the aggregation of α-synuclein and the autophagy marker p62 were both 

increased, but there was no change in activated microglia in PD brains. The loss of 

endothelium was associated with increased aggregation of α-synuclein. The study of co-

changes using double labelled sections suggests the endothelial degeneration is more likely to 

be the co-pathology of α-synuclein aggregation and neuronal degeneration.   
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In conclusion, the endothelial degeneration leads to the increased string vessel formation, 

which may contribute to hypoperfusion, but prevent BBB leakage and inflammation of PD 

brains. Impaired vascular remodelling and increased α-synuclein aggregation are associated 

with the endothelial degeneration in PD. Although the vascular degeneration is unlikely to be 

the primary cause of neuronal degeneration in PD, hypoperfusion may contribute to secondary 

neuronal degeneration. 
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Scope of the Thesis 

Parkinson’s disease (PD) is the second most common neurodegenerative disease. It was first 

described 200 years ago by James Parkinson. However, the pathogenesis of PD is still unclear 

until now. While the studies in potential pathogenic mechanisms such as abnormal protein 

aggregation, impairment of proteolytic degradation and oxidative stress have been well 

documented, our knowledge of changes in the cerebral microvasculature in human PD is 

limited. Recently our group discovered degeneration of endothelial cells, a core structure of 

the capillary in human PD brains. My study therefore explores changes of all structural 

components of the cerebral microvasculature, and their association with neuronal 

degeneration, the function of the blood-brain barrier (BBB), vascular remodelling and other 

pathological changes in human PD brains.  

The thesis consists of six chapters. Chapter 1 reviews the current understanding of the 

pathology and pathogenesis of Parkinson’s disease (PD), the functions of the structural 

components of the neurovascular unit in normal and pathological conditions, the vascular 

remodelling in the adult brains, and the hypothesis and objectives of this study. Chapter 2 

describes the common methods shared by more than one studies, otherwise specified in 

individual studies. Chapters 3 to 5 are result chapters each of which includes introduction, 

methods, results and discussion sections. Chapter 3 describes the changes of basement 

membrane (BM) of cerebral capillaries, string vessel formation, and their association with 

changes of astrocytes, blood-brain barrier integrity and neuronal degeneration in the middle 

frontal gyrus (MFG), substantia nigra (SN) and caudate nucleus (CN) of human PD brains. 

Chapter 4 reports the changes of vascular remodelling in the MFG of PD brains by 

investigating the changes of pericytes, vascular cell proliferation, and growth factors including 

insulin-like growth factor-1 (IGF-1) and vascular endothelial growth factor (VEGF). Chapter 5 

investigates the association of vascular degeneration with inflammation and pathological 
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changes of PD such as α-synuclein aggregation, autophagy impairment and neuronal 

degeneration in the MFG. Chapter 6 is the final discussion which links the implications from 

the findings of the three result chapters to provide a more complete and with additional 

understandings of my study. The final discussion also includes the limitations and future 

directions.  
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Chapter 1: Literature Review 

1.1. Parkinson’s disease 
Parkinson’s disease (PD) is an age-related, chronic and progressive neurodegenerative 

disorder affecting approximately 0.3% of the entire population and 1% of the population over 

the age of 60 in industrialised countries (1). It is characterised by movement disorders 

including resting tremor, bradykinesia, rigidity and postural instability (1). Other symptoms 

include psychiatric and autonomic problems (1). Cognitive decline may appear as the disease 

progresses (2). The movement disorders of PD are associated with the profound degeneration 

of dopaminergic neurons in the substantia nigra par compacta (SNc) leading to dopamine 

deficiency in the striatum (3). Most PD cases are sporadic with unclear causes and only a 

small proportion of all PD cases are caused by gene mutations (1). Current treatments for PD 

include dopamine replacement therapy using the dopamine precursor levodopa, surgical 

therapies such as deep brain stimulation, and many other therapies that help alleviate the motor 

and non-motor symptoms (2, 4, 5). Unfortunately, these treatments only provide temporary 

relief from the symptoms and none of them offers a cure to this disease (2, 4, 5).  

1.1.1. Idiopathic PD 
The majority of PD cases have unidentified causes and are therefore described as “idiopathic”. 

Idiopathic or sporadic PD is likely to be caused by the combination of genetic susceptibility 

with non-genetic factors such as diet, lifestyle, environmental exposures, hormonal factors, 

vascular diseases, inflammation and aging (6-9). Clinical diagnosis of idiopathic PD is based 

on patient history and physical examination of the clinical features (10). But definitive 

diagnosis is only possible after post-mortem histological examination of pathological features 

such as midbrain dopaminergic cell loss and the presence of Lewy bodies (10). 
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1.1.2. Neuropathology 

1.1.2.1. Basal ganglia and midbrain nuclei 
The main neuropathological feature of PD is dopaminergic cell loss in the SNc and the 

associated development of intra-cytoplasmic protein aggregates called Lewy bodies (LBs) 

(11). The progressive degeneration of dopaminergic neurons in the SNc leads to the 

dysfunction of basal ganglia responsible for initiation and execution of movements resulting in 

the cardinal motor deficits of PD (12). The SNc controls movement and balance through 

modulating two major neuronal pathways, the direct pathway promoting movement and the 

indirect pathway repressing movement (13). In the direct pathway, the striatum (putamen and 

caudate nucleus) inhibits the internal globus pallidus and substantia nigra pars reticulata 

(GPi/SNr) through the efferent GABAergic medium spiny neurons expressing D-1 receptors 

(13). The GPi/SNr inhibits the thalamus which projects excitatory glutamatergic input to the 

motor cortex causing movement (13). Therefore, in the direct pathway the striatum activates 

motor cortex by inhibiting the inhibitory effect of the GPi/SNr to the thalamus (13). In the 

indirect pathway, the straitum inhibits the external globus pallidus (GPe) through the efferent 

GABAergic medium spiny neurons expressing D-2 receptors (13). The GPe inhibits GPi 

directly through inhibitory connection and indirectly through inhibiting the subthalamic 

nucleus (STN) which excites the GPi/SNr (13). Therefore, in the indirect pathway the striatum 

inhibits motor cortex by activating GPi/SNr (13). The SNc exerts a dual effect on straital 

neurons by providing dopaminergic input to excite the D-1 receptors-expressing neurons in the 

direct pathway and inhibiting the D-2 receptor-expressing neurons in the indirect pathway 

(13). In the PD brain, loss of dopaminergic neurons in SNc leads to depletion of dopamine in 

the striatum and results in movement disorders (3). By the time patients start to develop motor 

symptoms, about 50-60% neurons in substantia nigra are lost and about 80-85% of dopamine 

in striatum is depleted (3).  
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1.1.2.2. Other brain regions 
Apart from the motor manifestations caused by the basal ganglia and midbrain 

neuropathology, PD has widespread impact in many other regions throughout the entire 

nervous system including the central nervous system (CNS), the peripheral nervous system 

(PNS) and the enteric nervous system (ENS), causing a host of non-motor symptoms (14, 15). 

For example, PD has been reported to affect the vagal dorsal motor nucleus, the raphe nuclei 

(RN) and the locus coeruleus (LC) in the lower brainstem, the limbic structures including the 

olfactory bulb, amygdala and hippocampus, the peripheral cutaneous nerves, ENS, autonomic 

nervous system, spinal cord, and neocortex (14, 15). According to Braak’s staging of PD (16), 

the early LB pathology affects ENS, olfactory bulb and the lower brainstem causing 

constipation, hyposmia and sleep disorder. The pathology spreads from the brainstem in a 

caudal to rostral wave into other parts of the brain. In later stages of PD, the LB pathology 

reaches widely into the cerebral cortex which could contribute to cognitive decline (16).  

1.1.2.3. Cerebral cortex 
According to Braak’s staging of 1 to 6 of PD severity, LB associated lesions start to affect the 

temporal mesocortex from stage 4 pathology and spread to various regions of the cerebral 

cortex until the stage 6 – the most advanced stage of PD (14, 16). The temporal mesocortex 

transfers vital information from high order sensory association areas of the temporal, parietal 

and occipital neocortex to limbic centres including hippocampal formation, amygdala and 

entorhinal region (14). It plays a vital role in preserving memory (14). Involvement of the 

temporal mesocortex leads to cortical lesions in hippocampal formation and the entorhinal 

region (14). As the pathology advances to stage 5, the lesions extend from the temporal 

mesocortex to the insular and subgenual mesocortex and anterior cingulate areas which affects 

blood pressure, heart rate, respiration and gastrointestinal motility (14). At stage 6 pathology, 

the primary sensory and motor regions of the neocortex are affected (16). By this stage, the 
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impairment of the limbic, automatic and somatomotor systems can be associated with 

functional deficits as a result of cerebral cortical lesions (17-19). 

1.1.3. Alpha-synuclein aggregation in PD 
Aggregates of misfolded α-synuclein form the filamentous core of LBs in PD (20). Therefore, 

aggregation of α-synuclein is considered to play a key role in the pathophysiology of PD, 

although the mechanism of its downstream neurotoxic effect is obscure (20). While only a 

small amount of α-synuclein is phosphorylated under normal physiological conditions, most α-

synuclein in LBs is phosphorylated at Serine-129 (S129) (21). The S129 phosphorylation 

promotes fibrillation of α-synuclein (22). However, the physiological role of this modification 

remains controversial. While S129 phosphorylation in α-synuclein in a Drosophila model of 

PD was suggested to enhance neurotoxicity (23), no change in either neurotoxicity or 

aggregation was observed in a rat model (24). On the other hand, the phosphorylation was 

reported to reduce toxicity and aggregation in a yeast model (25).  

1.1.3.1. Impairment of the Ubiquitin-Proteasome system 
The ubiquitin-proteasome system (UPS) contributes to the intracellular protein turnover by 

proteolytic degradation of targeted cellular proteins (26). The proteasome in the UPS is the 

cytosolic 26S proteasome consisting of a 20S core subunit and two 19S regulatory subunits 

(26). Proteins targeted for degradation by 26S proteasome are tagged with small proteins 

called ubiquitin (26).  

It has been suggested that the aggregation and accumulation of α-synuclein is a result of 

insufficient proteasomal activity (27). Structural alteration in 26S proteasome has been 

observed in dopaminergic neurons in the SNc in sporadic PD and this is associated with 

selective impairment of the proteolytic activity of 26S proteasome in this region (28). 

Therefore, the impairment of the UPS has been implicated to play an important role in 

dopaminergic cell death in PD.  Proteasomal inhibition in rats induced a PD model displaying 

many key features of PD including LB-like inclusions with α-synuclein (29). On the other 
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hand, it was also found that α-synuclein filaments and oligomers are resistant to proteasomal 

degradation and can bind directly to the 20S core of 26S proteasome resulting in marked 

inhibition of its proteolytic activity (30).  

1.1.3.2. Oxidative stress 
Oxidative stress can compromise the viability of neurons and therefore contribute to neuronal 

degeneration. It has been found that oxidative stress is increased in the SNc of PD brains 

where oxidative damage to protein, DNA and lipids has been observed (31). The cause of the 

increased oxidative stress in PD is still unclear but could include mitochondrial dysfunction, 

elevated dopamine metabolism and increased ion level (27, 31), which were found to be 

associated with α-synuclein aggregation. 

Several studies have suggested that mitochondrial dysfunction, in particular, complex-I 

deficiency, plays a major role in the pathogenesis of both sporadic and familial PD (27, 31-

34). Overexpression of α-synuclein in a hypothalamic neuronal cell line resulted in formation 

of α-synuclein inclusions and mitochondrial deficits associated with increased level of free 

radicals (35). On the other hand, it was also reported that mitochondrial dysfunction could 

trigger α-synuclein oligomerization through microtubule depolymerisation and protein 

oxidation caused by ATP depletion and ROS increase respectively (36). Therefore, a vicious 

cycle could exist between α-synuclein aggregation and mitochondrial dysfunction and its 

associated oxidative stress.  

Dopamine is readily oxidized to dopamine quinone (DAQ) which gives rise to reactive oxygen 

species (ROS) such as hydrogen peroxide (H2O2) (37). Moreover, H2O2 can be converted to 

highly reactive hydroxyl radicals in the presence of concentrated iron that is commonly 

observed in SN (11). It is therefore postulated that the compensatory increase in dopamine 

turnover caused by dopaminergic cell loss would increase the production of oxidative 

metabolites and thus enhance the oxidative stress in SN in PD brains (11). DAQ binds 
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covalently with α-synuclein, leading to protofibril formation, and cross-link and aggregation 

of the protein (38, 39). On the other hand, α-synuclein aggregation is also proposed to induce 

increased cytoplasmic dopamine leading to oxidative stress (38, 40). 

The iron level is increased in the SN of PD patients. Many studies have suggested the 

disturbance of iron regulation mechanisms including iron uptake and release, iron storage, 

intracellular iron metabolism, and post-translational control of iron homeostasis in PD, and 

imbalance in any of these steps in iron metabolism could cause the accumulation of free iron 

inside the cells (41). Free iron not only exacerbates oxidative stress by converting H2O2 into 

hydroxyl radicals, it may also promote the dopamine auto-oxidation to produce superoxide and 

H2O2, which can be converted to hydroxyl radicals (41). It has been reported that iron-induced 

oxidative stress can also induce aggregation of α-synuclein (42, 43). 

1.1.4. Impairment of Autophagy in PD 

Besides the UPS, autophagy is another important intracellular homeostatic mechanism that 

degrades cytoplasmic proteins and organelles (44). It plays a crucial role in regulating the 

levels of cytoplasmic aggregation-prone proteins characterised in neurodegenerative diseases 

such as amyloid beta (Aβ) in Alzheimer's disease (AD), α-synuclein in PD, mutant TDP-43 in 

amyotrophic lateral sclerosis (ALS) and huntingtin with expended polyglutamine repeats in 

Huntington’s disease (HD) (45). Accumulating evidence have suggested association of 

autophagy dysfunction with neurodegenerative diseases such as AD, familial PD, ALS and 

possibly HD (45, 46).  

Autophagy starts from the formation of double membrane vesicles that engulf cytoplasm and 

substrates sequestered by receptor proteins (47). These vesicles named autophagosomes are 

then trafficked and fused with lysosomes which provide an acidic environment and 

degradative enzymes to break down the substrates contained by the autophagosomes (47). 

Receptor proteins such as p62 can interact with poly-ubiquitinated protein aggregates and 
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microtubule-associated protein 1 light chain 3 (LC3) family members on autophagosomes to 

target the protein aggregates for degradation by autophagy (48). Because p62 is also an 

autophagy substrate, inhibition of autophagy leads to accumulation of p62 (49, 50), which 

prohibits the UPS functioning by sequestering ubiquitinated substrates away from other 

ubiquitin-binding proteins and thus postponing the delivery of these substrates to the 

proteasome (47). A recent in vitro study showed that the overexpression of α-synuclein lead to 

increased level of p62 and decreased level of LC3-II, indicating possible autophagy 

impairment in PD (51). 

Autophagy is responsible for the clearance of dysfunctional mitochondria (46). This process is 

also known as mitophagy (46). Therefore, inhibition of autophagy could also lead to 

accumulation of impaired mitochondria and oxidative stress that contributes to the pathology 

of PD. 

1.1.5. PD and IGF-1 functions  

PD, particularly at the stage with cognitive impairment frequently show clinical, pathological 

and biochemical overlap with AD (52), which is linked to metabolic disorders due to insulin 

and insulin-like growth factor (IGF) resistance (53). Emerging evidence from some 

epidemiological studies have indicated increased risks for developing AD and PD with the rise 

in prevalence of obesity and type II diabetes (54, 55). It was also reported that the risk for 

developing PD is increased in individuals with central obesity (56, 57). On the other hand, 

molecular studies have demonstrated reduced IGF-I and IGF-II receptor mRNA and associated 

IGF-1 and IGF-2 resistance in the frontal cortex of the PD cases with dementia (52). 

Moreover, reduced expression of insulin, IGF-2, and insulin receptor (IR), IGF-1R, and IGF-

2R was detected in the frontal white matter and amygdala in PD brains (52).  
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1.2. Neurovascular Unit 
The neurovascular unit (NVU) is the functional unit of the brain. It consists of neurons, 

endothelial cells, basement membrane (BM), pericytes, astrocytes and microglial cells (Figure 

1). All the components of NVU are closely related with each other and work together to 

regulate neuronal function and brain homeostasis. Normal neuronal function is highly 

dependent on the blood flow in the local microenvironment where small blood vessels must be 

able to react instantly to the dynamic metabolic demands of the neuronal activities (58). This 

vascular response is tightly linked to the activities of both neuronal and glial cells (58). Thus 

the communications among vascular cells, glia and neurons form a metabolic network to 

sustain brain activities.  

 

 

 

Figure 1. Schematic representation of the neurovascular unit (NVU). Adapted from Chen, Y. 

and Liu, L. (58). 
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1.2.1. The brain capillary and blood-brain barrier 
The cerebral capillary is formed by endothelium, BM, pericytes and astrocyte end-feet (59). 

Apart from blood supply and removing metabolic waste, these components are closely 

associated with each other to maintain the structural and functional stability of the BBB (59). 

The disruption of one component could affect the function and survival of the other 

components and therefore the integrity of the BBB and blood circulation.  

The BBB development starts from the formation of endothelial tubes through vasculogenesis 

and angiogenesis (59). Then pericytes are recruited to endothelium where they deposit 

extracelluar matrix components contributing to BM formation and limit BBB permeability 

through molecular signalling (59). Astrocytes are also involved in limiting BBB permeability 

by enhancing tight junction development and inhibiting transcytosis (59).  

1.2.1.1. Endothelium 
Endothelium is the thin layer of cells lining the interior surface of blood vessels (60). As a 

core component of the BBB in the CNS, endothelial cells form a barrier consisting of 

continuous complexes of tight and adherens junctions that make it impermeable to most 

substances and restrictive to the paracellular diffusion of even small water-soluble molecules 

from blood to brain parenchyma (61). Cerebral endothelial cells display very low levels of 

transendothelial vesicular transport and they supply the brain parenchyma with necessary 

substances such as glucose, amino acids, peptides, proteins, nucleotides and vitamins through 

a variety of transport mechanisms (61). 

Endothelial transcytosis plays an important role in transporting macromolecules such as 

insulin, IGF-1, transferrin and low density lipoprotein from the luminal to the abluminal side 

of the BBB (62). Endothelial transcytosis is composed of three steps: endocytosis of the cargo 

from the blood, vesicular transport of the cargo across the cell and exocytosis of the cargo at 

the abluminal side of the cell. It was reported that IGF-1 was transcytosed through the BBB in 

response to neuronal activity (63). Endothelial cells have low vesicle content in the normal 
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brain which means endothelial cells maintain a tightly regulated vesicular transport. However, 

the vesicle content, and thus the vesicular transport, can significantly increase in pathological 

conditions (64). 

Endothelial cells are also involved in blood vessel formation, maturation and maintenance in 

the CNS by interacting with pericytes and astrocytes which will be discussed below in the 

“pericytes” and “astrocytes” sections. They play important roles in vascular remodelling 

through their proliferation, migration and cell death. The details will be described later in the 

“vascular remodelling in adult brains” section.  

1.2.1.2. Basement membrane  
The basement membrane (BM) is an extracellular matrix structure that covers endothelium 

and pericytes (65). The BM is mainly composed of collagen IV isoforms, laminins, 

proteoglycans and nidogens (66). The generation and maintenance of the BM are contributed 

by endothelial cells, pericytes and astrocytes (67, 68). 

The BM plays critical structural and functional roles in the BBB by providing physical support 

to endothelial cells and pericytes, acting as a filter to both soluble molecules and migrating 

cells, incorporating molecules, mediating vascular cell migration, proliferation, and 

differentiation, and transducing mechanosensing signals from the lumen of the vessel to the 

vessel wall (69). Studies in mouse models have shown that BM abnormality caused by 

insufficient secretion of collagen IV compromises the functional integrity of the BBB, leading 

to increased vulnerability to cerebral haemorrhages and stroke (70, 71). It was also reported 

that BM proteins including collagen IV, fibronectin and laminin are involved in tight junction 

formation between cerebral endothelial cells (72). Disruption of the BM contributes to BBB 

leakage in AD (73). 

The BM mediates the dynamic interactions of other members of the BBB such as endothelial 

cells and pericytes by providing spatial and molecular information to the surrounding cells, 
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thereby influencing vascular cell proliferation, differentiation and migration (65, 69). The 

highly glycosylated BM components such as heparan sulfate proteoglycans render BM the 

ability to bind growth factors like vascular endothelial growth factor (VEGF) and fibroblast 

growth factor (FGF)-2 with high affinity and high capacity (65).  

1.2.1.3. Pericytes  
Pericytes are located at the abluminal side of the endothelium and are covered with BM (74). 

They have a prominent round nucleus and long processes embracing the endothelium (74). 

Pericytes play critical roles in angiogenesis during development and maintenance of vascular 

integrity during adulthood (75-78). The highest density of pericytes is found in the vessels of 

the CNS, where pericytes are involved in vascular remodelling, regulation of the BBB 

function, and changes in vascular contractility (77-80). Interestingly, pericytes are suggested 

to be multipotential stem cells in the adult brain where they can differentiate into astrocytes, 

oligodendrocytes, smooth muscle cells, endothelial cells and neurons (79). Besides, pericytes 

were also suggested to play a role in neuro-immunity because they possess features 

characteristic of macrophages such as expression of some macrophage makers (81) and 

response to interferon-γ (IFN-γ) stimulation by up-regulating class II major histocompatibility 

complex (MHC-II) (82). In addition, pericytes contribute to BM formation by secreting BM 

components including collagen IV, laminin and glycosaminoglycans and by stimulating 

secretion of BM components by endothelial cells (76).  

Pericytes are complex regulatory cells that interact with endothelial cells and astrocytes 

through physical contact through modulating function of growth factors and autocrine and 

paracrine signalling pathways (77), and are therefore important for integrating endothelial and 

astrocyte functions at the NVU, and maintaining the BBB functions.   

1.2.1.3.1. Pericyte-endothelial interactions 

Pericytes and endothelial cells are physically closely associated through gap junctions, peg-

and-socket contacts and adhesion plaque junctions (76). Gap junctions enable pericytes to 

https://en.wikipedia.org/wiki/Vascular_endothelial_growth_factor
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communicate with endothelial cells by exchanging ions and small molecules (83). Peg-and-

socket contacts allow pericytes to penetrate through the BM and contract with other cells and 

vessels and they are also suggested to provide anchorage (83, 84). Adhesion plaque junctions 

is responsible for transmitting contractile forces from pericytes to other cells (83). 

Pericytes express a transmembrane receptor tyrosine kinase called platelet-derived growth 

factor receptor beta (PDGFRβ) that is activated by platelet-derived growth factor B (PDGF-B) 

secreted by endothelial cells (85). The PDGF-B/PDGFRβ signalling between endothelial cells 

and pericytes promotes pericyte differentiation, proliferation and recruitment during blood 

vessel formation and remodelling (76, 85, 86). The inactivation of PDGF-B or PDGFRβ 

expression results in irregular microvasculature and increased vascular permeability with 

strongly reduced number of pericytes in the mouse brains (78, 87, 88). 

Pericytes release factors such as VEGF, transforming growth factor-β (TGF-β) and 

angiopoietin-1 (Ang-1) to promote the survival and proliferation of endothelial cells and the 

integrity of capillaries and to control the permeability of the BBB (89-92). Besides, in vivo 

studies have demonstrated that pericytes can mediate functioning of the BBB by regulating 

formation of tight junctions and vesicle trafficking in endothelial cells (77, 78). A complete 

lack of CNS pericytes in Pdgfrb-/- mice leads to structurally abnormal tight junctions and 

increased rate of transcytosis in endothelial cells, which contribute to BBB leakage (78). 

Pericytes are also suggested to regulate the expression patterns of BBB-specific genes in 

endothelial cells (77, 78). 

1.2.1.3.2. Pericyte-astrocyte interactions 

Pericytes are suggested to regulate the barrier function of endothelial cells by collaborating 

with astrocytes because they both secrete some factors affecting the permeability of the 

endothelium, such as TGF-β, basic fibroblast growth factor (bFGF) and Ang-1 that reduce the 

permeability, and VEGF that increases the permeability (93). Moreover, pericytes are 
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responsible for mediating polarization of astrocyte end-foot around blood vessels in the CNS 

and are therefore important for integrating endothelial and astrocyte functions (61, 77). In 

addition, it was suggested that enhanced nestin expression in pericytes partially contributes to 

astrocyte activation in a rat model with seizures (83, 94, 95). 

1.2.1.3.3. Pericytes in brain injuries 

Increasing evidence have shown that pericytes play roles in a wide range of CNS pathologies 

such as AD, brain aging, diabetic retinopathy, stroke, epilepsy, migraine (61, 96). For 

example, Aβ accumulating around capillaries in AD brains is toxic to pericytes and was found 

to deposit inside degenerating pericytes in the brains of AD patients where vascular 

degeneration plays a key role in the pathophysiology (97-100) and the microvascular 

dysfunction caused by pericyte degeneration is suggested to initiate secondary 

neurodegenerative changes (101). Besides, pericyte degeneration has also been found in 

chronic multiple sclerosis lesions (102) and brain tissues from patients with complex partial 

seizures (103). Loss of pericytes in the adult mouse brain vasculature was found to trigger 

neuronal degeneration through two parallel pathways including vascular damage leading to 

breakdown of the BBB, and vascular regression resulting in chronic hypoperfusion and 

hypoxia (104).  

1.2.2. Glial cells 
Glial cells in the CNS are mainly composed of astrocytes, microglia and oligodendrocytes that 

play important roles in the physiology and pathophysiology of the brain (105). Astrocytes and 

microglia have been implicated to play important roles in neurodegenerative diseases such as 

PD where these glial cells could demonstrate beneficial or deleterious effects (105).  

1.2.2.1. Astrocytes 
Astrocytes, also known as astroglia, are star-shaped glial cells in the CNS. They are the most 

abundant glial cells in the brain, and are closely associated with both neural synapses and 

brain capillaries (106, 107). The relationship of astrocytes with neurons and blood vessels 
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makes astrocytes a key element in modulating neuronal activity and cerebral blood flow (106, 

107). Astrocytes express the intermediate filament glial fibrillary acid protein (GFAP) that is 

proposed to play an important role in astrocyte functions, and is up-regulated in 

neuropathological conditions (106, 107). For a long period of time, they were deemed to be 

just gap fillers in the CNS. However, more recent studies have unveiled the importance of 

astrocytes in brain function and brain pathology.  

Accumulating evidence has suggested an important role of astrocytes in cerebrovascular 

regulation. Astrocytes perform many functions in the brain, including secretion and absorption 

of neural transmitters, synaptic remodelling, biochemical support of endothelial cells that form 

the blood-brain barrier (BBB), providing nutrients to the nervous tissue, maintaining 

extracellular ion balance, removal of toxins from cerebrospinal fluid (CSF) and a role in 

neurotrophic actions and scarring process of the CNS following brain injuries (108, 109). In a 

word, apart from their functions in capillaries, astrocytes are also involved in neuronal survival 

and inflammation. 

1.2.2.1.1. Astrocyte-endothelial interactions 

Astrocytes envelop over 99% of endothelial cells in the BBB (110) where they influence each 

other structurally and functionally. For example, astrocytes enhance the integration of tight 

junctions and reduce gap junctional area (111, 112). Reciprocally, endothelial cells increase 

the density and membrane assemblies of astrocytes (111, 113).  Loss of astrocytes in contact 

with endothelial cells can cause breakdown of BBB resulting in edema (114). The astrocytic 

processes release biochemical signals to support not only the formation and maintenance of 

the tight junctions between endothelial cells forming the BBB, but also the expression of 

transport molecules such as glucose transporter 1 (GLUT1), in endothelial cells (115, 116). 

Astrocytes are also involved in short-term alteration of BBB permeability in pathological 

conditions by releasing cytokines, glutamate, ATP, or nitric oxide (NO) that can increase the 
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BBB permeability (117). Moreover, astrocytes have been found to express some endothelial 

enzymes such as adrenomedullin, which causes vasodilation (118).  

1.2.2.1.2. Astrocytes-neuronal interactions 

Perisynaptic astrocytic processes envelope neural synapses to regulate the transmission of 

electrical impulses in the brain. Glutamate is responsible for most excitatory synaptic 

transmission in the CNS. Astrocytes express glutamate receptors (119). Therefore, astrocytes 

can be depolarized by glutamate released from excitatory synapses. This in turn leads to the 

increase of intracellular Ca2+ concentration in the astrocytes and thus the propagation of the 

Ca2+ wave through the astrocytic network (120). Localized increase in Ca2+ at astrocyte end-

feet can lead to dilation of nearby arterioles, thus increase the local cerebral blood flow. On 

the other hand, astrocytes can also release glutamate in conditions such as low extracellular 

Ca2+ concentration or metabolic inhibition (121, 122). The glutamate released from astrocytes 

may play important roles in activation of neighbouring neurons, modulation of excitatory and 

inhibitory synapses, or cell death in metabolic suppression in the CNS (123).  

Another important function of astrocytes is that they take up excess K+ released from neurons 

during neuronal depolarization to prevent further neuronal depolarization (114). 

Glutathione (GSH) is a very important antioxidant that detoxifies reactive oxygen species 

(ROS) in brain cells (124). Neurons rely on the import of extracellular cysteine, an important 

GSH precursor, for GSH synthesis. It has been discovered that astrocytes play a key role in 

maintaining stable GSH levels in neurons by releasing GSH, from which cysteine is derived in 

extracellular space (125, 126). 

Astrocytes are also responsible for the termination of glutamatergic and GABAergic activity 

through uptake of the neurotransmitters, glutamate and γ-aminobutyric acid (GABA) (127). 

Furthermore, high extra-synaptic glutamate concentration can lead to excitotoxic neuronal 
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damage. The uptake of glutamate by astrocytes maintains the ideal low extra-synaptic 

glutamate level to protect the neurons from excitotoxicity (128). 

Glucose is transported from the blood to the outer surface of the brain capillaries by vascular 

endothelial cells and is taken up by GLUT1 on the astrocytic processes enveloping the 

capillaries (129). In astrocytes, glucose can be used for glycolysis to produce lactate, which is 

then transported out of the astrocyte through H+-coupled monocarboxylate transporter 1 and 4 

(MCT1 and MCT 4). Neurons take up lactate via MCT2 where lactate is used as a critical 

energy source for synaptic activities (123). It is interesting to note that during glycolysis, a 

cytotoxic carbonyl compound methylglyoxal is produced as a by-product and is accumulated 

in astrocytes (129, 130). Therefore, astrocytes also promote neuronal health by providing 

lactate as a safe energy source for neurons.  

Glycogen serves as the major energy reserve in brain and is stored primarily in astrocytes.  

During energy stress, glycogen can be broken down and metabolised to generate lactate, which 

is exported to neurons as energy source (114). Therefore, astrocytes play an important role as 

an energy supplier to neurons in energy crises. This might be crucial for neuronal function and 

survival during ischemic stress. 

1.2.2.1.3. Roles of astrocytes in secondary neuronal degeneration  

Astrocytes become activated in neurological conditions such as stroke, trauma and 

neurodegenerative diseases (108). The astrocyte activation is characterised by astrocytic 

hypertrophy, generation of new, thicker and longer astrocytic processes, accumulation of 

GFAP, and astrocytosis, increase in number of astrocytes (114). Interestingly, reactive 

astrocytes have been found to take part in both neuronal damage and neuroprotection, 

depending on the degree of astrocytic hypertrophy (114).   

Prominent astrocytic hypertrophy and increased astrocytic GFAP expression have been found 

soon after brain injury (114, 131). Astrocytic hypertrophy can be contributed by multiple 
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factors, including malfunction of ionic pumps on astrocytes, high intracellular K+, lactate and 

arachidonic acid, oxidative stress, and the breakdown of BBB leading to edema, which can 

result in the increased water intake into astrocytes (114, 132).  

Mild hypertrophy could benefit brain recovery by increasing amino acid metabolism, 

glutathione release and glycogen synthesis, and by release of taurine, a neuroprotective 

antioxidant (114, 133). In rat models, studies have shown that activated astrocytes were 

protective to neurons subject to ischemic insult, which could be mediated by mechanisms 

including inhibition of glutamate-induced neuronal excitotoxicity and oxidative stress-

associated neuronal loss (114, 134, 135). Recent evidence has also suggested a role for 

astrocyte activation in neurovascular remodelling under pathological conditions. For example, 

it was found that reactive astrocytes can release a molecule called high-mobility group box 1 

(HMGB1) to act as an extracellular signal that promotes endothelial progenitor cell (EPC)-

mediated neurovascular remodelling during stroke recovery in mice (136). Furthermore, 

following hypoxic injury, astrocytes were found to produce VEGF to stimulate vasculogenesis 

and angiogenesis (137, 138). 

However, severe astrocytic hypertrophy is deleterious to the brain. It was reported that when 

astrocytes are switched to the reactive state, they stop their normal neurosupportive functions 

such as glucose and lactate transport, glutamate release and uptake, and glutathione release, 

thereby promoting inflammation and neuronal death (129). The swelling causes excitatory 

amino acid and Ca2+ leakage from astrocytes, contributing to further neuronal damage (109, 

139). The astrocyte swelling also leads to increased intracerebral pressure and therefore 

intensifies the condition (140). Moreover, glial scars formed by reactive astrocytes during 

brain injury inhibits brain regeneration and functional recovery (141). In extreme cases, 

astrocytic hypertrophy can cause cell membrane rupture resulting in cell death (114). The loss 
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of astrocytes observed after brain injury has also been suggested to play an important part in 

the process of tissue infarction (142, 143). 

Studies have suggested diverse roles for astrocytes in neuronal degeneration in 

neuropathological conditions. Retraction of astrocyte end-feet (144, 145) and loss of signalling 

interactions between astrocytes and cerebral blood vessels (146, 147) are associated with 

astrocytosis which was reported in several neuropathological conditions such as brain trauma, 

chronic cerebral ischemia, epilepsy, AD and PD (144-146, 148). The reactive astrocytes 

release a wide range of molecules including growth factors, neurotrophic factors, cytokines, 

chemokines, ROS, neurotransmitters and proteases which could influence vascular 

remodelling and inflammation and thus neuronal survival in a beneficial or detrimental way 

depending on the context (147). Some studies suggested a neuroprotective role for astrocytes 

in PD, where both astrocytosis and astrocyte hypertrophy have been observed in human PD 

brains and PD models (149). The pathological evidence implicates that astrocytes might 

contribute to this neuroprotective effect through antioxidant pathways such as increasing the 

production and release of glutathione (149). It was also reported that in PD astrocytes could 

protect neurons from oxidative stress by metabolizing dopamine using their enzymes catechol-

O-methyltrasferase and monoamine oxidase-B, and by detoxifying ROS using glutathione 

peroxidase (105). They could also reduce the excitotoxicity in the SN by taking up 

extracellular glutamate (105). 

1.2.2.2. Microglial cells  
Microglial cells are the local immune cells of the CNS and play a critical role in various 

neurological conditions such as neurodegenerative diseases, stroke, lesions and brain tumours 

(150). In the normal state, microglial cells have a small cell body with long processes actively 

exploring the local microenvironment. The mobility of the microglial processes is regulated by 

extracellular ATP in the brain (150). 
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It has been observed that following local brain injury, microglial cells quickly surround 

damaged endothelium, and microglial processes rapidly converge on the site of injury to form 

a barrier between the healthy and damaged brain tissue (150, 151). This fast response is 

mediated by the extracellular ATP released from the damaged tissue and surrounding 

astrocytes. It was demonstrated that microglial cells become activated within one to two days 

after amyloid-β deposition, and they rapidly extend their processes to the plaques (152). 

However, their activation could be protective or deleterious in neurodegenerative diseases. It 

was reported that induced microglial activation in the SN leads to degeneration of 

dopaminergic neurons and the inhibition of microglial activation prevents SN neuronal death 

induced by lipopolysaccharide (153). Activated microglia can produce neurotoxic compounds 

such as ROS, reactive nitrogen species, and pro-inflammatory cytokines and prostaglandins to 

play a potential role in the pathogenesis of PD (105). In AD, activated microglial cells take up 

and degrade both the soluble and insoluble Aβ (154). Therefore, microglial cells may play an 

important role in neuroprotection by clearing harmful substances from the brain. However, 

activated microglial cells in AD may also secrete neurotoxins causing damage to the brain 

(155). Microglial cells also clear brain infection through phagocytosis. For example, 

microglial cells express receptors that mediate phagocytosis of prion infected cells, and 

infecting the microglial-depleted mice with prion particles results in increased accumulation of 

prion protein in the brain (156). 

1.2.3. Vascular degeneration and blood-brain barrier dysfunction in 
neurological conditions  
Reduced cerebral vascular density was found in aging, AD and leukoaraiosis (LA), in which 

vascular dysfunction precedes and accompanies neurodegeneration and cognitive dysfunction 

(157). Increase in BBB permeability to plasma proteins occur in vasogenic conditions such as 

stroke, inflammation, infections, seizures, trauma, tumours, hypertensive brain disease and AD 

(73, 158). The neurovascular changes in AD have been well studied and numerous structural 
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and functional abnormalities have been identified in the BBB of AD brains. The abnormalities 

include swelling and increased number of pinocytotic vesicles in endothelial cells, an increase 

in collagen type IV, proteoglycan and laminin deposition in BM, disruption of BM, swelling 

of astrocyte end-feet, atrophy and malformation of capillaries and reduced total capillary 

density (101, 159). It has been suggested that the disruption of BM and shrinkage of 

endothelial cells contributes to the leakage of the BBB in AD (73). The BBB dysfunction has 

been identified as a major causal mechanism in a large number of AD cases (160). In contrast, 

the vascular changes in PD have been poorly studied. The first evidence of BBB dysfunction 

in PD was reported by Kortekaas R. et al. who demonstrated PD patients have reduced 

function of endothelial P-glycoprotein which actively transports a wide range of molecules 

from blood to cerebral blood (161). Recently, our group has reported the first evidence of 

endothelial degeneration in the PD brains where both density and length of endothelium 

reduced compared with the age-matched controls (162). The degenerative clustering 

morphology of endothelium was also increased in PD (162). On the other hand, the density of 

blood vessels represented by BM were found to be increased in both human HD brain tissues 

and mouse HD models (163). 

Capillaries in the CNS could collapse in pathological conditions such as AD, ischemia and 

irradiation to form string vessels with thin, empty BM tube that do not carry blood flow (164). 

They are also found in normal human brains at all ages but their number is especially high 

near birth, when brain development is fast (164). Given that the endothelial turnover is slow 

and string vessels contain no endothelial cells, it is suspected that the string vessel formation is 

the result of fast formation of capillary network where endothelial turnover is not quick 

enough to fill the new BM tube (165). On the other hand, it is also suggested that the string 

vessel formation in AD were caused by the death of endothelial cells (165).  
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1.3. Vascular remodelling in adult brains 
The blood vessel is a dynamic structure which is capable to adjust itself both structurally and 

functionally in response to changes in the local environment. Vascular remodelling is an active 

process of structural changes that involves cellular processes such as cell proliferation, cell 

death, cell migration and degradation and generation of extracellular matrix in response to 

changes in blood flow, metabolic demands and growth factor secretion (166). In adult brains, 

vascular remodelling involves adaptive angiogenesis and regression of blood vessels which 

requires factors such as IGF-1, VEGF, PDGF-B, and angiopoietin-2 (Ang-2) (85, 92, 167, 

168). 

1.3.1. Angiogenesis  
Angiogenesis is the main process of new vessel formation from pre-existing capillary network 

and is highly regulated under physiological conditions in vascular remodelling process in 

adults (168-170). Angiogenesis is comprised of two mechanisms, endothelial sprouting and 

intussusceptive microvascular growth (IMG) (169). Endothelial sprouting involves formation 

of new blood vessels from the parent vessel through endothelial migration, proliferation and 

tube formation (169). IMG can multiply existing blood vessels by splitting their lumens and 

this process is also recognised as a mechanism for vascular remodelling (169, 171).  

Endothelial sprouting starts from the migration of endothelial cells to the site of angiogenic 

stimulus where local BM is degraded (169). The endothelial cells then align in bipolar mode, 

form a lumen and proliferate at the leading tip of the spout (169). The sprouts then connect 

with each other to form loops before blood circulating through (169). This is followed by 

maturation of vessels through recruitment of pericytes and vascular smooth muscle cells 

(VSMCs) to newly formed vessels and disposition of extracellular matrix (ECM) (169, 172). 

 IMG starts from the protrusion of opposing capillary walls into the lumen to create a contact 

zone between endothelial cells (171). The endothelial bilayer is then perforated, followed by 
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reorganisation of intercellular contacts, and formation of a transluminal pillar with an 

interstitial core which is soon occupied by myofibroblasts and pericytes that deposit collagen 

fibrils, resulting in its rapid expansion (171). IMG plays important roles in vascular growth 

and remodelling. For example, it allows permits rapid expansion of the capillary plexus to 

provide sufficient metabolic exchange (171). It also causes alterations in the size, position and 

form of preferentially perfused capillary segments to create a hierarchical tree (171). It can 

also lead branching or removal of branches in response to changes in metabolic demands 

(171).  

Hypoxia-inducible factor-1 (HIF-1) is a transcription factor with a constitutive component 

called HIF-1α is degraded by proteasome in presence of oxygen. Therefore, hypoxia causes 

increased level of HIF-1α resulting in HIF-1 induced transcription of over 50 genes encoding 

proteins related to angiogenesis/vascular remodelling and cell proliferation and survival (92, 

173). VEGF is one such protein upregulated by HIF-1 and plays a major role in both adaptive 

and pathological capillary angiogenesis (174, 175). In mild hypoxia, adaptive angiogenesis is 

mediated by HIF-1 induced upregulation of VEGF in concert with Ang-2, a capillary 

remodelling factor that is upregulated through cyclooxygenase-2 induced production of 

prostaglandin E2 (92). Under normal conditions, Ang-1 which is constitutively expressed in 

pericytes acts on the endothelium-specific Tie-2 receptor to maintain mechanical stability of 

the capillary (92). Low oxygen tension triggers transient elevation of Ang-2 in endothelial 

cells and pericytes, which occupies the Tie-2 receptor, prevents Ang-1 activation and 

destabilizes the capillaries to promote vascular remodelling (92, 167). Adaptive angiogenesis 

in capillary remodelling was reported to increase capillary density, length, diameter and 

reduced BM thickness (92). On the other hand, the capacity for this adaptation is diminished in 

older adults due to the lack of HIF-1, which leads to inability to maintain capillary density and 

lack of plasticity (92). 
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In pathological conditions such as cerebral hypoxia and ischemia, angiogenesis could lead to 

leakage of the BBB (176-178). Over expression of VEGF-A induced by HIF-1 under 

pathological conditions such as hypoxia, ischemia, inflammation and tumour in the brain has 

been found to cause vascular abnormalities including fragility, loss of pericytes and leakage 

(175, 177, 178). The mechanisms of the VEGF-induced abnormality is still unclear but it is 

suggested that VEGF may cause disruption of tight junctions by altering the expression of 

tight junction proteins such as occludin and zonula occludens 1 (ZO-1) and by 

phosphorylating these proteins (178). 

1.3.2. Capillary regression 
Vascular remodelling can also balance metabolic demands through capillary regression as a 

result of endothelial cell apoptosis associated with increased Ang-2 (92, 167). In fact, Ang-2 

plays an essential role in capillary remodelling by coordinating with VEGF. Ang-2 leads to 

angiogenesis in the presence of VEGF and it causes apoptosis in the absence of VEGF (92, 

167). Capillary regression is mediated by a caspase-3-dependent mechanism, indicating 

involvement of physiologic apoptosis (92, 167). It was reported that after a period of hypoxia 

induced adaptive angiogenesis in the brains of adult rats, the return to normoxia is associated 

with vascular regression and reduced capillary density to pre-hypoxic state (92, 167). 

1.3.3. VEGF and its role in vascular remodelling 
VEGF is expressed by pericytes, endothelial cells, neurons, and glial cells (76, 179). It is a 

major angiogenic factor which is induced by the transcription factor HIF-1 in response to 

hypoxia (157). VEGF plays multiple roles such as promoting the survival and proliferation of 

endothelial cells, angiogenesis, vasoregulation, neuroprotection and neurogenesis in the CNS 

(180, 181). It promotes the survival and proliferation of endothelial cells by activating the 

VEGFR-2 on endothelial cells (89, 90). VEGF promotes angiogenesis not only by inducing 

the proliferation and movement of endothelial cells (182), but also by coordinating the 

interaction between pericytes and endothelial cells (76) such as  transformation of endothelial 
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cells into pericytes (183) and recruitment of pericytes to site of angiogenesis or vascular 

remodelling (184). It was also reported that reduced VEGF expression in mice leads to adult-

onset neuronal degeneration in the CNS likely due to hypoperfusion and compromised VEGF-

dependent neuroprotection (185). The absence of reduction in capillary density implies the 

impaired effect of VEGF on vasoreglation may be the cause of hypoperfusion (185).   

1.3.4. IGF-1 and its role in vascular remodelling 
Insulin-like growth factor-I (IGF-I) is an endogenous hormone secreted primarily by the liver 

upon growth hormone (GH) stimulation (186). It plays important roles in growth, development 

and metabolism by interacting primarily with the IGF-I receptor (IGF-IR) found on the cell 

surface (187). IGF-1 is widely distributed in the brain throughout life. IGF-1 found in the brain 

could be expressed locally or come from the circulation. IGF-1R is a transmembrane tyrosine 

kinase receptor widely distributed in the CNS from early embryogenesis into adulthood (187). 

IGF-1R expression has been found in pericytes, endothelial cells, neurons, and glial cells 

throughout the CNS (188, 189). IGF-1 binding causes tyrosine autophosphorylation of IGF-

1R, leading to activation of phosphatidylinositol-3 kinase (PI3K), which in turn triggers 

protein kinase B (Akt) signalling pathway that promotes cell growth and proliferation and 

inhibits apoptosis (190, 191). IGF-1 action is required not only for angiogenesis during 

development but also for vascular remodelling in the adult brain at least partially by 

stimulating the secretion of VEGF (168). IGF-1 regulates the function of VEGF in vascular 

remodelling upstream and plays a key role in vascular maturation by stabilizing VEGF-A 

mediated tube formation (192). It was also found that IGF-1 plays an important role in the 

proliferation and differentiation of glial cells (193-195). Studies have suggested that IGF-1 

stimulates the proliferation of astrocytes in neurological conditions such as multiple sclerosis 

(196).  

The role for IGF-1 in preventing neuronal injury has been well documented (197) and the 

vascular protection may contribute to its protective effect (198). In a recent study, increased 
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IGF-1R expression in the blood vessel endothelial cells was detected in the impact periphery 

of mouse brain at 72 hours after the traumatic brain injury (TBI) (199). Interestingly, increased 

capillary density and endothelial cells were observed in cortex and hippocampus up to 48 

hours following TBI (200), suggesting that IGF-1 activity may promote vascular remodelling 

after brain injury. Increased activated IGF-1R in capillaries is also associated vascular and 

neuronal protection (201). 

As mentioned above, neurodegenerative diseases such as AD and PD, particularly PD with 

dementia are linked to IGF-1 dysfunction (52, 53). Reduced levels of IGF-1R expression and 

IGF-1R mRNA have been detected in PD brains (52). In summary, IGF-1 activity plays 

important roles in vascular remodelling and neuroprotection in neurological conditions.  

1.4. Summary 
PD is characterised by loss of dopaminergic neurons in the SN and development of α-

synuclein aggregates called LBs and the pathology spreads to various brain regions. The cause 

of most PD cases is unknown, and possible contributors to the pathogenesis of idiopathic PD 

include oxidative stress, impaired protein degradation mechanisms including UPS and 

autophagy, metabolic disorders and inflammation. The NVU is the functional unit of the brain 

and is consisted of neurons, microglial cells, astrocytes and capillaries formed by endothelial 

cells, BM, pericytes and astrocyte end-feet which maintain the function of the BBB. All the 

components of the NVU work together to regulate the brain function and the disruption of one 

component could play roles in neurological disorders by compromising the function and 

survival of other components and thus the integrity of the NVU. Cerebral capillaries play 

crucial roles in meeting the high metabolic demands of the neurons and other brain cells and 

removing waste. Vascular degeneration and disruption of the BBB contribute to neurological 

disorders such as AD. The blood vessel is a dynamic structure which can remodel itself in 

adult brains through angiogenesis and capillary regression mediated by a variety of factors 
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such as IGF-1, VEGF, and PDGF-B which play important roles in promoting the vascular 

growth and neuroprotection in normal and pathological conditions. The loss of these factors in 

the brain could impair vascular remodelling and lead to cerebral vascular degeneration.  

1.5. Hypothesis and objectives 
Our previous study has shown evidence of endothelial degeneration in PD brains (162). It was 

therefore postulated that the vascular remodelling in PD could be compromised resulting in 

vascular degeneration and dysfunction. The vascular degeneration may be a contributor to the 

secondary neurodegeneration or part of degenerative pathology in PD.  

This study aims to investigate the structural and biological changes of capillaries through 

evaluating the BM, pericytes and astrocytes and the functional changes of the BBB in the 

brain regions affected by PD pathology.  

The first objective is to compare the changes of BM of capillaries, and its association with 

endothelial cells, astrocytes, blood-brain-barrier function and neuronal degeneration in the SN, 

CN and MFG between the age-matched controls and PD cases without pathology of dementia.  

The second objective was to determine whether the vascular degeneration in PD is associated 

with impairments of vascular remodelling. Using tissue microarrays of the MFG and 

immunohistochemistry this study compared the pericyte-associated blood vessels, vascular 

cell proliferation and vascular remodelling related factors including VEGF, IGF-1 and IGF 

binding protein-2 (IGFBP-2) in the PD and age-matched control cases.  

The third aim of the project was to evaluate potential pathological changes of phosphorylated 

α-synuclein (pα-synuclein) aggregation and its association with autophagy, vascular 

degeneration and inflammation in the PD brains.  
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Chapter 2: General Methods 

2.1. Acquisition and Preparation of Human Brain Tissue 

2.1.1. Human Brain Bank 
The human brain tissue used in this project is provided by the Neurological Foundation New 

Zealand Human Brain Bank located in the Centre for Brain Research (CBR) at the Faculty of 

Medical and Health Sciences, University of Auckland. The brains were obtained through a 

donor program where full consent was granted by the donors and/or the family of the donors 

and approved by the University of Auckland Human Subject Ethics Committee (202). 

2.1.2. Tissue preparation  
Tissue preparation was as previously described (202). Briefly, the human brain tissue from the 

Neurological Foundation of New Zealand Human Brain Bank was used in this study. The 

brains were perfused with 1% sodium nitrite dissolved in phosphate buffered saline (PBS) for 

fifteen minutes, followed by formalin fixative solution containing 15% formalin solution in 

0.1M PBS for 30-45 minutes. The brain samples were then placed in the same formalin 

fixative solution overnight. Dissection of the brain regions into blocks was carried out after the 

overnight fixation process. After that, the blocks used for pathological examination and tissue 

microarray (TMA) production were embedded in paraffin (see below for details on making 

TMA blocks). The blocks used for making free-floating tissue sections were post-fixed for a 

further one to two days before being cryoprotected by transfer of the blocks sequentially into a 

20% and then 30% sucrose solution containing 0.1% sodium azide in 0.1M phosphate buffer. 

Then the blocks were stored at -80°C until required. The paraffin TMA block was sectioned at 

7µm thick on a microtome and the sections were mounted onto positively charged glass slides 

and stored at room temperature before performing immunohistochemistry. The free-floating 

blocks were cut on a freezing microtome into 50µm thick sections which were stored in 0.1M 

phosphate buffer containing 0.1% sodium azide in 48-well plates at 4°C. 
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2.1.3. Pathological Diagnosis 
Information regarding pathological diagnosis such as McKeith type of Lewy body disease and 

AD neurologic change are provided in some of the cases (Table 1 and Table 2). For the 

pathological diagnosis a neuropathologist examined several key diagnostic regions of the 

brains all of the PD and control cases. The anatomical areas sampled included the substantia 

nigra, pons at the level of locus coeruleus, middle frontal gyrus, middle temporal gyrus, 

hippocampus with the entorhinal cortex, caudate nucleus/putamen, cingulate gyrus, inferior 

parietal lobule, occipital cortex and cerebellum. Tissue blocks were processed for paraffin 

embedding, 4 µm thick tissue sections were cut, which were subsequently stained with 

haematoxylin and eosin, and immunohistochemistry was performed with antibodies to tau 

(DAKO A0024), beta-amyloid (DAKO 6F/3D), and alpha-synuclein (Leica clone KM51). The 

extent of Lewy Body disease was staged according to the McKeith type (203) using the 

protocol suggested by the BrainNet Europe consortium (204). All cases were assessed for 

Alzheimer disease neuropathologic change according to the current NIA/AA guidelines (205). 

The phase of beta amyloid aggregation (Thal phase) was derived using the method outlined by 

the BrainNet Europe Consortium (206). The Braak stage was assessed using tau 

immunohistochemistry according to Alafuzoff et al. (207). The neuritic plaque density was 

estimated with a modified Bielschowsky stain.  

2.1.4. Case selection 
Selection of brain tissue from the PD cases was based on the pathological diagnosis of 

idiopathic PD and this reflects the pathological status of most PD patients. Selection of brain 

tissue from control cases was based on age and post-mortem (PM) similarity with the selected 

PD cases as well as absence of clinical history of neurological or dementing illness, or 

significant histological abnormality from the pathological report. All the selected cases have a 

PM delay less than 48 hours. Lists including age, sex, PM delay, cause of death, and McKeith 

type of Lewy body disease and evaluation of Alzheimer disease neurologic change for all the 
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cases are given in Tables 1 and 2. Information such as disease onset, disease duration and 

clinical diagnosis are listed for PD cases (Table 1).  

 

Table 1. Clinical information of the PD cases. 

Case Age Sex 
PM 
Delay 
(h) 

Disease 
Onset 
(year) 

Disease 
Duration 
(year) 

Clinical 
Diagnosis 

Cause of 
Death 

McKeith 
Type of 
Lewy Body 
Disease 

Alzheimer 
Disease 
Neuropathol
ogic Change 
(NIA/AA) 

PD10 70 M NA NA NA 
Idiopathic 
PD 

Pulmonary 
embolism 

NA NA 

PD11 69 F 36 NA NA 
Idiopathic 
PD 

Perforated 
gastric 
ulcer and 
peritonitis 

NA NA 

PD12 76 F 3 NA NA 
Idiopathic 
PD 

E.coli 
septicaemi
a, 
myelodyspl
asia 

NA NA 

PD13 70 M 12 NA NA 
Idiopathic 
PD 

Bronchopn
eumonia/co
ma 

NA NA 

PD14 81 M 11 NA NA 
Idiopathic 
PD 

Bronchopn
eumonia, 
obstructive 
jaundice, 
PD 

NA NA 

PD16 79 M 8.5 NA NA 
Idiopathic 
PD 

Pneumonia NA NA 

PD20 73 M 14 NA NA 
Idiopathic 
PD 

Congestive 
heart 
failure 

NA NA 

PD21 79 F 9.5 NA NA 
Idiopathic 
PD 

Senile 
debility/PD 

NA NA 

PD23 78 F 18.5 NA NA 
Idiopathic 
PD 

Pneumonia
, UTI & 
PD 

NA NA 

PD27 77 M 4 NA NA 
Idiopathic 
PD 

End stage 
PD/cachexi
a 

NA NA 
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PD28 76 F 27 NA NA 
Idiopathic 
PD 

Bronchopn
eumonia 

NA NA 

PD30 82 M 19 71 11 
Idiopathic 
PD 

Multi-
organ 
failure 

Diffuse 
(neocortical) 

No AD 
change    (A0 
B0 C0) 

PD31 67 M 25 NA NA 
Idiopathic 
PD 

Respiratory 
failure 

NA NA 

PD33 91 M 4 84 7 
Idiopathic 
PD 

Pneumonia 
Diffuse 
(neocortical) 

Intermediate 
AD change 
(A3 B2 C2)  

PD34 75 F 10 64 11 
Idiopathic 
PD 

Cerebrovas
cular 
accident 

Diffuse 
(neocortical) 

Intermediate 
AD change 
(A2 B2 C1)  

PD35 73 M 16 57 16 
Idiopathic 
PD 

Pneumonia 
Diffuse 
(neocortical) 

Low AD 
change    (A2 
B0 C1) 

PD36 78 F 22 NA NA 
Idiopathic 
PD 

Bronchopn
eumonia 

Limbic 
Low AD 
change    (A2 
B1 C0) 

PD37 81 M 4 68 13 
Idiopathic 
PD 

PD-
associated 
complicati
on 

Diffuse 
(neocortical) 

No AD 
change    (A0 
B0 C0) 

PD42 83 M 21 69 14 
Idiopathic 
PD 

Myocardial 
infarction 

Diffuse 
(neocortical) 

No AD 
change    (A0 
B1 C0) 

PD46 77 M 34 59 18 
Idiopathic 
PD 

Bronchopn
eumonia 

Diffuse 
(neocortical) 

Low AD 
change    (A1 
B1 C0) 

PD48 84 M 20 71 13 
Idiopathic 
PD 

NA 
Diffuse 
(neocortical) 

Low AD 
change    (A1 
B1 C0) 

NA: Not available  

Table 2. Clinical information of the age-matched controls. 

Case Age Sex 
PM 
Delay 
(h) 

Cause of Death 
McKeith Type of 
Lewy Body 
Disease 

Alzheimer Disease 
Neuropathologic 
Change (NIA/AA) 

H127 59 F 21 Pulmonary embolus NA 
No AD change         
(A0 B0 C0) 

H137 77 F 12  Coronary atherosclerosis Brainstem1 Low AD change       
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(A2 B0 C0) 

H139 73 M 5.5 Ischaemic heart disease (IHD)  
Amygdala 
predominant2 

No AD change         
(A0 B1 C0) 

H144 76 M 18.5 Ruptured aortic aneurysm NA NA 

H150 78 M 11 Ruptured myocardial infarction NA NA 

H152 79 M 18 Congestive heart failure 
No Lewy body 
disease 

Low AD change        
(A2 B1 C0) 

H153 76 M 8  IHD NA NA 

H154 71 M 23 IHD NA NA 

H156 89 M 19 Atherosclerosis NA NA 

H169 81 M 24 Asphyxia, CO poisoning 
No Lewy body 
disease 

Low AD change       
(A2 B0 C1) 

H180 73 M 33 IHD NA NA 

H181 78 F 20 Aortic aneurysm NA NA 

H190 72 F 19 Ruptured myocardial infarction NA NA 

H191 77 M 20 IHD NA NA 

H193 71 M 23 
Valvular heart disease and 
Coronary atherosclerosis 

NA NA 

H196 85 M 15 
Metastatic adenocarcinoma - 
colon 

NA NA 

H198 67 F 27 IHD NA NA 

H202 83 M 14 Ruptured abdominal aortic 
aneurysm 

No Lewy body 
disease 

No AD change         
(A0 B1 C0) 

H204 66 M 9 IHD NA NA 

H215 67 F 23.5 IHD NA NA 
NA: Not available  

1Very sparse Lewy neurites were identified in the intermediate reticular zone and dorsal motor nucleus of the 

vagus. No Lewy pathology was seen in the substantia nigra. 

2Very occasional Lewy neurites were present in the substantia nigra and locus coeruleus with scattered Lewy 

bodies in the amygdala section. 
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2.2. Tissue Microarray Production 

2.2.1. Production of TMA block 
The procedures of TMA production was based on a recent publication (208). The TMA block 

was produced using the Advanced Tissue Arrayer (VTA-100, Veridiam) (). Briefly, 

cylindrical tissue cores of 2 mm in diameter were extracted from the grey matter of the donor 

MFG paraffin blocks by a donor needle, and were then inserted into the cylindrical holes of a 

size matched blank recipient paraffin block. Each donor core was taken from a different case. 

When all the donor cores were transferred, the TMA block was incubated at 37°C overnight 

and then at 60°C for seven minutes to coalesce the paraffin of the donor cores and the recipient 

block. The setup of the TMA production equipment is illustrated in Figure 2 and the detailed 

tissue microarray production steps are listed below. 

1. Incubate both donor and recipient blocks at 28°C for at least 30 minutes. 

2. Adjust the height adjustor of the donor needle so that the tip can just reach the base of 

the donor block when the needle is lowered to the bottom height. Note the bottom 

height indicated by the pointer beside the scale bar (e.g. 7 mm). 

3. Slide the recipient block to below the donor needle and adjust the height of the 

recipient block so that the tip of the donor needle just reaches the top of the recipient 

block when the needle is lowered to the bottom height. 

4. Slide the recipient block back to the original position. Adjust the height adjustor of the 

recipient needle so that the tip just reaches the top of the recipient block when the 

needle is lowered to the bottom height. Note the height indicated by the pointer beside 

the scale bar (e.g. 8 mm). 

5. Place the donor needle above the tissue of interest. Adjust the height of the donor 

needle so that the tip of the needle just reaches the top of the tissue when the needle is 

lowered to the bottom height. Note the height indicated by the pointer beside the scale 

bar (e.g. 11 mm). [So the height of the core = 11 -7 = 4 mm] 
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6. Lower the height adjustor of the donor needle to its previous height on the scale bar, 

i.e. 7 mm. Press the donor needle to the bottom, tweak the lever, and release the needle 

to take up the donor core.  

7. Lower the height adjustor of the recipient needle so that the depth of the hole in the 

recipient block is 0.5 mm greater than the height of the donor core, i.e., 4.5 mm. [So 

the height adjustor needs to be adjusted to 8 – 4.5 = 3.5 mm on the scale bar]. This 

adjustment is necessary to keep all the cores at the same level and slightly under the 

surface of the recipient paraffin block to avoid waste of tissue during sectioning.  

8. Press the recipient needle to the bottom, tweak the lever, and release the needle to 

make a cylindrical hole of matched size (2 mm in diameter).  

9. Slide the recipient block to below the donor needle and transfer the donor core into the 

hole in the recipient block. 

10. Repeat steps 2 to 9 until a tissue core from each selected case is transferred to the 

recipient block. 

11.  After making the TMA block, incubate the block at 37°C overnight and transfer to 

60°C oven and incubate for 7 minutes. 
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Figure 2. The Advanced Tissue Arrayer (VTA-100, Veridiam) was used to make the TMA 

block. 

2.2.2. TMA sectioning 
The TMA block was cooled in ice-water mixture before TMA sections of 7 µm in thickness 

were cut from the block with a rotatory microtome (RM223, Leica). These sections were then 

mounted onto positively charged glass slides in the water bath at approximately 40°C, and 

dried at room temperature overnight. The TMA sections were stored at room temperature 

before immunohistochemical procedures. 

Donor needle Recipient needle 

Height adjustor 

Donor  
block 

Recipient  
block 

Scale bar Pointer 
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2.3. Immunohistochemical Procedures  
For all the immunohistochemical experiments, immuno-buffer (IB) contains 1% serum and 

0.4% merthiolate in PBS with 0.2% Triton X-100 (PBST). Gentle rocking was applied for all 

incubations and washings. MilliQ water was used to make up all solutions used for 

immunohistochemistry. Negative controls were used for each brain region of 2-3 randomly 

selected cases from both PD and control groups for each secondary antibody used in both 

peroxidase-DAB and fluorescent immunohistochemistry. For negative controls, the primary 

antibodies were replaced with IB. Antibodies used in this study are listed below (Tables 3-7). 

Tissue from both PD and control groups were processed in parallel.  

Table 3. List of antibodies used for single-coloured peroxidase-DAB immunohistochemistry on 

free-floating tissue sections. 

Antibody Source Host Dilution 

Primary Antibodies 

Collagen IV Novocastra, Leica 
Microsystems, NSW, Australia 

Mouse 1:2,000  

GFAP Sigma-Aldrich Corporation, 
Saint Louis, MO, USA 

Mouse 1:20,000  

NeuN EMD Millipore Corporation, 
Billerica, MA, USA 

Mouse 1:1,000 

TH Protos Biotech Corporation, 
New York, NY, USA 

Rabbit 1:1,000 

Fibrinogen Dako Corporation, Carpinteria, 
CA, USA 

Rabbit 1:10,000 

Secondary Antibodies    

Biotinylated anti-mouse Sigma-Aldrich Corporation, Goat 1:1,000 
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IgG Saint Louis, MO, USA 

Biotinylated anti-rabbit 
IgG 

Sigma-Aldrich Corporation, 
Saint Louis, MO, USA 

Goat 1:2,000 

Tertiary Antibody    

ExtrAvidin-HRP Sigma-Aldrich Corporation, 
Saint Louis, MO, USA 

N/A 1:1,000 

 

Table 4. List of antibodies used for double coloured peroxidase-DAB immunohistochemistry 

on free-floating tissue sections. 

Antibody Source Host Dilution 

      Primary Antibodies 

 Factor VIII Dako Corporation, Carpinteria, 
CA, USA 

Rabbit 1:1,000  

Alpha Synuclein (phospho 
S129) 

Abcam, Melbourne, Australia Rabbit 1:3,000  

NeuN EMD Millipore Corporation, 
Billerica, MA, USA 

Mouse 1:1,000 

Secondary Antibodies    

Biotinylated anti-mouse 
IgG 

Sigma-Aldrich Corporation, Saint 
Louis, MO, USA 

Donkey 1:1,000 

Biotinylated anti-rabbit 
IgG 

Sigma-Aldrich Corporation, Saint 
Louis, MO, USA 

Donkey 1:2,000 

Tertiary Antibody    

ExtrAvidin-HRP Sigma-Aldrich Corporation, Saint N/A 1:1,000 
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Louis, MO, USA 

 

Table 5. List of antibodies used for single-coloured peroxidase-DAB immunohistochemistry on 

paraffin embedded TMA sections. 

Antibody Source Host Dilution 

Primary Antibodies 

PDGFβR Cell Signalling Technology, 
Danvers, MA, USA 

Rabbit 1:200  

VEGF Santa Cruz Biotechnology, Dallas, 
Texas, USA 

Rabbit 1:100  

IGF1Rp Abcam, Melbourne, Australia Rabbit 1:100 

PCNA Santa Cruz Biotechnology, Dallas, 
Texas, USA 

Rabbit 1:100 

IGFBP2 Abcam, Melbourne, Australia Rabbit 1:100 

Alpha Synuclein (phospho 
S129) 

Abcam, Melbourne, Australia Rabbit 1:500 

p62 BD Biosciences, CA, USA Mouse 1:100 

Secondary Antibodies    

Biotinylated anti-mouse 
IgG 

Jackson ImmunoResearch 
Laboratories, West Grove, PA, 
USA 

Donkey 1:500 

Biotinylated anti-rabbit 
IgG 

Jackson ImmunoResearch 
Laboratories, West Grove, PA, 
USA 

Donkey 1:500 
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Tertiary Antibody    

ExtrAvidin-HRP Sigma-Aldrich Corporation, Saint 
Louis, MO, USA 

N/A 1:1,000 

 

Table 6. List of antibodies used for fluorescent immunohistochemistry on free-floating tissue 

sections. 

Antibody Source Host Dilution 

Primary Antibodies 

Collagen IV Novocastra, Leica Microsystems, 
NSW, Australia 

Mouse 1:1,000  

Factor VIII Dako Corporation, Carpinteria, 
CA, USA  

Rabbit 1:500 

GFAP, Alexa Fluor 488 Molecular Probes, Eugene, OR, 
USA  

Mouse 1:500 

p62 BD Biosciences, CA, USA Mouse 1:250 

Alpha Synuclein 
(phospho S129) 

Abcam, Melbourne, Australia Rabbit 1:2,000 

Secondary Antibodies    

Anti-mouse IgG      
Alexa Fluor 647  

Invitrogen Corporation, 
Carlsbad, CA, USA 

Goat 1:400 

Anti-rabbit IgG       
Alexa Fluor 594 

Invitrogen Corporation, 
Carlsbad, CA, USA 

Goat 1:400 

Anti-mouse IgG      
Alexa Fluor 488  

Invitrogen Corporation, 
Carlsbad, CA, USA 

Goat 1:400 
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Table 7. List of antibodies used for fluorescent immunohistochemistry on paraffin embedded 

TMA sections. 

Antibody Source Host Dilution 

Primary Antibodies 

Iba1 Abcam, Melbourne, Australia Goat 1:100  

HLA-DR Dako Corporation, Carpinteria, 
CA, USA  

Mouse 1:200 

Secondary Antibodies    

Anti-goat IgG         
Alexa Fluor 594  

Invitrogen Corporation, 
Carlsbad, CA, USA 

Donkey 1:400 

Anti-mouse IgG       
Alexa Fluor 488 

Invitrogen Corporation, 
Carlsbad, CA, USA 

Donkey 1:400 

 

2.3.1. Peroxidase-DAB immunohistochemistry 

2.3.1.1. Peroxidase-DAB immunohistochemistry protocol for free-floating tissue 
sections 
The free-floating protocol was based on the methods previously described (162, 202). Briefly, 

sequential coronal sections (50 μm in thickness) were collected and used. Three sections (12 

sections and 600 µm apart) were chosen from each region per case. The tissue sections were 

kept in 6-well plates for all the wash and incubation steps during the experiment. The protocol 

for free-floating tissue was used in Chapters 3 and 5 and the steps are listed below: 

1. Incubate sections in PBST overnight 4°C. 

2. Wash in PBST 15 minutes. 
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3. Block/quench the endogenous peroxidase activity in 50% methanol and 1% H2O2 in 

H2O for 20 minutes. 

4. Wash in PBST 10 minutes × 3. 

5. Incubate in primary antibody diluted with immuno-buffer (IB) for 48 hours at 4°C. 

6. Wash in PBST 10 minutes × 3. 

7. Incubate in secondary antibody diluted with IB for 24 hours at room temperature. 

8. Wash in PBST 10 minutes × 3. 

9. Tertiary antibody: Incubate in Extra-Avidin HRP diluted with IB for 4 hours at room 

temperature. 

10. Wash in PBST 10 minutes × 3. 

11. Incubate in solution with 0.05% DAB and 0.01% H2O2 in 0.1M phosphate buffer for 5 

to 20 minutes until a brown reaction product is visible.  

12. Stop the reaction and wash the sections in PBST 10 minutes × 3. 

13. Mount onto engraved glass slides using 0.5% room temperature porcine jelly mounting 

medium and allow drying for 1 to 2 days at room temperature. 

14. Dehydration through a graded series of alcohols and xylene: Water, 75%, 85% and 

95% alcohol, 5 minutes each, 100% alcohol 10 minutes × 3, and 100% xylene 20 

minutes × 3. 

15. Coverslip the slides with DPX mounting medium and No.1 coverslips (Lomb 

Scientific) and store at room temperature. 

This general protocol was used for single colour peroxidase-DAB labelling. The protocol for 

double colour peroxidase-DAB labelling was based on this protocol and the details are 

described in the following section (§2.3.1.2).  
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2.3.1.2. Double colour peroxidase-DAB Immunohistochemistry for free-floating 
tissue sections 
In Chapter 5 endothelial cells labelled with Factor VIII were co-labelled with neurons labelled 

with NeuN and phosphorylated alpha-synuclein labelled with alpha-synuclein (phospho S129) 

(see Table 6 for antibody information). In this double colour peroxidase-DAB 

immunohistochemistry, the two primary antibodies were applied sequentially. The target 

recognised by the first primary antibody was stained by DAB-nickel solution containing 

0.05% DAB, 0.05% nickel ammonium sulfate and 0.01% H2O2 in 0.1M phosphate buffer to 

produce a black reaction product, and the target recognised by the second primary antibody 

was stained by normal DAB solution containing 0.05% DAB and 0.01% H2O2 in 0.1M 

phosphate buffer to produce a brown reaction product. Black colour reaction was chosen for 

the first primary antibody because if DAB-nickel was used as the second stain the Nickel in 

the DAB would also turn the brown DAB from the first stain black. After the DAB-nickel 

colour reaction for the first primary antibody was stopped by washing the sections in PBST 

(Step 12 in §2.3.1.1), the experiment was repeated from the quenching step (Step 3 in 

§2.3.1.1) for the second primary antibody, and proceeded as normal until Step 15 in §2.3.1.1. 

The experiment for the second primary antibody started from the quenching step in order to 

remove the remnant peroxidase activity from the Extra-Avidin HRP for labelling the first 

primary antibody. 

2.3.1.3. Peroxidase-DAB immunohistochemistry protocol for paraffin-embedded 
tissue sections 
The paraffin-embedded TMA sections (7 µm in thickness) of the grey matter of the MFG were 

used in Chapters 4 and 5. The methodology has been described previously (162, 202). Steps of 

the protocol are listed below: 

1. Incubate sections on hotplate at 60°C for 1 hour. 

2. De-paraffinize the sections in xylene 10 minutes × 2 



42 
 

3. Rehydrate the sections through a graded alcohol series: 100% alcohol 5 minute each × 

2, 95%, 80% and 75% alcohols, 2 minutes each, and water 5 minutes each × 3.  

4. Retrieve antigens in the tissue by heating the sections in 10mM Trish-EDTA buffer 

with pH 9 by using a 2100 Retriever (Prestige Medical).  

5. Wash in water 5 minutes × 3.  

6. Deactivate endogenous peroxidase by pre-treating the sections with a solution of 50% 

methanol (v/v) and 1% hydrogen peroxide (v/v) for 20 minutes.  

7. Wash in PBS 5 minutes × 3.  

8. Incubate sections in primary antibodies diluted with IB for 48 hours at 4°C.  

9. Wash in PBS 5 minutes × 3.  

10.  Incubate in secondary antibodies diluted with IB for 24 hours at 4°C. 

11. Wash in PBS 5 minutes × 3.  

12. Incubate in ExtrAvidin-HRP (1:1000) diluted with IB for 3 hours at room temperature.  

13. Wash in PBS 5 minutes × 3.  

14. Incubate sections in 0.05% DAB and 0.01% H2O2 in 0.1M phosphate buffer for 10 to 

20 minutes until a brown reaction product is visible.  

15. Stop the reaction by washing the sections in PBS.  

16. Dehydrate the sections through a graded alcohol series and xylene: Water 5 minutes, 

75%, 85% and 95% alcohol 2 minutes each, 100% alcohol 5 minutes × 2, and 100% 

xylene 10 minutes × 3. 

17. Coverslip the slides with DPX mounting medium and No.1 coverslips (Lomb 

Scientific) and store at room temperature.  
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2.3.2. Fluorescent immunohistochemistry 

2.3.2.1. Fluorescent immunohistochemistry protocol for free-floating tissue 
sections 
The protocol for fluorescent immunohistochemistry on free-floating tissue was used in 

Chapters 3 and 5 and the steps are listed below: 

1. Incubate sections in PBST overnight at 4°C. 

2. Wash in PBST 15 minutes. 

3. Incubate in primary antibody/antibodies diluted with IB for 48 hours at 4°C. 

4. Wash in PBST 10 minutes × 3. 

5. Incubate in secondary antibody/antibodies diluted with IB for overnight at room 

temperature in dark. 

6. Wash in PBST 10 minutes × 3. 

7. Incubate sections in nuclear staining agent Hoechst stain (1:10,000; Hoechst 33342, 

Molecular Probes, Eugene, OR, USA) for 20 minutes at room temperature. 

8. Wash in PBST 10 minutes × 3.  

9. Autofluorescence reduction: Incubate sections in 0.1% Sudan Black in 70% ethanol for 

5 minutes at room temperature. 

10. Wash in PBST 2 minutes × 2. 

11. Mount onto engraved glass slides using PBS and allow excess fluid to dry for 

approximately 30 minutes in dark. 

12. Coverslip slides using No. 1.5 coverslips (Lomb Scientific) for high resolution imaging 

with mounting medium (Prolong Gold) and store at 4°C overnight in the dark to allows 

the Prolong Gold to “cure” and extend the life of the fluorescence. 

13. Seal around the edges of coverslip with nail polish to prevents the coverslip from 

moving. 

14. Store the slides at 4°C before microscoping. 
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This general protocol was used for single, double and triple labelling. For double and triple 

labelling, the primary antibodies were produced from different host species and they were 

incubated simultaneously. The secondary antibodies were also incubated simultaneously. 

These also apply in fluorescent immunohistochemistry protocol for paraffin-embedded tissue 

sections (§2.3.2.3) 

Hoechst stain emits blue fluorescence when bound to dsDNA and is used as a nuclear 

counterstain (209). In this study it was applied in fluorescent immunohistochemistry for both 

free-floating and paraffin-embedded tissue sections. The excitation wavelength of this Hoechst 

stain (Hoechst 33342) is 350nm (UV light). 

Sudan black solution was used to reduce the auto-fluorescence which was largely contributed 

by lipofuscin often found in aged brains (210, 211). Sudan black dissolves quickly in PBST 

and hence it is importance to limit the time for the washes after this step.  

2.3.2.2. Fluorescent immunohistochemistry with a fluorophore-conjugated 
primary antibody 
In Chapter 3 three components of the blood vessel walls were labelled with different markers - 

collagen IV for BM, Factor VIII for endothelial cells and GFAP for astrocytes (Table 4). The 

antibody against GFAP is an Alexa Fluor 488 conjugated antibody produced in mouse. 

Because the antibody against collagen IV is also produced in mouse, these two antibodies 

from the same host species were applied in separate steps and a blocking step using mouse 

IgG was employed in between to prevent the secondary antibody against the mouse anti-

collagen IV antibody from binding to the mouse anti-GFAP antibody (Alexa Fluor 488). The 

method is based on the general fluorescent immunohistochemistry protocol described in the 

previous section (§2.3.2.1). 

1. Incubate sections in PBST overnight at 4°C. 

2. Wash in PBST 15 minutes. 
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3. Incubate in mouse anti-collagen IV and rabbit anti-Factor VIII antibodies diluted with 

IB for 48 hours at 4°C. 

4. Wash in PBST 10 minutes × 3.  

5. Incubate in secondary goat anti-mouse IgG (Alexa Fluor 647) and goat anti-rabbit IgG 

(Alexa Fluor 594) diluted with IB for 24 hours at 4°C. 

6. Blocking step: Incubating sections in ChromPure Mouse IgG (1:10, Jackson 

Immunoresearch Laboratories, West Grove, PA, USA) diluted with PBST for 4 hours 

at room temperature. 

7. Wash in PBST 10 minutes × 3. 

8. Incubate sections in mouse anti-GFAP antibody (Alexa Fluor 488) diluted with IB for 

48 hours at 4°C. 

9. Wash in PBST 10 minutes × 3. 

10. Continue from Step 7 of the general fluorescent immunohistochemistry protocol 

(§2.3.2.1). 

2.3.2.3. Fluorescent immunohistochemistry protocol for paraffin-embedded 
tissue sections 
The protocol for fluorescent immunohistochemistry on paraffin-embedded tissue was used in 

Chapters 4 and 5 and the steps are listed below: 

1. Incubate the sections on hotplate at 60°C for 1 hour. 

2. De-paraffinize the sections in xylene 10 minutes x 2. 

3. Rehydrate the sections through a graded alcohol series: 100% alcohol 5 minute each 

× 2, 95%, 80% and 75% alcohols, 2 minutes each, and water 5 minutes each × 3.  

4. Retrieve antigens in the tissue by heating the sections in 10mM Trish-EDTA buffer 

with pH 9 by using a 2100 Retriever (Prestige Medical).  

5. Wash in PBS 5 minutes × 3.  

6. Incubate in primary antibody/antibodies diluted with IB for 48 hours at 4°C.  
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7. Wash in PBS 5 minutes × 3.  

8. Incubate in secondary antibody/antibodies diluted with IB for 24 hours at 4°C. 

9. Wash in PBS 5 minutes × 3.  

10. Incubate sections in nuclear staining agent Hoechst stain (1:10,000; Hoechst 33342, 

Molecular Probes, Eugene, OR, USA) for 20 minutes at room temperature. 

11. Wash in PBS 5 minutes × 3.  

12. Autofluorescence reduction: Incubate sections in 0.1% Sudan Black in 70% ethanol 

for 5 minutes at room temperature. 

13. Wash in PBST 20 seconds × 2. 

14. Coverslip slides using No. 1.5 coverslips (Lomb Scientific) for high resolution 

imaging with mounting medium (Prolong Gold) and store at 4°C overnight at dark to 

allows the Prolong Gold to “cure” and extend the life of the fluorescence. 

15. Seal around the edges of coverslip with nail polish to prevents the coverslip from 

moving. 

16. Store the slides at 4°C before microscoping. 

2.4. Imaging and Analysis 

2.4.1. Illustrative microscopic imaging 
Light microscopic images were taken using 100x, 63x, 40x, 20x and 10x objectives on the 

Leica DMRB microscope equipped with Nikon Digital Sight DS-SM digital camera. Light 

macroscopic images showing whole tissue sections were captured using 0.8× objective on the 

Leica MZ6 modular stereomicroscope equipped with the same camera. Fluorescent 2D and 3D 

microscopic images were taken using 100x, 63x and 40x objectives on the Zeiss LSM 510 

Meta confocal microscope. Contrast adjustment and 3D reconstruction from Z-stack images 

were performed using ZEN lite digital imaging software (Carl Zeiss Microscopy, Jena, 

Germany). All images, including light microscopic and macroscopic images and fluorescent 

2D and 3D confocal images were saved as 16 bit TIFF format. 
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2.4.2. Imaging for quantitative analysis 
For most staining, images for quantitative analysis were captured using 20× objectives on the 

Nikon E800 microscope equipped with a digital camera (MBF Bioscience) and a motorised 

stage to enable randomised sampling of images from the regions of interest. A number of 

images were obtained from each tissue section by randomised sampling. The actual area of 

each image was approximately 0.26 mm2. For GFAP staining, images were captured using 

10× objective on the Leica DMRB microscope equipped with the Nikon Digital Sight DS-SM 

digital camera. Four images were acquired from each section of each region of interest. Each 

sample area was approximately 8.325 mm2.  In order to analyse the overall intensity of the 

staining in low magnification, macroscopic images of the whole tissue section were captured 

at 0.8× magnification on the Leica MZ6 modular stereomicroscope equipped with Nikon 

Digital Sight DS-SM digital camera. For fluorescently stained TMA sections, Discovery-1TM 

(Molecular Devices) automated fluorescence microscope was used to obtain grey scale images 

with a 20× objective.  

2.4.3. Image analysis 
Macros were developed in MetaMorphTM (Molecular Devices) and ImageJ (V1.46) software 

to enable automated high throughput processing of large quantities of acquired images.  Each 

macro used for image analysis was validated by testing on 20 randomly selected images for 

that specific marker. Different macros with different values for each parameter were applied 

on the 20 images and the results showing numbers of the positively stained objectives from the 

macros were plotted against those from manual counting in a scatter plot created in the 

Graphpad Prism software (Version 7.00) (Figure 3). Equation and goodness of fit (R2 value) of 

the linear regression produced by different macros were compared. The macro that resulted in 

a linear regression with high R2 value (≥ 0.7) and a trend line slope close to 1 was selected. 

Measurements other than numbers of objectives were performed using the same software 
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based on the processed images produced by the selected macro. The details for the image 

analyses are mentioned in the methods sections of each chapter. 
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Figure 3. Example of a scatter plot showing automated counting results of basement 

membrane using a macro developed in MetaMorphTM (Molecular Devices) against manual 

counting results in 20 randomly selected images. 

2.5. Statistical Analysis  
Graphpad Prism software (Version 7.00) was used for statistical analyses and graphical 

illustrations. For all analyses, P-values less than 0.05 were considered statistically significant. 

The data of the column graphs were presented as Mean ± SEM. The general methods for 

statistical analyses are described in subsections below. The details of statistical analyses are 

mentioned in the methods sections of each chapter. 

2.5.1. Two-way analysis of variance 
Two-way analysis of variance (ANOVA) was applied to analyse data with both column and 

row factors. The column factor represents the treatment, i.e., PD or control cases. The row 

factor represents brain regions in Chapter 3 and densities of objectives in Chapter 5. 

Bonferroni post-test was used to compare the difference between the cell means of column 

factors and row factors. 



49 
 

2.5.2. Unpaired t-test and Mann-Whitney test 
When only one brain region, MFG was used in Chapters 4 and 5, unpaired t-test or Mann-

Whitney test was used to compare the means of data from PD and age-matched control 

groups. Firstly, normality of the data was tested using D'Agostino & Pearson test. The data 

that passed the normality test (P value ≥ 0.05) were analysed using two-tailed unpaired t-test.  

The data that did not pass the normality test (P value < 0.05) were analysed using Mann-

Whitney test. 

2.5.3. Pearson correlation test 
Correlation between two factors was analysed using Pearson correlation test where r value 

represents the Pearson correlation coefficient.  
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Chapter 3: Increased String Vessel Formation in 
Parkinson’s Disease 

3.1. Introduction 
Parkinson’s disease (PD) is a neurological disorder characterized by progressive degeneration 

of dopamine neurons (212). No curative therapy exists (213). Neuronal degeneration can 

spread into other brain regions as the condition advances (214). Vascular degeneration is a 

recognized contributing factor to Alzheimer’s disease (AD) (215, 216) but there is limited 

information on vascular changes in PD and their association with disease progression. Our 

group has recently reported, for the first time, that there is endothelial degeneration in several 

brain regions of humans with PD (162). Using an antibody against Factor VIII as a marker for 

endothelial cells, our group demonstrated that there are fewer capillaries in the brains of PD 

cases, and the capillaries are shorter and larger in diameter with fewer connecting branches 

compared to age-matched controls (162). This PD-associated vascular degeneration was 

identified in brain regions with dopamine neuron degeneration, for example the substantia 

nigra (SN) and brain stem nuclei, but not in the caudate nucleus (CN) (162), a region that 

showed severe age-associated capillary loss in control tissue. Clear vascular degeneration was 

also found in brain regions where neuronal degeneration was not specific to dopamine 

neurons, for example the middle frontal gyrus (MFG) (162). These particular changes in 

various brain regions may be due to differences between PD-specific pathology and the 

combined effects of brain aging and the secondary pathology of PD.    

Apart from the endothelium, brain capillaries also consist of several outer layers, including 

basement membrane (BM), astrocytic end-feet and pericytes (217). These components are 

critical for capillary structure and for the function of the capillaries and the blood-brain barrier 

(BBB) (217). The BM provides the extracellular matrix scaffold for the capillary endothelium 
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and produces growth factors for maintaining vascular remodelling (218) and neuronal 

migration and development (219).  

String vessels are formed by collapsed BM and have been described as thin connective tissue 

strands, remnants of capillaries, with an absence of endothelial cells (220). String vessels have 

no function in blood flow. The formation of string vessels has been suggested to be the result 

of incomplete endothelial turnover during the process of vascular remodelling. String vessels 

are present in the normal brain throughout life, but do not increase with normal aging (220). 

The increase in string vessels during early stages of brain development may possibly be due to 

rapid turnover of endothelial cells (220). Increased numbers of string vessels have been also 

found under certain pathological conditions, for example AD (221) but there is no information 

on string vessels in PD.  

Apart from forming the outer layer of capillaries, astrocytes play critical roles in angiogenesis 

and cell-cell communication between neurons and endothelial cells (222). Together with BM, 

astrocytes provide trophic factors to maintain BBB integrity and functions, as well as vascular 

remodelling (223). Both insufficient vascular remodelling and compromised BBB function 

contribute to neuronal dysfunction and degeneration (217). 

To further study capillary degeneration and its relationship to the progression of PD, this study 

evaluated changes in the BM and astrocytes, and their association with endothelial and 

neuronal degeneration and the integrity of the BBB, in human brains by comparison of PD 

cases and aged-matched controls.  

3.2. Methods Overview 

3.2.1. Case Selection 
In this chapter free-floating brain tissue from 9 PD cases (refer to Table 1 for clinical details) 

and 6 age-matched control cases (refer to Table 2 for clinical details) was used. The PD cases 
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include PD30, PD33, PD34, PD35, PD36, PD37, PD42, PD46 and PD48. The age-matched 

control cases include H127, H137, H139, H152, H169 and H202. 

3.2.2. Immunohistochemical staining 
Free-floating sections of the MFG, CN and SN were used for peroxidase-DAB 

immunohistochemistry (refer to §2.3.1.1 for details) and fluorescent immunohistochemistry 

(refer to §2.3.2.2 for details). The peroxidase-DAB immunohistochemistry was performed 

using antibodies directed against collagen IV for BM, GFAP for astrocytes, NeuN for neurons, 

tyrosine hydroxylase (TH) for dopaminergic neurons, and fibrinogen (Table 3). The 

fluorescent immunohistochemistry was performed using antibodies directed against Von 

Willebrand-associated Factor VIII (Factor VIII) for endothelial cells, collagen IV and GFAP 

(Table 6). 

3.2.3. Image processing and analysis 

3.2.3.1. Staining of collagen IV, NeuN, TH and fibrinogen 
The methods used for image analysis have been reported previously (162). Images were 

captured with a 20× objective on a Nikon E800 microscope equipped with a digital camera 

(mbf Bioscience) and a motorised stage to enable randomised sampling of images from the 

regions of interest. Twenty images were obtained from each section of SN, CN and MFG by 

randomised sampling. Each sample area was approximately 0.26 mm2. MetaMorphTM software 

(Molecular Devices) was used to analyse the number and length of the BM of blood vessels, 

and the number and intensity of NeuN positive and TH positive neurons, in the acquired 

images. Macros were developed in MetaMorphTM to enable automated high throughput 

processing of large numbers of images. The macros first converted the images into 16-bit 

format using the “Arithmetic” tool and inverted them to grayscale pixel values using the 

“Morphological Invert” tool so that positive staining had higher pixel intensity values than the 

background. For the BM analysis, the images were processed with the “Angiogenesis Tube 

Formation” algorithm and parameters including the connected sets and total tubule length 
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were selected for summary logs to record the number of connected blood vessels and the total 

blood vessel length, respectively. The number and length of string capillaries were not 

processed by a macro because string capillaries cannot be consistently recognised in each 

image by applying one setting to all images. Therefore, instead of automated image 

processing, the “Multi-line” tool was used to manually trace the string capillaries in order to 

obtain information regarding the number and length of the capillaries. All the images were 

blinded for manual quantification. For the NeuN positive neuron analysis, the images were 

processed with the “Count Nuclei” algorithm and parameters including the total number and 

integrated intensity were selected for summary logs. For the TH positive neuron analysis, the 

“Morphological Erode” tool was used prior to image processing to eliminate the fine processes 

from neurons so that only cell bodies were analysed. The images were then processed by the 

same approach as for NeuN positive neuron analysis and the same parameters were recorded.  

3.2.3.2. Fibrinogen 
Images of the whole tissue section were captured at 0.8× magnification on a Leica MZ6 

modular stereomicroscope equipped with a Nikon Digital Sight DS-SM digital camera. The 

intensity of the fibrinogen staining in the regions of interest in these images was measured 

using ImageJ software (V1.46). The region of interest in an image was marked by the 

“Freehand Selections” tool. The image was then converted into 8-bit format and the grayscale 

pixel values in the region of interest were inverted so that the positive staining had higher 

pixel intensity values than the background. The intensity information of the region of interest 

was obtained by using the “Measure” tool.  

3.2.3.3. Staining of GFAP 
The methods used for analysing astrocytes have been reported previously (162). Briefly, the 

images were captured using a 10× objective on the Leica DMRB microscope equipped with a 

digital camera (Nikon Digital Sight DS-SM). Four images were acquired from each section of 

each region of interest. Each sample area was approximately 8.325 mm2. ImageJ software 
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(V1.46) was used to measure the number and area of the GFAP positive astrocytes in these 

images. The images were converted into 8-bit format and the “Subtract Background” tool was 

used to reduce background and lighten the images. The GFAP positive astrocytes in the image 

were selected using the “MaxEntropy” auto-threshold function in the “Threshold” tool before 

a binary image was created. The binary images were then processed using the “Analyse 

Particle” tool, which provides information regarding the number and coverage of the GFAP 

positive astrocytes.  

3.2.4. Statistical analysis  
The difference between the age-matched control and PD cases was analysed in the three brain 

regions using a two-way ANOVA with brain regions treated as dependent factors. The 

Bonferroni post-test was used for specific differences between the individual brain regions. 

3.3. Results  

3.3.1. Changes in collagen IV positive capillaries   
The BM was visualised using collagen IV staining. Morphologically, some parts of the BM 

were narrow and had lost their tubular morphology (Figure 4). Triple labelling of collagen IV 

(for BM, white), Factor VIII (for endothelial cells, red) and GFAP (for astrocytes, green) 

showed that the narrow vessels were collapsed BM with no endothelial cells (Figure 4 A-C), 

which have been described as string capillaries by others (220). The endothelial cells of the 

capillaries connected to the string vessels showed a clear laddering morphology (Figure 4 C), 

characterised as endothelial clusters in our previous report (162).  
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Figure 4. Microscopy photographs showing images of triple labelling of Factor VIII (for 

endothelial cells, red), collagen IV (for BM, white) and GFAP (for astrocytes, green). Photo A 

shows the string vessels that connected between two capillaries. Photo B shows a collagen IV 

stained string vessel with no Factor IIV staining. The capillaries in photo C shows endothelial 

laddering.  

 

The photomicrographs in Figure 5 show the distributions and morphologies (inserts) of the 

string capillaries (arrows) in both age-matched control and PD cases in the SN (Figure 5 A, 

B), CN (Figure 5 C, D) and MFG (Figure 5 E, F). Visual observation indicated that there were 

obviously more string capillaries in the PD cases compared to the age-matched control cases 
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(Figure 5). The densities and total lengths of collagen IV positive capillaries and string 

capillaries were therefore measured using image analysis software. Two-way ANOVA showed 

that both total length and density of collagen IV positive capillaries were similar between the 

PD cases and age-matched controls in all three brain regions examined (Figure 6 A & B). 

Two-way ANOVA showed a significant difference in the density of string capillaries between 

the two groups (F[1,37] = 22.79, p < 0.0001, Figure 7 A & B). There was no difference among 

the brain regions and no interaction between the groups and the brain regions. Multiple 

comparison showed that the string capillary density was significantly increased in the SN (p < 

0.01) and MFG (p < 0.05). The increase in CN was not statistically significant in the PD cases 

compared to the age matched controls (p > 0.05). The total length of string capillaries was also 

significantly different between the two groups (F[1,37] = 22.28, p < 0.0001, Figure 7 C & D) 

and among the brain regions (F[2.37] = 3.60, p = 0.03) with no interaction between the groups 

and brain regions. Multiple analysis showed that the total length of string capillaries was 

significantly increased in the SN of the PD cases compared to the control cases (p < 0.01). 

There was a strong trend toward an increase in string capillaries in the MFG and CN, but the 

difference was not statistically significant. 
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Figure 5. Light micrographs showing the distributions and morphologies (inserts at higher 

magnification) of collagen IV staining of the SN (A, B), CN (C, D) and MFG (E, F) of age-

matched controls (left panels) and PD cases (right panels). Compared to the pattern of vessel 

distribution in the SN of the control (A), the collagen IV stained vessels in the SN of PD were 

disorganised with some vessels tangled together (B). Morphologically, the formation of string 

vessels was more obvious in the PD case (arrows). Apart from the obvious formation of string 

vessels, the distribution of the vessels was similar in the CN and MFG between the groups.  
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SN: substantia nigra, CN: caudate nucleus, MFG: middle frontal gyrus; Scale bars: 100µm 

and 50µm (Inserts). 
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Figure 6. The density (number/mm2, A) and total length (B) of collagen IV positive vessels in 

the brain regions SN, CN and MFG of PD cases (closed bars) and age-matched controls 

(open bars). There was no significant difference between the groups in all brain regions 

examined. The data are presented as mean ± SEM. SN: substantia nigra, CN: caudate 

nucleus, MFG: middle frontal gyrus 

 



59 
 

 

Figure 7. The density (number/mm2, A & B) and total length (C & D) of string vessels in the 

brain regions SN, CN and MFG of PD cases (closed bars) and age-matched controls (open 

bars). Compared to the age-matched controls, there was a significant increase in the density 

of string vessels in PD cases, particular in the SN (**p < 0.01) and MFG (*p < 0.05). The 

increase in total length of string vessels was only seen in the SN (*p < 0.05). The data are 

presented as mean ± SEM. SN: substantia nigra, CN: caudate nucleus, MFG: middle frontal 

gyrus  

3.3.2. Changes in GFAP positive astrocytes 
Photomicrographs (Figure 8) show the distributions and morphologies (inserts) of astrocytes in 

the SN, CN and MFG of both age-matched controls and PD cases. In the SN, the astrocytes 

were distributed amongst the darkly stained large neurons, presumably the substantia nigra 

pars compacta dopamine neurons. Morphologically, the processes and cytoplasms of GFAP 

staining in the SN were similar between the two groups. There was no obvious sign of 

hypertrophied morphology (Figure 8 A, B).  However, compared to the age-matched controls, 
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the astrocytes in the CN of the PD cases showed hyperactive morphology with enlarged and 

densely stained cytoplasm (Figure 8 C, D, inserts). The reactive astrocytes were densely 

distributed in the CN of the PD cases (Figure 8 C, D). In the MFG, the distribution and 

morphology of GFAP positive astrocytes were similar between the age-matched controls and 

PD cases (Figure 8 E, F). Two way ANOVA showed that the density of astrocytes was 

significantly different between the two groups (F[1,30] = 8.56, p = 0.0065, Figure 9 A) and 

there was a significant interaction between the groups and brain regions (F[2,30] = 8.37, p = 

0.0013). Multiple comparison showed that the density of astrocytes was significantly increased 

in the CN of the PD cases compared to the age-matched controls (p < 0.001, Figure 9 A). The 

density of astrocytes in the SN and MFG was not significantly different between the two 

groups. There were also a significant difference in the percentage of area staining among the 

groups (F[2,35] = 16.48, p < 0.0001) and a significant interaction between the groups and 

brain regions (F[2,35] = 4.41, P = 0.019). Multiple comparisons showed a significant increase 

in the area with GFAP staining in the CN of PD cases compared to the age-matched controls 

(p < 0.05). The areas of staining were not significantly different between the SN and MFG.   
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Figure 8. Light micrographs showing the distribution and morphologies (inserts at higher 

magnification) of GFAP positive astrocytes in brain regions SN (A, B), CN (C, D) and MFG 

(E, F) of age-matched controls (left panels) and PD cases (right panels). The most obvious 

changes were the increase in the population and the activated morphology of astrocytes in the 

CN of PD cases. There was no obvious change in the population and morphology of astrocytes 

in other brain regions of both groups. SN: substantia nigra, CN: caudate nucleus, MFG: 

middle frontal gyrus; Scale bars: 100µm and 50µm (Inserts). 
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Figure 9. The density (number/mm2, A) and percentage area of staining (B) of GFAP positive 

astrocytes in the brain regions SN, CN and MFG. In the PD cases, the density of astrocytes 

was significantly greater in the CN, but not in the SN or MFG, compared with the age-

matched controls (A, ***p < 0.001). The area of GFAP staining was also increased in the CN 

(B, *p < 0.05) of PD cases, but not in the SN or MFG. The data are presented as mean ± 

SEM. SN: substantia nigra, CN: caudate nucleus, MFG: middle frontal gyrus   
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3.3.3. Changes in neurons  
Figure 10 shows the distribution and morphology of TH (A & B) and NeuN (C-F) positive 

neurons in the SN, CN and MFG of both age-matched controls and PD cases. Compared to the 

controls, there were fewer but more densely stained TH positive neurons in the PD cases. Both 

the density of NeuN positive neurons and the staining intensity of NeuN were obviously 

reduced in both the CN and MFG of the PD cases compared to the controls. The density 

(Figure 11 A) and the intensity (Figure 11 B) of TH positive dopamine neurons in the SN were 

analysed by the two-tailed t-test. Compared to the age-matched controls, the density of TH 

positive dopamine neurons were significantly reduced in the PD cases (P < 0.05), as expected. 

In contrast, the average intensity of TH staining was increased in the PD cases compared to the 

controls (p < 0.05). The density (Figure 12 A) and the intensity (Figure 12 B) of NeuN 

positive neurons were analysed in the CN and MFG by two-way ANOVA. Compared to the 

age-matched controls, the density of neurons was significantly reduced in the PD cases 

(F[1,24] = 12.45, p = 0.0017, Figure 12 A). There were no differences between brain regions 

and no interactions between brain regions and groups. The average NeuN staining intensity in 

neurons was also reduced in PD cases compared to controls (F[1,24] = 15.14, p = 0.0007, 

Figure 12 B). The effects were not dependent on brain region. Multiple comparisons showed a 

significant decrease in the intensity of NeuN staining in the CN (p < 0.05) and MFG (p < 0.05) 

of PD cases.     
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Figure 10. Light micrographs showing the population and morphology (inserts at higher 

magnification) of dopamine neurons in the SN (A, B) and of NeuN positive neurons in the CN 

(C, D) and MFG (E, F) of both an age-matched control (left panels) and a PD case (right 

panels).  Compared to the control case, the TH positive dopamine neurons are fewer, with 

fewer dendrites and axons and more densely stained. The NeuN positive neurons in the CN 

and MFG of the PD case were fewer and more faintly stained. SN: substantia nigra, CN: 

caudate nucleus, MFG: middle frontal gyrus; Scale bars: 100µm and 50µm (Inserts). 
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Figure 11. The density (number/mm2, A) of dopamine neurons was reduced, and the average 

intensity of staining (B) of dopamine neurons was increased, in the SN of PD cases. The data 

are presented as mean ± SEM. *p < 0.05. 
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Figure 12. The results of NeuN staining of brain regions CN and MFG, with density 

(number/mm2, A) of neurons and average intensity (B) of NeuN staining. Compared to the 

control cases, the denstiy of neurons and intensity of neuronal staining were significantly 

reduced in both regions of the PD cases (*p < 0.05). The data are presented as mean ± SEM.  

CN: caudate nucleus, MFG: middle frontal gyrus   

3.3.4. Changes in fibrinogen intensity 
Fibrinogen was densely stained in the SN of both the PD cases and the age-matched controls 

(Figure 13, top panel), particularly around the blood vessels. The pattern and the distribution 

of the staining were similar between the PD cases and the age-matched controls. However the 

area of staining was larger in the CN of the PD cases compared to the controls (Figure 13, 

middle panel). The pattern and distribution of fibrinogen staining were similar between the 

two groups in the MFG (Figure 13, bottom panel). The average intensity of fibrinogen was 
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compared between the two groups. Two-way ANOVA suggested a difference between the 

groups (F[1,32] = 9.90, p = 0.003, Figure 14 A) and among the brain regions (F[2,32] = 18.67, 

p < 0.0001), with no interactions between groups and brain regions. Multiple analysis showed 

a specific increase in the intensity of fibrinogen only in the CN (p < 0.05), but not in the SN or 

MFG. The maximum intensity was also increased in the PD cases (F[1,32] = 4.48, p = 0.042, 

Figure 14 B) with a specific up-regulation in the CN region (p < 0.01).  

Figure 13. Microscopy photographs showing the staining of fibrinogen in brain regions SN 

(A, B), CN (C, D) and MFG (E, F). The intensity of staining was strong in the SN of both 

controls and PD cases. Staining in the CN of the PD case was stronger than that of the control 
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case. Staining in the MFG was similar between the control and the PD case. Scale bars: 4mm, 

SN: substantia nigra, CN: caudate nucleus, MFG: middle frontal gyrus 
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Figure 14. The average intensity (A) and maximal intensity (B) of fibrinogen staining in all 

brain regions.  Both measurements revealed a significant increase in fibrinogen staining in the 

CN, but not in the SN or MFG. The data are presented as mean ± SEM. SN: substantia nigra, 

CN: caudate nucleus, MFG: middle frontal gyrus, *p < 0.05, **p < 0.01 

3.4. Discussion  
Our results have demonstrated that increased string vessel formation in PD is linked to the 

degeneration of endothelial cells and preservation of BM, and is found in brain regions 

associated with neuronal degeneration. Thus, the data suggest a potential role for brain 

hypoperfusion in the progression of PD. The elevated astrocytosis that suggests an association 
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with dysfunction of the BBB in the CN could be an angiogenic response to endothelial 

degeneration rather than a pathological change specific to PD.     

Using a marker for endothelial cells, our group has previously reported endothelial 

degeneration in PD by showing loss of capillary density and capillary networks (162). Given 

that the structure and functions of capillaries are complex, this study has now further 

characterized this capillary degeneration by investigating changes in BM, astrocytes and BBB 

integrity. The study evaluated the changes in BM in the same human cases used for evaluating 

endothelial cell degeneration. Unexpectedly, this study showed no difference in either the 

density or the total length of collagen IV labelled capillaries between age-matched controls 

and PD cases, the same parameters our group has previously analysed to identify endothelial 

degeneration (162). However, this study showed profound morphological changes in the BM, 

characterized as collapsed capillaries or string vessels (220), in which endothelial cells were 

largely absent from the collapsed collagen IV labelled vessels. String capillaries exist in 

normal brain as part of the process of endothelial cell turnover during vascular remodelling, 

and can increase during brain development, possibly as a result of rapid and active vascular 

remodelling (220). In addition, the increase in string vessels that is seen under certain 

pathological conditions with the absence of endothelial cells within capillaries could be the 

result of endothelial cell degeneration and/or insufficient endothelial cell proliferation and 

migration during vascular remodelling (220). Capillaries with degenerative endothelium 

indicated by the laddering morphology of endothelial staining (162)  were often found next to 

the string vessels. This also suggests that string vessel formation may be a consequence of 

endothelial degeneration. 

Even though the function of string vessels is not yet fully characterised, they do not carry 

blood flow and have no function as capillaries (220). An increase in string vessels has been 

reported in the white matter (216) and other brain regions (214) of AD cases; this pathology 
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appears to be characterized by a profound loss of BM in brain regions with increased string 

vessels (221). In contrast, capillary density has recently been reported to be increased in 

human cases of Huntington’s disease when collagen IV was used for labelling the BM (224). 

Thus, increased string vessel formation without loss of BM may be a pathology specific for 

vascular degeneration in PD. 

There has been a rapid increase in research on changes in capillaries in brains affected by 

neurological diseases. It appears that different markers used for labelling different structures of 

the capillary can lead to dissimilar conclusions. For example, there were no PD-associated 

changes in capillary density when the BM was labelled by collagen IV , whereas a reduction in 

vascular density was found when endothelial cells were labelled by Factor VIII (162). For an 

objective view of vascular changes, it is essential to use multiple markers specific for the 

various components of capillaries rather than a single marker.   

It has been suggested that string vessels represent an individual record of the history of the 

microcirculation (220), in which capillaries are no longer functional because of profound 

endothelial cell degeneration, and/or are not fully developed because of insufficient 

endothelial proliferation and migration during vascular remodelling. In any case, increased 

string vessel formation may indicate a compromised blood supply that may contribute to 

neuronal dysfunction and degeneration. As extracellular matrix, BM plays a critical role in 

vascular remodelling, for example promoting endothelial cell proliferation and migration and 

capillary sprouting (218). However, structurally maintained BM does not necessarily imply 

that vascular remodelling is sustained in brain regions showing increased string vessel 

formation; this needs to be investigated. In addition, comparing to the control cases the 

densities and total lengths of string vessels in the PD cases are more variable with one or two 

cases showing outstanding values in each brain region (Figure 7 B & D). These PD brain 
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regions with high string vessel densities are all from different cases. The reason for this is 

unclear and needs further investigation. 

As a component of capillaries, astrocytes also play a critical role in vascular remodelling (223, 

225) and neuronal protection (226, 227). Using GFAP as a marker for reactive astrocytes, the 

study showed a massive elevation of astrocytosis in the CN, where the astrocytes showed 

hyperactive morphology. This study suggests that PD-associated endothelial degeneration in 

the CN is the result of age, rather than a change specific to PD, as there was no further loss of 

endothelial-associated capillaries when comparing the PD cases and the age-matched controls 

(162). Given that the endothelial changes were evaluated in the same brain samples as those 

that showed the increase in reactive astrocytes in the CN, this study suggests that the elevated 

astrocytosis may be a protective and/or angiogenic response that prevented further loss of 

endothelial cells in the PD cases (162) . Angiogenesis is a double edged sword as newly 

formed vessels can lead to BBB leakage, which occurs in neurodegenerative conditions such 

as AD (228). However it is not clear whether or not BBB dysfunction contributes to neuronal 

degeneration in the CN.  

The leakage of large molecules, for example plasma fibrinogen, to brain parenchyma is an 

effective marker for dysfunction of the BBB, which has been well described in AD and after 

various brain injuries (228-230). Activation of microglia and astrocytes is closely associated 

with BBB dysfunction, and infiltration of plasma fibrinogen has been reported in AD (231) 

and other neurological conditions with BBB dysfunction (229, 230, 232, 233). While the 

concentration of CSF fibrinogen has been reported to be low in PD patients (234), this study 

showed, for the first time, that there was no PD-associated infiltration of plasma fibrinogen in 

the SN, where dopamine neuron degeneration is an initial and specific pathology in PD. In 

contrast, a significant increase in fibrinogen infiltration was identified in the CN, where the 

neuronal degeneration was related to astrocytosis. Astrocytes play a role in angiogenesis (225) 
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and inflammation (235); both processes can cause BBB leakage. The relationship between 

astrocytosis and BBB dysfunction can be complex, as a beneficial role for astrocytes in 

removing fibrinogen has been suggested by in vitro studies (233). Endothelial cell 

degeneration in the CN of PD cases has been suggested to represent age-related pathology 

(162); thus, the disruption of BBB integrity in the CN may be a collective result of age and 

secondary pathology subsequent to initial neuronal degeneration in the SN. In contrast to the 

role of astrocytes, a contributing role for microglia in PD pathology, mainly neuronal 

degeneration, has been well described (235, 236).       

The loss of neurons was found uniformly in all three brain regions examined. Degeneration of 

dopamine neurons has been well documented in the SN of PD patients (212). Although there 

was loss of dopamine neurons in the SN, TH staining in the individual neurons was denser. 

This may be a compensatory response to the loss of dopamine neurons by increasing protein 

expression, as dopamine neurons are highly plastic in PD (212, 237). Although degeneration 

of dopamine neurons in the SN is the most prominent pathology of PD, neuronal degeneration 

can affect other brain regions in advanced disease, for example the CN and cortical areas 

(214). The study also showed neuronal degeneration in the CN and MFG brain regions of PD 

cases, as demonstrated by a reduction in neurons visualised by NeuN staining.   

Atrophy of the CN in human PD cases has been described previously (238). However, apart 

from changes related to degeneration of the dopamine system, for example reduced TH 

terminals, dopamine receptors and transporters, (239) our knowledge of neuronal degeneration 

in the CN is rather limited. NeuN is a widely used marker for mature neurons and labels Fox-

3, a member of the RNA-binding protein family and regulator of neuronal mRNA splicing 

(240). A low staining intensity of NeuN may also suggest a reduced expression of Fox-3. 

Neuronal degeneration in the frontal cortex is well established in PD cases, particularly those 

with dementia (241). In this study, the extent of neuronal loss was similar in the CN and MFG; 
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however, the study only showed elevation of astrocytes and leakage of the BBB in the CN, not 

in the MFG. Although both activation of astrocytes and dysfunction of the BBB may 

contribute to neuronal death, our data suggest that these processes are not the immediate cause 

of the neuronal degeneration seen in PD.  

In conclusion, vascular degeneration in PD appears to be the result of endothelial cell 

degeneration, while retaining the BM. Increased string vessel formation may suggest a role for 

vascular hypoperfusion in the progression of PD. Leakage of the BBB may be associated with 

astrocytosis in the CN, which appears to be a pathological change secondary to the initial 

lesion in PD. The features of vascular degeneration in PD vary among different brain regions, 

as reflected by the differing extents of neuronal degeneration, astrocytosis, endothelial cell 

degeneration and dysfunction of the BBB in each region. 

 

 

 

 

 

 

 

 

 

  



74 
 

Chapter 4: Impaired Vascular Remodelling in 
Parkinson’s Disease 

4.1. Introduction 
Our group has recently reported vascular degeneration in the MFG, SN, CN and brainstem 

nuclei as part of the pathology in human PD, in which endothelial cell degeneration has been 

characterized as the cause of the loss of capillary networks (162). Subsequently, this study 

described the changes of BM which is retained and leads to an increase in string vessel 

formation in the PD brains  (148) (Chapter 3). Given string vessels do not carry blood, the data 

may suggest a potential role for hypoperfusion in secondary neuronal degeneration of PD. 

Apart from the CN, the maintained BM may prevent the leakage of the BBB and the activation 

of astrocytes in other brain regions examined in PD (148).  

The mechanism underlying endothelial degeneration is so far not clear. Vascular remodelling 

through angiogenesis and vascular regeneration is the key to maintain functional vascular 

networks. As part of the capillary structure in the CNS, pericytes are embedded within the BM 

and play important roles in vascular remodelling through promoting angiogenesis, endothelial 

proliferation and regulating cerebral blood flow (69, 242). 

Several growth factors play important roles in promoting vascular remodelling. While VEGF 

is essential for angiogenesis (243), IGF-1 plays a critical role in vascular regeneration in the 

CNS (244). VEGF is broadly expressed in neurons (179), endothelial cells (245), and 

astrocytes (246). Chronic hypoperfusion, for example, via increased string vessels in PD 

(148), can stimulate VEGF induced angiogenesis locally (245).  It is also known that VEGF 

stimulated angiogenesis is associated with the dysfunction of the BBB due to leakage of newly 

formed vessels (247).  IGF-1 is a neurotrophic factor which is also involved in vascular 

remodelling through regulating VEGF upstream by promoting the maturation of newly formed 

capillaries. IGF-1 dysfunction has been reported in neurological conditions (248). The increase 
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in circulating IGF-1 is used as a biomarker for IGF-1 resistance in PD (249). The function of 

IGF-1 is mediated through activating its receptors which are widely distributed in different 

brain regions (250). IGF-1 activity is also tightly regulated through the binding of IGF binding 

proteins (IGFBPs), in which IGFBP-2 is dominant in the CNS (251). The binding to IGFBPs 

regulates IGF-1 function by preventing IGF-1 from being metabolised and preventing IGF-1 

to activate IGF-1R due to higher affinity of IGF-1 to IGFBPs than to IGF-1R (252).  

In order to test our hypothesis whether the impairment of capillary remodelling is associated 

with vascular degeneration in human PD, the current study evaluated the changes of PDGFRβ 

expression in pericytes, cell proliferation of capillaries, the expression of VEGF, activation of 

IGF-1 receptors in capillaries and expression of IGFBP-2 in the grey matter of the MFG where 

we have demonstrated both neuronal  (148) and endothelial degeneration (162) in human PD.  

4.2. Methods Overview 

4.2.1. Case selection 
In this chapter paraffin embedded TMA sections containing 17 PD cases (refer to Table 1 for 

clinical details) and 17 age-matched control cases (refer to Table 2 for clinical details) were 

used. The PD cases include PD10, PD11, PD12, PD13, PD14, PD16, PD20, PD21, PD23, 

PD27, PD28, PD31, PD33, PD37, PD42, PD46 and PD48. The age-matched control cases 

include H144, H150, H152, H153, H154, H156, H169, H180, H181, H190, H191, H193, 

H196, H198, H202, H204 and H215. 

4.2.2. Immunohistochemistry 
TMA sections containing the grey matter of the MFG were used for peroxidase-DAB 

immunohistochemistry (refer to §2.3.1.3 for details) which was performed using antibodies 

directed against PDGFRβ for pericytes, PCNA for proliferation of endothelial cells, VEGF, 

phosphorylated IGF-1R (IGF-1Rp) and IGFBP-2 (Table 5). 
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4.2.3. Image processing and analysis 
The methods for image capture had been recently published (148). Briefly, 20 images were 

obtained using a 20× objective lens on the Nikon E800 microscope from each “core” of the 

tissue microarray by automated random imaging. An image of the whole tissue microarray 

section with VEGF staining was also obtained at 0.8× magnification using a Leica MZ6 

modular stereomicroscope.  

PDGFRβ positive pericytes exhibited capillary-like morphology (Figure 15 A & B). 

Phosphorylated IGF-1 receptors were expressed in morphologically recognised capillaries and 

other brain cell types. The staining of phosphorylated IGF-1 receptors in capillaries also 

formed a structure equivalent to capillaries seen with other markers (Figure 17 A). ImageJ 

software (V1.46) was used to analyse the number and length of PDGFRβ positive capillaries, 

number of vascular PCNA staining, number and length of IGF-1Rp positive capillaries, 

number of IGFBP-2 positive astrocytes, and density of VEGF staining in the acquired images. 

For PDGFRβ, PCNA and IGF-1Rp staining, macros were developed in ImageJ based on 

previously described analysis methods regarding vascular staining (162) to enable automated 

batch processing of images. The images were first converted into 8-bit format and background 

was subtracted. Automatic thresholding method called “MaxEntropy” was used in the 

“Threshold” tool to select the targets of interest and create binary images. The “noise” of the 

binary images was reduced using the “Median” tool where the radius setting was 5 pixels for 

PDGFRβ, 2 pixels for PCNA and 4 pixels for IGF-1Rp. For the analyses of PDGFRβ and IGF-

1Rp positive blood vessels, the “Fill Holes” tool was used to fill the enclosed hollow spaces of 

the vessels so that the length of the blood vessels would be measured accurately. The “Analyse 

Particles” tool was used to obtain the number and total length of the blood vessels. In the 

“Analyse Particles” tool, the shapes of the targets were filtered by setting the “circularity” 

range of the targets, where a circularity value of 1.0 indicates a perfect circle and a value 

closer to 0.0 indicates an increasingly elongated polygon.  Therefore, to analyse only the blood 
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vessels oriented longitudinally to the tissue section, non-vascular staining and cross sections of 

vessels were excluded from the images by setting the “circularity” option in the “Analyse 

Particles” tool to 0.00-0.50 for image processing. The density of blood vessels was calculated 

by dividing the number of vessels per image by the actual sample area of the image 

(0.26mm2). The average length of the vessels in an image was acquired by dividing the total 

length of blood vessels by the number of vessels in the image. For vascular PCNA analysis, 

after the “noise” of the binary images was reduced using the “Median” tool, the “Analyse 

Particles” tool was used to obtain the number of vascular PCNA staining by setting 

“circularity” to 0.00-0.70 to include only the linear and irregular shaped staining generally 

found in the vessels. The density of the vascular PCNA staining was calculated by dividing the 

average number of vascular PCNA staining in an image by the sample area of the image 

(0.26mm2). For IGFBP-2 positive astrocyte analysis, the IGFBP-2 positive astrocytes in the 

original images were counted using the “cell counter” tool of ImageJ, where the images were 

coded for blinding.  

The method used for analysing the intensity of VEGF staining was based on the previously 

described intensity analysis method (148). Briefly, the image was converted to 8-bit format 

before the grayscale pixel values were inverted so that stronger staining has higher pixel 

intensity value. Both the “cores” of the tissue microarray and a blank region of the slide were 

marked by using the “Freehand Selections” tool. The intensity of the selected regions were 

obtained using the “Measure” tool. The pixel intensity values of the “cores” were subtracted 

by that of the blank region to obtain the values that represent the intensity of the staining on 

the “cores”. 
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4.2.4. Statistical analysis  
The difference between the PD and age-matched control cases was analysed using two-tailed 

unpaired t-test. Correlation was analysed using Pearson correlation test. The r value in the 

correlation test represents the Pearson correlation coefficient.  

4.3. Results 

4.3.1. Changes in pericyte associated capillaries 
The photographic images in Figure 15 show the expression of PDGFRβ in pericytes in the 

MFG of an age-matched control case (Figure 15 A) and a PD case (Figure 15 B). The 

positively stained pericytes showed typical capillary structures in either longitudinal or cross 

section morphology. The staining was located to capillary walls where the structural images 

were more complete and clearer in the age-matched controls (Figure 15, insert C) than that in 

the PD cases (Figure 15, insert D). Unpaired t-test analysis showed that the density 

(number/mm2) of pericyte associated capillaries was similar between the PD and age-matched 

control cases (Figure 15 E). When the analysis excluded the vessels shorter than 15µm the 

density (p < 0.05, Figure 15 F), the total length (p < 0.05, Figure 15 G) and the average length 

(p < 0.01, Figure 15 H) of the PDGFRβ positive capillaries were reduced in the PD cases 

compared with the age-matched control cases. The average width of PDGFRβ positive 

capillaries on the other hand, did not show a statistically significant difference between the 

two groups (Figure 15 I).  
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Figure 15. PDGFRβ positive capillaries in the MFG of the age-matched control (A) and the 

PD (B) cases. PDGFRβ positive pericytes show the morphology of longitudinal and cross 

sectional capillaries, evenly distributed in the grey matter of the MFG of both groups. 

PDGFRβ staining was clearly located in capillary walls, which was less distinctive in the PD 

cases (insert C) compared with the age-matched control cases (insert D). There was no 

statistically significant difference between the densities (number/mm2, E) of PDGFRβ positive 

capillaries of the two groups. The density (F; *p < 0.05), the total length (G; *p < 0.05) and 

average length (H; **p < 0.01) of the PDGFRβ positive capillaries longer than 15µm were 

significantly reduced in the PD cases compared with the aged-matched control cases. There 

was no significant difference in average width (I) of PDGFRβ positive capillaries between the 

two groups. The data are presented as mean ± SEM. MFG: middle frontal gyrus; Scale bars: 

100µm and 20µm (Inserts).  

4.3.2. Vascular proliferation  
The photographic images in Figure 16A show PCNA positive staining, in which the darkly 

stained nuclei were observed in both vascular (long arrows) and non-vascular cells 

(arrowheads) in the MFG of both age-matched control and the PD cases. The PCNA staining 

in the non-vascular cells was round in shape and the staining in the vascular cells had 

elongated shapes. This study only included the vascular PCNA positive cells for quantitative 

analysis. Unpaired t test analysis showed that the density of vascular related PCNA positive 

staining evaluated as cell number/mm2 in the PD cases was reduced compared with the age-

matched control cases (p < 0.05, Figure 16 B).  
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Figure 16. PCNA staining in vascular and non-vascular cells in the MFG. PCNA staining was 

observed in the nuclei of both vascular (A; long arrows) and non-vascular cells (A; 

arrowheads). Vascular PCNA staining was elongated in shapes on the blood vessel walls and 

was round in shape on non-vascular PCNA staining. Compared to the age-matched control 

cases, the number of the positive vascular PCNA staining was significantly reduced in the PD 

cases (B; *p < 0.05). The data are presented as mean ± SEM. MFG: middle frontal gyrus; 

Scale bar: 20µm. 

4.3.3. Phosphorylation of IGF-1 receptors in capillaries 
Figure 17A shows phosphorylated IGF-1R staining in the capillary walls with both 

longitudinal (long arrow) and cross sectional (arrowheads) views, and morphologically 

recognised neurons (short arrows) in the MFG of both groups. The IGF-1R staining formed a 

clear capillary structure where the capillaries branching off showed absence of staining. 

Unpaired t-test analysis showed that the density (number/mm2, Figure 17 B), total length (total 

length/mm2, Figure 17 C) and average length (Figure 17 D) of the IGF-1Rp positive capillaries 

were similar between the PD and the age-matched control cases. 
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Figure 17. IGF-1Rp in capillaries and non-vascular cells in the MFG. The light micrograph 

showed a combination of IGF-1Rp staining (A; brown) and Nissl staining (A; purple). IGF-

1Rp staining was observed in vascular walls of capillaries (A; long arrow and arrowhead) 

and neurons (A; short arrows). The arrow indicates an IGF-1Rp positive capillary oriented 

longitudinally in the section and the arrow head indicates the cross section of an IGF-1Rp 

positive capillary. Nissl counter staining indicated the morphology of nuclei in both vascular 

and non-vascular cells. There was no significant difference in the density (number/mm2, B), 

total length (total length/mm2, C) and average length (D) of IGF-1Rp positive capillaries 

between the PD and the age-matched control cases. The data are presented as mean ± SEM.  

MFG: middle frontal gyrus; Scale bar: 20µm. 

Pearson correlation analysis showed that the density of vascular PCNA positive cells was 

significantly correlated with the densities of PDGFRβ positive capillaries (r = 0.5419, p = 

20µm 

A 
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0.0011, Figure 18 A) and vascular IGF-1Rp positive cells (r = 0.4228, p = 0.0142, Figure 18 

B). 
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Figure 18. Correlations of vascular IGF-1Rp positive capillaries and PDGFRβ positive 

capillaries with vascular PCNA staining. The density of vascular PCNA staining showed 

significant positive correlation with the densities of PDGFRβ positive capillaries (A; r = 

0.5419, p = 0.0011) and IGF-1Rp positive capillaries (B; r = 0.4228, p = 0.0142). 

4.3.4. IGFBP-2 
Figure 19 shows the distribution and morphology of IGFBP-2 positive astrocytes in the MFG 

of a PD case (Figure 19 A & B). The distribution of IGFBP-2 positive astrocytes varied 

largely in both PD and age matched controls where IGFBP-2 positive astrocytes were broadly 

spread out in some cases but clustered together in other cases. There were cases from both 

groups showing absence of IGFBP-2 positive astrocyte. Morphologically, IGFBP-2 staining 

was found in both the cytoplasm and processes of the astrocytes with some of them showing 

clear association with blood vessels (Figure 19 B). Unpaired t-test analysis showed that the 

density (number/mm2) of IGFBP-2 positive astrocytes was increased in the PD cases 

compared with the age-matched control cases (p < 0.05, Figure 19 C).  
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Figure 19. IGFBP-2 expressing glial cells in the MFG of a PD case. IGFBP-2 staining was 

observed in the cytoplasm and processes of glial cells morphologically recognised as 

astrocytes (B; long arrows) and walls of blood vessels (B; arrowheads). In some cases, the 

IGFBP-2 positive astrocytes were distributed in groups (A). Some IGFBP-2 positive 

astrocytes were closely associated with blood vessels showing IGFBP-2 staining (B). The 

density of IGFBP-2 positive astrocytes in the PD cases was higher compared with the age-

matched control cases (C; *p < 0.05). MFG: middle frontal gyrus; Scale bars: 50µm and 

20µm. 
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4.3.5. VEGF expression 
Figure 20 shows VEGF staining in the MFG (Figure 20 A). VEGF expression was observed 

mostly in capillaries (arrowheads) and cells morphologically recognised as neurons (long 

arrows) and astrocytes (short arrows). Morphologically the dotty staining was clearly located 

around the capillaries and in the extracellular spaces (inserts). In neurons, VEGF staining was 

observed in cytoplasm and dendrites/axons (insert). The staining in astrocytes was mainly 

located on the processes (insert). The overall staining of the PD cases was generally lighter 

than that of the age matched control cases. Unpaired t test analysis showed that the intensity of 

the VEGF staining in the PD cases was reduced compared with the age-matched control cases 

(p < 0.05, Figure 20 E).  

Figure 20. VEGF staining in the MFG. Positive staining was observed in neurons (A; long 

arrows), capillaries (A; arrowheads), astrocytes (A; short arrow) and the extracellular spaces. 

Punctate morphology of VEGF staining could be observed in the high resolution images 

(inserts B-D). In neurons, VEGF was located in the cytoplasm and the processes (insert B). In 

capillaries, VEGF staining was visualized along the tubular walls of the vessels (insert C). In 

astrocytes, VEGF staining was observed mainly on the processes (insert D). In the PD cases, 
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the average intensity of VEGF staining were significantly reduced compared with the age-

matched control cases in MFG. (E; *p < 0.05). The data are presented as mean ± SEM. MFG: 

middle frontal gyrus; Scale bars: 50µm and 20µm (Inserts). 

4.4. Discussion 
In general this study found the loss of pericytes, VEGF expression and reduced vascular 

proliferation in the MFG, suggesting the impaired ability in vascular remodelling of human 

PD brains. IGF-1 function in PD was maintained and was closely related to the loss of 

pericytes and vascular proliferation. The elevated IGFBP-2 in astrocytes might suggest a role 

for autocrine/paracrine regulation of IGF-1 in PD pathology. 

The role of pericytes in vascular remodelling has been well documented (69). As specialized 

mural cells, pericytes are involved in vascular remodelling by modulating endothelial cell 

proliferation and angiogenesis (69). Using post mortem brain tissue from PD cases where 

endothelial degeneration was reported (162) this study found a significant loss of pericyte-

associated capillaries. Using PDGFRβ as a marker for pericytes the staining was clearly 

associated with capillaries with typical tubular structure (Figure 15 A-D). By labelling the 

endothelial cells our group has previously characterised the increase of fragmentation of the 

capillaries in PD (162). Similarly while there was no statistically significant difference 

between the PD and control cases when the number and average width of the pericyte 

associated capillaries were measured (Figure 15 E & I), this study found a significant 

reduction in the number and length of pericyte associated capillaries when the evaluation only 

included the longer vessels (Figure 15 F-H). The data suggest that the loss of pericytes also 

involves in shorter and more fragmented capillaries, possibly due to more severe impairment 

in vascular remodelling. Due to tissue availability this study only evaluated the changes in the 

MFG, in which the pericytes changes was similar to that of endothelial cells (162). The 

interactions between endothelial cell and pericytes on vascular remodelling are well 
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documented (74, 75, 86). For example, pericytes can regulate the proliferation and survival of 

endothelial cells and endothelial cells mediate the recruitment of pericytes (182). The reduced 

pericytes may contribute to the endothelial degeneration seen in the PD cases (148, 162). More 

importantly, the expression of PDGFRβ was used for marking the pericytes, which is more 

than just a marker of pericytes as PDGF signalling is essential for pericyte-endothelial 

interactions which lead to vascular remodelling through promoting vasculogenesis and 

angiogenesis (69). Other than PDGF receptors pericytes also express receptors for other 

growth factors such as VEGF receptors, transforming growth factor-β (TGF-β) receptors (182) 

and IGF-1 receptor (201, 253). Apart from the quantitative analysis the images of PD cases 

(Figure 15 B & D) also suggested the vascular degeneration by showing the morphology of 

shortened capillaries with indistinct and palely stained pericytes.  

Severe loss of pericytes can lead to increased permeability of the BBB through dysfunction of 

endothelial cells and BM deposition by astrocytes (77, 254). The reduced pericytes in PD in 

this study might not be severe enough to compromise the permeability of the BBB in the MFG 

as this study has reported there was no increased BBB leakage and no change in BM in the PD 

cases compared to the age matched control cases  (148) (Chapter 3). It is clear that the 

preserved BM prevents the leakage of large molecules; however the increase in string vessel 

formation due to endothelial degeneration and the remaining BM may impair other functions 

of capillaries, such as blood supply, regulation of blood flow (60) and transport of 

macromolecules such as insulin, IGF-1 and low density lipoproteins from the circulation to the 

brain parenchyma (62).  

Cell proliferation is another key mechanism of vascular remodelling. PCNA is a commonly 

used marker for cell proliferation, which includes endothelial proliferation. By counting the 

number of PCNA positive nuclei expressed in capillaries this study also identified a decrease 

of cell proliferation in the capillaries. Even though the study did not successfully identify the 
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cell types that proliferate, the proliferation is likely to be associated with endothelial cells 

and/or pericytes due to their close associations with the capillaries (Figure 15 A) (86, 162, 

182, 201, 253). 

IGF-1 deficiency has been reported in PD patients by showing increased plasma IGF-1 and 

IGFBP-3 (255).  While over 75% of circulating IGFBPs are IGFBP-3 (256), the dominant 

binding protein in the CNS is IGFBP-2 (257). IGFBPs regulate IGF-1 function by both 

inhibitory and stimulatory mechanisms (256, 258). IGF-1 has higher affinity to IGFBPs than 

that of IGF-1 receptors, thus the binding to IGFBPs can prevent IGF-1 activating IGF 

receptors, the key for initiating the downstream pathways of IGF-1 signalling (258). 

Therefore, the reduction of IGFBPs could be a compensatory response to IGF-1 deficiency 

through increasing IGF-1 bioavailability. By evaluating the expression of IGFBP-2 in cells 

morphologically resembling astrocytes this study found increased IGFBP-2 in PD patients 

compared to the age-matched controls (Figure 19 B) (259). The study does not provide a clear 

explanation for the cause of the increase, however given the potential role for IGFBP-2 in 

regulating IGF-1 bioavailability in the CNS, the increased IGFBP-2 may contribute to IGF-1 

resistance in PD.  

Using phosphorylated IGF-1R as an indicator for the function of IGF-1 in capillaries, the study 

showed no change in IGF-1 function between PD and control cases. A similar finding has 

been recently reported by another group (249), where the reduced IGF-1 receptor is only 

associated with Lewy bodies (LB) disease, but not PD. Given the PD cases used for current 

study were not LB disease the changes of IGF-1 function may be the hallmark for PD with 

dementia (255). Interestingly, the activation of IGF-1R was in close correlation with cell 

proliferation in capillaries, in which these proliferating cells were highly associated with the 

pericytes (Figure 18). It is known that IGF-1Rs are present in both endothelial cells (260) and 

pericytes (201, 253). Activation of IGF-1R in the capillaries protects capillaries from ischemic 
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brain injury (201). Thus the maintained IGF-1 function in PD could be a trophic response to 

the impaired vascular remodelling prior to development of dementia in PD. However, 

activation of IGF-1R may not be a specific measure for determining the presence of 

bioavailable IGF-1 in situations with IGF-1 function deficiency as both insulin and IGF-2 can 

activate IGF-1R (261), which provides compensatory pathways for insufficient IGF-1 

function.  

The plasma IGF-1 increases in PD patients, but reduces in PD with cognitive decline (255, 

262). Although the transport of IGF-1 across the BBB is very restricted, circulating IGF-1 can 

directly act on IGF-1 receptors located in the luminal side of vessels to promote vascular 

remodelling (168). The PD cases used for the current study were PD with no obvious 

cognitive impairment which may also explain the unchanged activation of IGF-1 receptors, 

and perhaps, maintains the BBB function through the protected BM. Thus our hypothesis is 

that the BBB dysfunction may be an indicator for development of cognitive impairment in PD.  

The effect of VEGF on neuronal survival and vascular remodelling in neurodegeneration are 

well documented (181, 263, 264). Expressions of VEGF in brain tissue, particularly which in 

astrocytes and blood vessels are commonly used for indicating the ability in vascular 

remodelling. This is supported by similar reports that the VEGF was diffusely expressed on 

vascular walls, extracellular spaces, neurons and astrocytes (76, 179, 180, 265). By analysing 

the overall intensity of the VEGF expression, this study showed a general reduction of VEGF 

in the MFG of the PD cases.  The neuronal role in vascular remodelling and the vascular role 

in neuronal survival through VEGF are examples of neuronal-vascular interactions (179, 263). 

Thus the overall expression of VEGF may provide a reliable indication of vascular 

remodelling (243) and therefore the decline of cerebral VEGF level may also contribute to 

impaired vascular remodelling and thus vascular degeneration in the PD cases. Given that 
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IGF-1 regulates the function of VEGF (168) the maintained IGF-1 function may be a 

regulatory response to the decline of VEGF.  

In summary, this study proposes that vascular degeneration in human PD was associated with 

impaired vascular remodelling, possibly mediated through impaired PDGF function and the 

loss of pericytes. The maintained IGF-1 function was associated with vascular cell 

proliferation and may be an ineffective response to the loss of VEGF function. Up-regulation 

of IGFBP-2 may suggest a role for autocrine/paracrine regulation of IGF-1 in PD pathology.   
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Chapter 5: Endothelial Degeneration is Related to 
Alpha-Synuclein Aggregation 

5.1. Introduction 
Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterised by motor 

dysfunction (1). Cognitive decline and dementia may appear in some cases as the disease 

progresses (2). Using post-mortem human brain tissues from the PD cases without 

Alzheimer’s disease (AD) pathology our recent research has reported vascular degeneration in 

PD, where endothelial degeneration has been suggested to be the cause of the loss of capillary 

networks and functions (162). The physiological turnover of endothelial cells involves the 

balanced loss and regeneration of endothelium. In Chapter 4 the research has demonstrated the 

impairment of vascular remodelling by showing reduction of pericytes, vascular cell 

proliferation and the loss of growth factors, for example VEGF, PDGF and increase in 

IGFBP2 in human PD brains. The unbalanced endothelial turnover may be the result of 

impaired remodelling process or accelerated loss of endothelium.  

The retained BM leads to increased formation of string vessels which may cause secondary 

neuronal degeneration due to hypoperfusion, but prevent leakage of the BBB in PD (148) 

(Chapter 3). Neurodegeneration in PD involves increased α-synuclein aggregation (20), 

inflammation (266), altered autophagy (51, 267) and possibly string vessel related 

hypoperfusion.  

Lewy bodies (LBs), the hallmark of PD is mainly composed of aggregates of misfolded α-

synuclein, most of which is phosphorylated at the S129 site (21). Autophagy is responsible for 

removal of cytoplasmic proteins and organelles where the polyubiquitin-binding protein p62 

plays a key role in directing autophagy targets to the autophagosome for destruction (48). 

Because p62 itself is also a substrate of autophagy, impairment of autophagy leads to p62 

accumulation (49, 50). Lewy bodies are recently reported to be associated with p62 that 
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accumulates in cell culture, implying that the α-synuclein aggregates resist degradation and 

impair autophagy (267). The roles for inflammation in AD, a small vessel disease have been 

largely reported (154, 155), whereas the involvement of inflammation in neuronal 

degeneration of PD is controversial (148, 266). The activation of microglia is a commonly 

used marker for inflammatory response in brains (268). 

In addition, the vascular degeneration and dysfunction is pathogenic and may lead to neuronal 

degeneration in AD (157, 269). Although the potential hypoperfusion may contribute to 

secondary neuronal degeneration in PD (148), Chapter 5 described the research that 

investigated whether the endothelial degeneration (162) is the cause or the result of initial 

neuronal degeneration  by assessing the co-pathology of neuronal and vascular degeneration in 

the areas with different extend of pathology.  

In this chapter using the grey matter of the middle frontal gyrus (MFG) where clear neuronal 

(148) and endothelial degeneration (162) was demonstrated the study evaluated changes of 

phosphorylated α-synuclein (pα-synuclein), autophagy, microglia and their activation, and 

their relationship to endothelial degeneration in human PD cases without dementia. The 

relationships of vessel changes to α-synuclein aggregation and neuronal survival were also 

compared based on the degrees of neuronal degeneration and α-synuclein pathology. 

5.2. Methods Overview 

5.2.1. Case Selection 
In this chapter paraffin embedded TMA sections containing 17 PD cases and 17 age-matched 

control cases (same cases used in Chapter 4; refer to Tables 1 & 2 for clinical details) and free-

floating tissue sections from 9 PD cases and 6 age-matched control cases (same cases used in 

Chapter 3; refer to Tables 1 & 2 for clinical details) were used.  
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5.2.2. Immunohistochemistry 
TMA sections containing the grey matter of the MFG were used for both peroxidase-DAB 

immunohistochemistry (refer to §2.3.1.3 for details) and double-labelled fluorescent 

immunohistochemistry (refer to §2.3.2.3 for details). The peroxidase-DAB 

immunohistochemistry was performed using antibodies directed against pα-synuclein 

(phospho S129) and p62 for autophagy (Table 5). The double-labelled fluorescent 

immunohistochemistry was performed using antibodies directed against Iba1 for microglia and 

HLA-DR for activated microglia (Table 7).  

Free-floating sections of the MFG were used for double colour peroxidase-DAB 

immunohistochemical staining (refer to §2.3.1.2 for details) of endothelial cells with neurons 

and pα-synuclein respectively. Antibodies against Factor VIII, NeuN and α-synuclein 

(phospho S129) were used to label endothelial cells, neurons and pα-synuclein respectively 

(Table 4). Endothelial cells were stained brown, and neurons and pα-synuclein were stained 

black. 

5.2.3. Image processing and analysis 

5.2.3.1. Fluorescently labelled TMA sections 
For the fluorescently stained TMA section, Discovery-1TM (Molecular Devices) automated 

fluorescence microscope was used to obtain 16-bit grayscale images for each colour (Alexa 

594 and Alexa 488) with a 20× objective lens. Ten randomly sampled images were selected 

from each core for image analysis. A macro was developed in MetaMorphTM software 

(Molecular Devices) based on the method described in previous publications (208, 270) to 

analyse the images. Briefly, the images were directly processed by the “Neurite Outgrowth” 

algorithm which segmented the cell bodies and processes of the microglia. The “Neurite 

Outgrowth Summary Log” was configured to count the number of microglia. 
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5.2.3.2. Peroxidase-DAB stained sections 
The peroxidase-DAB images were captured using a 20x objective on the Nikon E800 

microscope equipped with a digital camera (MBF Bioscience) as described previously (148). 

Briefly, images of DAB single or double labelling were obtained from each section by 

automatic randomized sampling and stored as tiff format. For TMA single labelled sections, 

ten randomly images were selected from each section for image analysis. For double labelled 

sections, nine images (3 images x 3 sections) per case were selected randomly for image 

analysis.  

The percentage area and average size of the pα-synuclein and p62 profiles from the TMA 

images were analysed using macros developed in ImageJ software (V1.50) which enables 

automatic high throughput image processing. The images were first converted into 8-bit 

format and background was subtracted. For pα-synuclein the threshold range in the 

“Threshold” tool was set between 0 and 220 to select the targets of interest before binary 

images were created. For p62, “MaxEntropy” auto-threshold function in the “Threshold” tool 

was selected as the automatic thresholding method to select the targets of interest and create 

binary images before the “noise” of the binary images was reduced using the “Median” tool. 

The percentage area and average size of both pα-synuclein and p62 profiles were obtained 

using the “Analyse Particles” tool.  

For analysing DAB double labelled images the changes of Factor VIII positive endothelium 

with either NeuN positive neurons or pα-synuclein positive profiles were analysed in the same 

microscopy images. The number of NeuN positive neurons and pα-synuclein were analysed 

using macros developed in ImageJ (V1.50). The “Colour Space Converter” plugin in ImageJ 

was used to convert the original RGB (red, green, blue) images to a 3-slice 32-bit grayscale 

HSB (hue, saturation, brightness) stack where the objects stained black were segmented in the 

“brightness” slice. Then the “brightness” slices were converted into 8-bit format and 

background was subtracted. The “MaxEntropy” auto-threshold function in the “Threshold” 
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tool was then used to select the targets of interest and create binary images. After a binary 

image was created, the “Median” algorithm in the “Filter” tool was applied to reduce the 

“noise” of the binary images. For neuronal staining, the “Watershed” algorithm in the “Filter” 

tool was then applied to separate those adjacent targets in the binary images so that the number 

of neurons would be calculated accurately. The numbers of both neurons and pα-synuclein 

were obtained by using the “Analyse Particles” tool.  

To measure the total length of Factor VIII positive blood vessels, the “line” tool in ImageJ was 

used to manually draw segmented lines tracing the blood vessels and their branches, in which 

all positively stained vessels were included in the image analysis. The total length of the blood 

vessels was calculated by adding up the length of all the tracing lines in that image. The 

average length of vessels was calculated using by dividing the total length of the vessels by the 

number of vessels in that image.  

 5.2.4. Statistical analysis  
The difference between the age-matched control and PD cases was analysed by using two-

tailed unpaired t-test. Two-way ANOVA was used to analyse the difference between the age-

matched control and PD cases at locations with different densities of pα-synuclein and 

neurons, where Bonferroni multiple comparison test was performed to compare the differences 

between the groups and between severities of degeneration. Correlation between vascular 

density and pα-synuclein density was analysed by using Pearson correlation test, where the r 

value represents the Pearson correlation coefficient.  

5.3. Results 

5.3.1. Neuronal and endothelial degeneration, phosphorylated α-
synuclein and p62 
Unpaired t-test showed that the density (number/mm2) of neurons (p < 0.01, Figure 21A) and 

total length of endothelial cell associated blood vessels (p < 0.0001, Figure 21 C) were 
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significantly reduced in the PD cases compared to the age-matched controls while the density 

(number/mm2) of pα-synuclein profiles were significantly increased in PD (p < 0.001, Figure 

21 B). Pearson correlation test showed that the total length of endothelial cell associated blood 

vessels is negatively correlated with the density of pα-synuclein profiles in the brain (r = -

0.6384, p < 0.05, Figure 21 D). 
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Figure 21. Densities (number/mm2) of neurons (A) and pα-synuclein profiles (B) and total 

length of endothelial cell associated blood vessels (C) in the PD and age-matched control 

cases, and the correlation between the total blood vessel length and the pα-synuclein density 

(D). Compared to the age-matched controls, density of neurons (A, **p < 0.01) and total 

length of endothelial cell associated blood vessels (C, ****p < 0.0001) were significantly 

reduced in the PD cases, and density of pα-synuclein profiles was significantly increased in 

PD (B, ***p < 0.001). The total length of endothelial cell associated blood vessels was 

negatively correlated with the density of pα-synuclein profiles in the PD and control brains (D, 

r = -0.6384, p < 0.05). The data are presented as mean ± SEM. 
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Immunofluorescent labelling of pα-synuclein was observed in large round shaped inclusions 

and fibrous structures resembling cellular processes in the PD brain (Figure 22 B & E). The 

big round shaped pα-synuclein positive inclusions were located inside neuron-like cells and 

were morphologically identified as Lewy bodies (LBs) (Figure 22 B). The fluorescent 

labelling of p62 was observed in process-like structures and inclusions with different sizes 

known as p62 bodies (Figure 22 A & D). The study also showed LB-like p62 aggregates, a 

few of which showed co-localisation with pα-synuclein (Figure 22 C). However, p62 and pα-

synuclein did not show co-localisation in most positively labelled process-like structures 

(Figure 22 C & F).  

 

Figure 22. Immunofluorescent double labelling of p62 (green) and pα-synuclein (red) in the 

PD brain. Expression of p62 was observed in aggregates of different sizes known as p62 

bodies (white arrows) and process-like structures (A & D). Expression of pα-synuclein was 

observed in a large intracellular inclusion morphologically identified as a Lewy body and 

some process-like structures (B & E). The pα-synuclein positive Lewy body was co-localised 

(A) p62 (B) pα-syn (C) Merged 

(D) p62 (E) pα-syn (F) Merged 
20µm 

20µm 

20µm 20µm 

20µm 20µm 
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with p62, but the p62 bodies and the p62 positive fibres did not necessarily co-localise with 

pα-synuclein (C & F). Scale bar: 20µm. 

Unpaired t-test showed that both the area fraction (p < 0.0001, Figure 23 A) and the average 

size (p = 0.0001, Figure 23 B) of pα-synuclein aggregates was increased in the PD cases 

compared with the age-matched control cases. Although no difference in the area fraction of 

p62 staining was found between the two groups (Figure 24 A), the average size of p62 bodies 

were larger in the PD cases compared to the control cases (p < 0.05, Figure 24 B). 
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Figure 23. Coverage (A) and average size (B) of pα-synuclein profiles in the PD and age-

matched control cases. Compared to the age-matched controls, there was a significant 

increase in both percentage area (A, ****P < 0.0001) and average size (B, ***p = 0.0001) of 

pα-synuclein profiles in the PD cases. The data are presented as mean ± SEM. 
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Figure 24. Coverage (A) and average size (B) of p62 bodies in the PD and age-matched 

control cases. In the PD cases, there was a significant increase in the average size of p62 

bodies (B, *P < 0.05) but not in percentage area of the p62 staining (A), compared with the 

age-matched control cases. The data are presented as mean ± SEM. 
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5.3.2. Co-pathologies of endothelium with pα-synuclein and neurons  
Figure 25 shows the distributions and morphologies of endothelium co-labelled with pα-

synuclein (Figure 25 A-D) and neurons (Figure 25 E-H) in both age-matched control (left 

panel) and PD cases (right panel). Similar to our previous report (162), the endothelial cell 

associated blood vessels in the PD cases were more fragmented (Figure 25 B & G) with 

endothelial clusters (Figure 25 insert H) compared to the age-matched control cases (Figure 25 

A & E). The pα-synuclein positive aggregates, with various sizes and shapes were widely 

distributed throughout the PD cases (Figure 25 B), but were much less evident in the control 

cases (Figure 25A). The aggregates were observed as big round shaped Lewy bodies (Figure 

25 B & insert C), dots and fibrous structures (Figure 25 B & insert D). In the age-matched 

control cases, the NeuN positive neurons were evenly distributed with normal neuronal 

morphology of both cytoplasm and processes (Figure 25 E & insert F). Compared to the 

control cases, there were fewer and faintly stained NeuN positive neurons with patchy 

distribution showing neuronal loss in the PD cases (Figure 25 G & insert H). 

To evaluate the relationship of vascular degeneration with neuronal pathology, the co-

pathologies of endothelium with pα-synuclein and neurons were assessed in the same areas 

with DAB double labelling. The tissues with more than 1000 neurons/mm2 and less than 230 

pα-syn profiles/mm2 were specified as ‘moderate’ degeneration whereas locations with less 

than 1000 neurons/mm2 and more than 230 pα-synuclein profiles/mm2 were specified as 

‘severe’ degeneration. Compared to the age-matched controls the total vessel length was 

reduced in the PD cases in both areas with ‘moderate’ (< 230 pα-synuclein profiles/mm2, p < 

0.01, Figure 26 A) and ‘severe’ (> 230 pα-synuclein profiles/mm2, p < 0.001, Figure 26 A) 

degeneration specified by pα-synuclein number. Two-way ANOVA analysis suggested a 

significant difference between PD and age-matched controls (p < 0.0001, F[1,21] = 46.06, 

Figure 26 A), but there was no difference between moderate and severe degeneration and no 

interactions between the groups and severity of the degeneration. Similarly, the vessel length 
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was reduced (p < 0.0001, F[1,18] = 25.4, Figure 26 B) in PD in both areas with moderate (> 

1000 neurons/mm2, p < 0.01, Figure 26 B) and severe (< 1000 neurons/mm2, p < 0.05, Figure 

26 B) degeneration when the degree of degeneration was specified by number of existing 

neurons. There was no difference in vessel length between the areas with moderate and severe 

degeneration and there was no interaction between the groups and severity of the 

degeneration. This study further analysed the ratios of total vessel length to pα-synuclein 

profile number and total vessel length to neuronal number. Two-way ANOVA suggested a 

significant reduction in the vessel length to pα-synuclein number ratio between the groups (p = 

0.003, F[1,21] = 11.16, Figure 26 C) and between the areas with moderate and severe 

degeneration (p < 0.0001, F[1,21] = 28.61, Figure 26 C) specified by pα-synuclein number and 

there was no interaction between the groups and severity of the degeneration. Post-hoc test 

showed a significant decrease in the vessel length to pα-synuclein number ratio in areas with 

severe degeneration in both PD (p < 0.05, Figure 26 C) and control (p < 0.01, Figure 26 C) 

groups. When the degree of degeneration was specified by neuronal number the study showed 

a significant increase in the vessel length to neuronal number ratio in areas with severe 

degeneration compared to those with moderate degeneration (p = 0.005, F[1,18] = 9.98, Figure 

26 D). There was no difference in the vessel length to neuronal number ratio between the two 

groups and no interaction between the groups and severity of the degeneration. Post-hoc test 

suggested an increase in the vessel length to neuronal number ratio in areas with severe 

degeneration in the PD cases (p < 0.05, Figure 26 D), but not in the control cases.     
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Figure 25. Double colour peroxidase-DAB immunohistochemical staining of endothelium 

using Factor VIII (brown) co-labelled with pα-synuclein (A-D, black) and neurons labelled 

with NeuN (E-H, black) respectively in both age-matched control (left panel) and PD (right 

panel) cases. Compared to the age-matched control case (A, E & insert F), the blood vessels 

in the PD case were more fragmented (B & G) with clustered endothelial morphology (insert 

H). Aggregates of pα-synuclein were very rare in the control case (A), but widely distributed 

in the PD case (B), where the aggregates were observed in forms of Lewy bodies (arrow & 

insert C), fine punctation and fibres (arrowheads & insert D). The NeuN positive neurons in 

the age-matched control case were evenly distributed with normal cytoplasm and process 

morphologies (E & insert F). In the PD case, the NeuN positive neurons were fewer, less 

evenly distributed and faintly stained (G & insert H). Scale bars: 100µm and 20µm (inserts). 
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Figure 26. Total length of endothelial cell associated blood vessels (A & B), and ratios of 

total length of the blood vessels to numbers of pα-synuclein profiles (C) and neurons (D) 

respectively in areas with different degrees of degeneration specified by pα-synuclein and 

neuronal densities in the PD and the age-matched control cases. There was a significant 

difference in total vessel length between the PD and the age-matched control groups when the 

degree of degeneration was specified by pα-synuclein number (A, ****p < 0.0001, F[1,21] = 

46.06). The total vessel length was reduced in PD in both areas with ‘moderate’ (< 230 pα-

synuclein profiles/mm2, A, **p < 0.01) and ‘severe’ (> 230 pα-synuclein profiles/mm2, A, 

***p < 0.001) degeneration. Similarly, there was a significant difference in total vessel length 

between the PD and the control groups when the degree of degeneration was specified by 
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number of existing neurons (B, ****p < 0.0001, F[1,18] = 25.4). The total vessel length was 

reduced in PD in both areas with moderate (> 1000 neurons/mm2, B, **p < 0.01) and severe 

(< 1000 neurons/mm2, B, *p < 0.05) degeneration. There was a significant reduction in the 

ratio of total vessel length to pα-synuclein profile number between the PD and the control 

groups (C, **p = 0.003, F[1,21] = 11.16) and between the areas with moderate and severe 

degeneration (C, ####p < 0.0001, F[1,21] = 28.61) when the degree of degeneration was 

specified by pα-synuclein number. The total vessel length pα-synuclein number ratio was 

significantly reduced in areas with severe degeneration in both PD (C, #p < 0.05) and control 

(C, ##p < 0.01) groups. There was a significant increase in the ratio of total vessel length to 

neuronal number in areas with severe degeneration compared to those with moderate 

degeneration when the degree of degeneration was specified by neuronal number (D, ##p = 

0.005, F[1,18] = 9.98). The vessel length to neuronal number ratio was increased in areas 

with severe degeneration only in the PD group (D, #p < 0.05). The data are presented as mean 

± SEM. 

5.3.3. Iba1 positive microglia and HLADR positive activated microglia 
Figure 27 shows the immunofluorescent labelling of Iba1, a marker of microglia (Figure 27 

B), and HLADR, a marker of microglial activation (Figure 27 D), together with Hoechst 

staining labelling nuclei (Figure 27 A) and an image from far-red channel showing the auto-

fluorescent lipofuscin with the typical punctate morphology (Figure 27 C). The Iba1 

expression was observed in cell bodies and processes of microglia. HLADR was co-localised 

with Iba1 in cell bodies and processes of the activated microglia (Figure 27 E). 

No significant difference was found in the densities (number/mm2) of either Iba1 positive 

microglia or HLADR positive microglia between PD and age matched controls (Figure 28). 
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Figure 27. Immunofluorescent labelling of microglia (red) and activated microglia (green). 

Iba1 was expressed in cell bodies and processes of microglia (B). HLADR, a microglial 

activation marker (D), was co-localised with Iba1 in both cell bodies and processes of the 

activated microglia (E). Hoechst staining labels the nuclei (A, blue). The far-red (633nm) 

channel was used to detect the auto-fluorescent lipid called lipofuscin that shows punctate 

morphology (C, white). 
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Figure 28. Densities (number/mm2) of microglia (A) and activated microglia (B) in the PD 

and age-matched control cases. There was no significant difference in the densities of either 

Iba1 positive microglia or activated HLADR positive microglia between the two groups. The 

data are presented as mean ± SEM. 

5.4. Discussion 
The results have demonstrated that the endothelial degeneration in the MFG of the PD brains 

was associated with α-synuclein aggregation and autophagy impairment. The association of 

endothelium degeneration with pα-synuclein may be age related and was not specific to PD. 

Endothelial degeneration is more likely to be the co-pathology of neuronal degeneration. 
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Inflammation may not be a contributing factor to neuronal degeneration in pathologically 

diagnosed idiopathic PD.   

Vascular degeneration has been reported in PD by showing endothelial degeneration (162) 

leading to the increase in string vessel formation (148) (Chapter 3) possibly due to  the 

impairment of vascular remodelling (Chapter 4). Alpha-synuclein (271) and its associated 

autophagy alterations (51), inflammation (105, 153, 266) and possibly string vessel related 

hypoperfusion (148) (Chapter 3) are suggested to be the pathogenesis of neuronal 

degeneration of PD. This chapter has investigated the possible relationships of these 

pathogenic factors to the endothelial degeneration in PD and whether endothelial degeneration 

would be the contributor or the outcome of neuronal degeneration in the MFG, due to limited 

access to human tissues. It was found that the increase in α-synuclein (Figure 21 B & 3) and 

p62 aggregation (Figure 24 B) in the grey matter where profound neuronal and endothelial 

degeneration was found in the PD cases (Figure 21 A & C). The degree of endothelial 

degeneration was correlated with the extent of pα-synuclein profiles (Figure 21 D).  The pα-

synuclein profiles were increased in number (Figure 21 B) and larger in size (Figure 23). The 

findings agree with the previous reports regarding the aggregation of misfolded α-synuclein in 

PD (20). Some of p62 aggregates were observed in the LBs by showing co-localisation with 

pα-synuclein (Figure 22 A-C) as previously reported (267). Apart from the large LB-like p62 

aggregates and previously described small p62 bodies (48), fibrous pα-synuclein and p62 

morphology were also observed, however they were  not associated (Figure 22 D-F). Although 

there was no increase in total area of p62 bodies, the average size of the autophagy aggregates 

was larger (Figure 24). The small, but dotty morphology of the fibrous p62 positive structures 

(Figure 22 D) have not been described previously (48, 50). Given the physiological function of 

autophagy (44), these small p62 fibres may not be involved in PD pathology and were 

therefore excluded from the analysis. A recent in vitro study reported that α-synuclein 

overexpression lead to increased level of p62 as a result of autophagy impairment (51). 
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Another in vitro study showing co-localisation of LB-like α-synuclein aggregates and p62 

suggests that the α-synuclein aggregates resist degradation and impair autophagy (267). 

Because p62 is digested together with the autophagy substrates by the autophagosome (49, 

50), the finding of this p62 accumulation agrees with the previously studies suggesting 

autophagy impairment in PD (51, 267). This is the first evidence showing in human tissues 

that impaired autophagy could be associated with α-synuclein aggregation and LB formation 

in PD.  

Using human tissues for investigating the timing of events, for example whether endothelial 

degeneration happens before neuronal degeneration, is limited if not impossible. Thus to 

investigate the relationship of endothelial degeneration with α-synuclein pathology and 

neuronal loss, a new method had been developed by assessing the co-changes of endothelial 

cells with pα-synuclein (Figure 25 A-D) and neurons (Figure 25 E-H) respectively. The co-

pathology between the PD and age-matched control groups were compared using DAB double 

labelled sections. The age matched control cases used also had mild neuronal and endothelial 

degeneration, as well as age-related pathologies, for example the α-synuclein and p62 

expression. The PD cases however showed more severe endothelial degeneration, neuronal 

degeneration and increased pα-synuclein. The increase of pα-synuclein was strongly correlated 

to the endothelial degeneration in both PD and age-matched controls (Figure 21). The α-

synuclein pathology and its association with neuronal degeneration are characteristic in PD. 

This study provided the evidence of association of α-synuclein with endothelial degeneration 

in PD.  

This study recently reported the possible role for increased string vessels in contributing to 

secondary neuronal loss in PD due to hypoperfusion (148). It is a difficult task for evaluating 

the time of events whether vascular degeneration would be a contributor or the outcome of 

neuronal degeneration or a simply co-pathology in PD. To answer these questions the study 
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would require human brain tissues at different stages of the disease development. But with 

post-mortem human tissues, it is often difficult to have enough subjects available at each stage 

of the disease, especially when there is not a clear criteria for the staging of PD. However, the 

degree of pathology in PD is not uniform throughout a brain region, in which the relationship 

between the neuronal and vascular degeneration may be differently associated in areas with 

more and less severe degeneration. Thus the severity of the pathology was classified according 

to the densities of α-synuclein aggregates (<230 or >230 pα-synuclein profiles/mm2) and 

neurons (>1000 or <1000 neurons/mm2) in that area. The loss of endothelial cell associated 

blood vessels were similar in areas with both moderate and severe α-synuclein pathology 

(Figure 26 A) and neuronal loss (Figure 26 B) in PD. However the analysis of relative changes 

of endothelium to pa-synuclein profiles (ratio, Figure 26 C) and neuronal density (ratio, Figure 

26 D) provided additional understanding in severity of pathology associated endothelial 

degeneration in both PD and age-matched control cases.  

Although the α-synuclein pathology is a hallmark in PD, it also appeared in some of the age-

matched control cases, even though the level of the α-synuclein deposition was very low. It 

was reported in a previous post-mortem study that there was some age-related deposition of α-

synuclein in the human brain, although it was much less in the age-matched control group 

compared with the PD group (272). Therefore apart from PD, the α-synuclein is possibly also 

age-related. Similarly, age-related neuronal degeneration occurs in the cerebral cortex, 

although the degree and pattern of the degeneration are different from those in 

neurodegenerative diseases such as AD (273). Therefore, there are regions from both PD and 

age-matched control groups falling into the categories of moderate and severe α-synuclein and 

neuronal pathology indicated by different ranges of α-synuclein and neuronal densities 

respectively. 
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The relationships between pathological changes including α-synuclein aggregation, neuronal 

loss and blood vessel changes can be dynamic. By observing the changes in the ratios of one 

pathological change to another in areas with different degrees of the pathology this study gains 

insight into the relative changes between these pathological features through the progression 

of the disease. In this study the relative changes of endothelial cell associated blood vessels to 

neurons or pα-synuclein were analysed. The ratio of vascular length to pα-synuclein was 

reduced in the areas with more severe α-synuclein pathology (Figure 26 C). This is probably a 

result of reduced vascular length and the increased α-synuclein aggregation as the disease 

advances, and indicates the association of α-synuclein aggregation with vascular degeneration. 

In a way it supports the reliability of this new method of analysis. The vascular length to pα-

synuclein ratio was reduced in the PD cases compared with the control cases (Figure 26 C). 

This indicates the α-synuclein deposition could accelerate the endothelial degeneration in PD. 

The relative changes of vascular length to neuronal number were increased in the tissue with 

more severe neuronal degeneration particularly in the PD cases (Figure 26 D). The results 

indicate the blood vessel degeneration is slower than the neuronal loss in the brain or is a 

compensatory response through improved vascular remodelling. Further analysis of the co-

changes between vascular remodelling and severity of PD pathology may be helpful. 

However, given that the vascular remodelling is impaired in PD (148), it is unlikely that the 

increase is a compensatory growth of blood vessels in the PD brain. Therefore, the evidence 

suggests that during the pathological progression of PD, the neuronal loss is likely to precede 

the vascular degeneration, in other words, vascular degeneration is more likely to be a result 

rather than the cause of neuronal degeneration in PD.  

Vascular degeneration in PD is due to the loss of endothelial cells, impairment of vascular 

remodelling and changes of BM. The co-changes of neuronal degeneration and α-synuclein 

pathology with BM and factors vital to vascular remodelling, like pericytes, may provide 
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additional, and essential understanding of the relationship of vascular and neuronal 

degeneration.   

Accumulating evidence has shown inflammation occurs in the SN of the PD brain, where 

activation of microglia has been suggested to contribute to the death of dopaminergic neurons 

(266). From the fluorescent labelling of a general microglial marker Iba1 and an immune 

activation marker HLADR, it can be seen that HLADR was expressed in a subset of Iba1 

positive microglia (Figure 27) and these activated microglia appeared in both PD and control 

cases. The change of microglia and its activation in the grey matter of MFG were evaluated 

and it was found that there was no microglial associated inflammation in PD compared to the 

age matched control group (Figure 28). This suggests that there was no inflammation in the 

MFG of the PD patients without dementia, where both neuronal and endothelial degeneration 

was found, however this needs further investigation. These preliminary results indicate it is 

unlikely that inflammation could act as a contributor to the neuronal and vascular degeneration 

in the MFG of the PD cases.  This study has reported increased astrocytosis with dysfunctional 

BBB in the CN, but not in the MFG (148). Endothelial degeneration occurs in both CN and 

MFG but BM was better preserved in the MFG by showing significantly increased string 

vessels (148). It is known that the inflammation is closely related to dysfunctional BBB (274) 

and thus the retained BM in the MFG of the PD brain may prevent the leakage of the BBB, 

and therefore inflammation.   

In conclusion, α-synuclein aggregation and autophagy impairment, but not inflammation, were 

associated with endothelial degeneration in, but not specific to PD. The α-synuclein 

pathologies and endothelial degeneration in age-matched controls were milder and have a 

similar relationship to that in PD. The endothelial degeneration appeared to be the co-

pathology of neuronal degeneration and was unlikely to be a contributor to neuronal 

degeneration in PD. 
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Chapter 6: Final Discussion 

6.1 Endothelial degeneration as the core of vascular degeneration in 
Parkinson diseases 
Endothelial degeneration has been found in PD with both morphological and quantitative 

changes and was published by our research group (162). The research outcomes suggest that 

the endothelium degeneration is the core of vascular degeneration in PD, where the loss of 

endothelial cells leads to the increase of string vessel formation and was published recently  

(148) (Chapter 3), and is associated with remodelling impairment (Chapter 4), α-synuclein 

aggregation and autophagy alteration (Chapter 5). 

6.1.1. Endothelial degeneration and string vessels formation  
Endothelial degeneration was recently found in the PD brain where endothelial cells showed 

degenerative cluster morphology and reduced number and length of their associated blood 

vessels (162). While endothelial degeneration in PD brain is profound, the BM is largely 

retained in PD (148) (Chapter 3). The unchanged density of BM and loss of endothelial cells 

resulted in the increase of the string vessels in the PD brain (148) (Chapter 3). The string 

vessels are formed by BM tubes without endothelial cells and do not have functions of normal 

capillaries (164). BM is an extracellular matrix surrounding the endothelial cells and pericytes 

of the blood vessels and is produced and maintained by endothelial cells, pericytes and 

astrocytes (67, 68), and (65, 67, 68). Apart from their functional importance in the BBB, the 

endothelial cells provide the structural support for the capillaries, and thus the degeneration of 

the endothelial cells leads to the collapse of these vessels, leaving an empty BM sheath that 

takes up to several months to disappear (164). These collapsed vessels, called string vessels 

have lost the function to carry blood flow (164). Therefore, the increased string vessel 

formation as a result of the endothelial degeneration could contribute to hypoperfusion in the 

PD brain.  
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The endothelial cells, pericytes, BM and astrocytic end-feet form the BBB and play different 

roles in functions of the BBB (61, 275). The tight gap junctions of endothelial cells play an 

important role in maintaining the BBB function (61). However, while endothelial degeneration 

was found in all brain regions in the PD cases examined, where presumably tight junctions of 

the endothelial cells are damaged (162), there was no PD-specific BBB leakage in most of the 

regions due to the retained BM and increase of string vessels (148) (Chapter 3). It was 

reported that collagen type IV, fibronectin and laminin in the BM are involved in tight 

junction formation between endothelial cells (72). As a layer of extracellular matrix of the 

BBB, BM forms a physical barrier and serves the function as a filter for macromolecules (65, 

66, 276). The well preserved BM may play a role in preventing the leakage of the blood 

vessels even with absence of endothelial cells. 

The changes in BM are different in AD where the endothelial degeneration is associated with 

the significantly loss of BM. The increased string vessel formation in AD was also reported, 

but could be due to the higher rate of endothelial loss than that of BM. The impairment of 

BBB and its function is profound in AD (277), which had been characterised as a small vessel 

disease (278). Cognitive impairment in AD has been suggested to be associated with BBB 

leakage widely found in the AD brain due to the loss of both endothelial cells and BM (101, 

279). In this study, we have carefully selected the PD cases without AD pathology where BBB 

leakage was limited. Therefore, breakdown of the BM in the brain may be associated with 

neuronal degeneration related to dementia, in other words, the retention of BM that prevented 

the leakage of the BBB in PD, may have prevented the neuronal degeneration associated with 

dementia. The mechanisms for retained membrane is not known, which could simply be a 

subsequent degenerative process of endothelial loss and would be interesting to study further.  

6.1.2. Impairment of remodelling process in endothelial degeneration 
The balanced endothelial turnover involves the degeneration and regeneration of endothelium. 

The loss of endothelial cells in PD is clearly due to the increase of degenerative processes 
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presented as increased degenerative morphology, namely endothelial clusters in capillaries 

(162). Whether the regenerative process of endothelial cells, through angiogenesis, contributes 

to the loss of endothelial cells would be an essential topic to explore. In Chapter 4, it was 

reported that the vascular remodelling process was impaired by showing reduced expression of 

the growth factors critical for vascular remodelling, loss of pericytes critical for angiogenesis, 

and loss of ability in cell proliferation, a key feature of renewing blood vessels. The blood 

vessel is a dynamic structure that is capable of remodelling itself in response to changes in 

local environment. Endothelial cells play key roles in vascular remodelling through their 

proliferation, migration and cell death (167, 169) which are regulated by many growth factors 

such as VEGF, IGF-1, PDGF, TGF-β, Ang-1, Ang-2 (89-92). Due to time and material 

limitations this study only investigated the changes in VEGF, a well-documented angiogenic 

factor that promotes the endothelial cell proliferation (243), and action of IGF-1, a critical 

factor in vascular regeneration in the CNS and an upstream regulator of VEGF (168, 244), and 

the receptors of PDGF, a growth factor regulating pericytes function (76, 85, 86).  

VEGF is expressed in many cell types including endothelial cells, pericytes, astrocytes and 

neurons and is also found in extracellular spaces (76, 179, 180, 245, 246, 265). It plays critical 

roles in glial-vascular-neuronal interactions (180). VEGF promotes both angiogenesis and 

neuronal survival in the CNS (180, 181). Therefore, while lack of trophic support from VEGF 

in the MFG of the PD cases (Chapter 4) could induce apoptosis of endothelial cells (92, 167) 

and impairment of vascular remodelling, the loss of endothelial cells, pericytes and neurons in 

PD could also contribute to declined VEGF level in the brain leading to further impaired 

vascular remodelling and possibly neuronal degeneration. Using immunohistochemical 

staining I found the general expression of VEGF in various cell phenotypes. It is a difficult 

task to evaluate the expression level of VEGF in different cell phenotypes and the extracellular 

spaces. New methods for separating the expression in neurons relating to vessels may provide 

further insight for the role for VEGF in neuronal and vascular degeneration. Increased VEGF 
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level was previously reported in the CSF of PD patients (280). The majority of VEGF in the 

CSF was produced in the choroid plexus (281), and the elevated VEGF in CSF may be a 

compensatory response to insufficient VEGF in the brain tissues of PD. Furthermore, it was 

also reported that by using immunohistochemistry, the VEGF expression was found to 

increase in the reactive astrocytes in the SN but not striatum of PD patients (263), implying 

VEGF level and possibly the level of vascular remodelling is variable in different brain 

regions in PD. The observation of reduced VEGF expression in the MFG is so far novel to 

what has been reported in other brain regions in PD. More brain regions should be investigated 

regarding vascular remodelling.  

IGF-1 promotes endothelial cell proliferation by stimulating vascular VEGF expression in the 

brain (168). In spite of the absence of PD specific astrocytosis in the MFG (148) (Chapters 3), 

astrocytes could play a role in impeding vascular remodelling by increased expression of 

IGFBP-2 (Chapter 4), which may reduce bioavailable IGF-1 in the brain and contribute to 

IGF-1 resistance and downstream VEGF reduction in the brain. In response to the 

microenvironment with compromised VEGF level and impaired vascular remodelling, 

increased IGF-1 in circulation (168) could contribute to the maintained vascular IGF-1 action 

to promote endothelial survival through direct actions on vascular cells and/or indirect actions 

by promoting vascular VEGF production. 

The pericytes are closely associated with endothelial cells and play important roles in vascular 

remodelling by promoting endothelial cell proliferation and recruitment to newly formed 

blood vessels which is mediated by endothelial cells (69, 242). Pericytes express the 

transmembrane PDGFRβ which is activated by PDGF-B secreted by endothelial cells (85). 

The PDGF-B/PDGFRβ signalling from endothelial cell promotes pericyte differentiation, 

proliferation and recruitment during vascular formation and remodelling (76, 85, 86). The 

impairment of the PDGF-B/PDGFRβ signalling results in reduced number of pericytes (78, 
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87, 88). Therefore, the endothelial degeneration in the PD brain could contribute to the loss of 

pericytes through impaired PDGF signalling, leading to impaired vascular modelling. 

6.2. Endothelial degeneration and PD pathology 
PD pathology has been characterised as neuronal degeneration closely associated with the 

accumulation of α-synuclein aggregation (20), inflammation (266) and more recently impaired 

function of autophagy (51, 267). Accumulated α-synuclein aggregation is the hallmark 

pathology of PD and it is clearly associated with, if not the cause of neurodegeneration in PD 

(20). The mechanisms of endothelial cell degeneration in PD is still not clear. In an attempt to 

explore the mechanisms, this study evaluated those pathogenic factors of neuronal 

degeneration, for example the changes of α-synuclein, inflammation and autophagy.   

6.2.1 Alpha-synuclein in endothelial degeneration 
In Chapter 5 a profound increase in α-synuclein aggregation was found in the PD cases 

compared with the age matched controls. The increased α-synuclein aggregation is correlated 

with the loss of the endothelium associated capillaries network. By analysing the relative 

changes of vascular length to α-synuclein (vascular length/α-synuclein ratio, Figure 26 C) this 

study found that the endothelial degeneration did not progress as fast as α-synuclein 

aggregation, which implies that α-synuclein aggregation may precede endothelial 

degeneration. In AD, the β-amyloid deposition on the cerebral blood vessels, known as 

cerebral amyloid angiopathy (CAA), is responsible for endothelial cell degeneration and the 

BBB dysfunction (282). In contrast, this study did not show α-synuclein accumulation in the 

cerebral capillaries in the PD cases. Therefore, the endothelial degeneration may not be 

directly caused by α-synuclein aggregation in PD. However, because both capillary loss (157) 

and α-synuclein aggregation (272) are age-related, it is possible that α-synuclein aggregation 

also contributes to capillary loss in aging brains. Therefore, the endothelial degeneration and 

α-synuclein observed in PD could be a combined result of both aging and the PD specific 

pathological change. 
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6.2.2. Autophagy in endothelial degeneration  
Autophagy dysfunction has been suggested to be associated with neurodegenerative diseases 

such as PD, AD, HD and ALS, where autophagy is responsible for removal of cytoplasmic 

aggregation-prone proteins in neurodegenerative diseases such as α-synuclein in PD, β-

amyloid in AD, huntingtin with expended polyglutamine repeats in HD and mutant TDP-43 in 

ALS (45, 46). The accumulation of the polyubiquitin-binding protein p62, an autophagy 

substrate has been used as an indicator for impaired autophagy (49, 50). This study has 

demonstrated the increased size of p62 bodies in the MFG of the PD cases (Chapter 5) which 

confirms the previously suggested autophagy impairment in PD (51, 267), with some of them 

co-localised with the Lewy bodies. It was recently reported that α-synuclein impairs 

autophagy, leading to increased α-synuclein aggregation (51, 267). Results in Chapter 5 

suggest α-synuclein aggregation may, at least partially contribute to endothelial degeneration 

in PD. Therefore, the impaired autophagy could play a role in endothelial degeneration in PD. 

Autophagy markers were observed not only in neurons but also in endothelial cells of blood 

vessels associated with β-amyloid aggregates in the AD brain (283). In contrast, autophagy 

was observed in neuron-like cells with α-synuclein aggregates, and the p62 bodies were not 

observed in the blood vessels where α-synuclein aggregates were absent (Chapter 5).  

6.3. Endothelial degeneration and neuronal degeneration 
It is a difficult task to evaluate whether endothelial degeneration happens earlier than neuronal 

degeneration using post-mortem tissues, in the hope that the timing of events would provide 

some insight for this intriguing question. The PD cases used in this study have severe neuronal 

loss observed in all  brain regions  investigated (148) (Chapter 3). Neuronal degeneration is 

characteristic in PD, although the cause of the degeneration is still obscure (284). By 

evaluating the co-changes of neurons and endothelial cell associated capillaries in the same 

tissue locations the results showed the degree of endothelial degeneration was similar 

regardless of severity of neuronal degeneration in PD (Chapter 5). Together with the changes 
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of vascular length to neuron ratio the results suggest that endothelial degeneration in the MFG 

of the PD brain may occur from the early stage of neuronal degeneration, with a possible 

lower rate of degeneration than that of neurons. There was no clear indication to confirm the 

time of events, but the changes in the ratio may imply that neuronal degeneration is more 

likely to be a cause rather than a result of the endothelial degeneration in PD. PD shares a lot 

of similarities to AD, including neuronal and vascular degeneration (148, 269). However, 

unlike PD, the microvascular dysfunction and degeneration partially contributes to the 

neuronal degeneration in most AD cases through BBB dysfunctions and inflammation (269, 

277). This indicates different mechanisms in the progression of the neurovascular changes in 

these two neurodegenerative diseases. It is unclear how neuronal degeneration could lead to 

endothelial degeneration. Neurons were recently reported to promote endothelial survival and 

angiogenesis by releasing VEGF (179). In this study VEGF expression was observed in 

neurons in the MFG (Chapter 4). Therefore, it is possible that the neuronal degeneration could 

contribute to endothelial degeneration through reduced release of vascular growth factors such 

as VEGF. A vicious cycle could form among endothelial degeneration, string vessel 

formation, neuronal degeneration and VEGF deficiency. It was evident from the present study 

that the PD cases studied have no BBB dysfunction and inflammation in the MFG. Whether 

the endothelial degeneration in this brain region could be an adaptive regression of the blood 

vessels due to the reduced metabolic needs of the decreased number of neurons remains to be 

established. 

6.4. Vascular degeneration and secondary neuronal degeneration 
The results has suggested that the endothelial degeneration may be a co-pathology of neuronal 

degeneration. Given that the neuronal degeneration in PD is progressive, the vascular 

degeneration may have a contributing role to secondary neuronal degeneration in PD. As 

discussed above, endothelial degeneration could lead to hypoperfusion, BBB dysfunction and 
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potential inflammation, all of which could contribute to secondary neuronal degeneration in 

the progression of PD. 

6.4.1. Hypoperfusion  
Hypoperfusion plays a key role in neuronal degenerative conditions, for example in AD and 

vascular dementia (285, 286). As the first report to suggest potential hypoperfusion in PD, this 

study demonstrated the increase of string vessel formation especially in the MFG and SN 

(148) (Chapter3). Given that the string vessels do not carry blood, the increased string vessels 

could lead to cerebral hypoperfusion. Using MRI hypoperfusion has been reported in both PD 

with normal cognitive function and with dementia and the degree of hypoperfusion is 

associated with severity and progress of PD (287). 

 Neurons in the CNS have high energy requirements and glucose and oxygen and are 

susceptible to energy depletion (288). The cerebral blood vessels deliver circulating energy, 

metabolites and nutrients into the cerebral parenchyma to meet the needs for proper neuronal 

and synaptic function (289). Besides, although the energy demands of other cells in the brain 

are not as high as neurons, some of them such as astrocytes also have quite high glycolytic rate 

(288). Therefore, the energy depletion caused by hypoperfusion could affect the normal 

function and survival of both neurons and their supporting cells such as astrocytes. In addition, 

the BBB transports growth factors such as insulin and IGF-1, and other peptides, proteins, 

nucleotides and vitamins through a variety of transport mechanisms from the circulation to the 

cerebral parenchyma to promote the growth and normal functioning of neurons and other cells 

in the brain such as astrocytes (61-63). Therefore, the lack of growth factors and other 

important molecules from the blood could contribute to the secondary neuronal degeneration 

in PD. 

In addition, it was found that the NeuN staining in the PD cases was much fainter in all the 

brain regions studied (Chapter 3). Although the function of NeuN is unclear, it was reported 
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that NeuN expression was reduced by showing weak immunoreactivity in dying neurons after 

cerebral ischemia (290). Therefore, the weak NeuN staining observed in the PD cases could 

reflect the unhealthy state of the remaining neurons in the PD brain with potential 

hypoperfusion.  

6.4.2. BBB dysfunction  
Unexpectedly, BBB leakage was only found in the CN of the PD cases, where elevated 

astrocytosis was also observed (148) (Chapter 3). There are significantly less endothelial cell 

associated capillaries in the CN compared to the SN and MFG in age-matched control cases 

(162). Without a young control group, it could be suggested that less capillaries in the CN may 

be an age related vascular degeneration (162).  Although PD-specific loss of endothelial cells 

were not observed in the CN compared to the CN of age control cases, there are clearly 

increased degenerative endothelial cells in the capillaries of the CN (162). The degenerative 

endothelial cells are very likely to contribute to the BBB dysfunction in the CN of the PD 

cases as the changes of BM and string vessels in CN are similar to that in SN and MFG where 

PD specific changes in BBB and astrocytosis were absent. Endothelial cells of the BBB are 

connected by tight and adherens junctions to form a barrier impermeable to most substances 

(61). The BBB breakdown might lead to the accumulation of potentially toxic serum proteins 

in the brain leading to neuronal degeneration (291).  

6.4.3. Potential inflammation  
The absence of astrocyte and microglia activation in the MFG of the PD cases (Chapters 3 & 

5) implies that inflammation may not play a major role in vascular degeneration of the MFG. 

In AD, the accumulation of β-amyloid can damage the blood vessel wall leading to BBB 

leakage that causes an inflammatory response and further neuronal degeneration (101). 

However, in spite of endothelial degeneration (Chapters 3 & 5), BBB leakage and 

inflammation were not observed in the MFG of the PD cases (Chapter 5). This could be due to 
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the preservation of the BM and unchanged state of astrocytes in the MFG of the PD cases 

(148) (Chapter 3) that prevented prominent BBB leakage.  

PD specific astrocyte activation and BBB leakage are absent in the MFG and SN but present 

in the CN of the PD cases (Chapter 3). Both number and length of the BM were unchanged in 

the MFG, SN and CN of the PD cases but significant string vessel increase was only found in 

the MFG and SN, although there was a strong trend of increased string vessels in the CN 

(Chapter 3). The results in the MFG suggest preserved BM and the formation of string vessels 

after endothelial degeneration could prevent the BBB leakage and the subsequent 

inflammatory response. Despite the preserved BM, astrocytosis with increased number of 

astrocytes and hypertrophy of astrocyte cell bodies and processes was found in the CN of the 

PD cases (Chapter 3), suggesting possible inflammation in this brain region. However, other 

inflammation makers were not evaluated in the CN due to limited access to the tissues. 

Astrocytes serve many functions apart from their role in inflammation such as secreting and 

absorbing neural transmitters, synaptic remodelling, neurotrophic actions, providing nutrients 

to the nervous tissue, maintaining extracellular ion balance, removal of toxins and biochemical 

support of endothelial cells (108, 109). The astrocyte processes release biochemical signals to 

promote the formation and maintenance of tight junctions between endothelial cells (115, 

116). Loss of astrocyte end-feet in contact with endothelial cells can cause breakdown of the 

BBB (114). Importantly, both astrocyte end-feet retraction (144, 145) and the loss of 

signalling interactions between astrocytes and cerebral blood vessels (146, 147) are associated 

with astrocytotic changes including hypertrophy and GFAP upregulation which were reported 

in neuropathological conditions including AD and PD (144-146, 148). On the other hand, 

BBB leakage could result in increased water intake into astrocytes and astrocyte hypertrophy 

(114, 132). Therefore, the astrocytosis in the CN of the PD cases could be linked to the BBB 

dysfunction through compromised interaction between astrocytes and endothelial cells. The 

reactive astrocytes release a wide range of molecules such as growth factors, neurotrophic 



122 
 

factors, cytokines, chemokines and proteases which could influence vascular remodelling and 

neuronal survival in a beneficial or detrimental way depending on the context (147). 

Moreover, the BBB integrity may also be affected by changes of pericytes (77, 78, 104), 

which needs further investigation. In addition, unlike the MFG and SN, endothelial 

degeneration in the CN was suggested to be age-related rather than PD specific (162). All 

these evidence imply that PD related pathology in the CN could be different from other brain 

regions.   

6.5. Conclusion 
Vascular degeneration in human PD appears to result from endothelial degeneration which is 

associated with increased string vessel formation, impaired vascular remodelling, α-synuclein 

aggregation and autophagy alteration. The pathological features related to vascular 

degeneration in PD, including endothelial cell degeneration, string vessel formation, neuronal 

degeneration, BBB dysfunction and astrocytosis, vary among different brain regions. 

The present results suggest that vascular degeneration in PD is associated with impaired 

vascular remodelling, possibly mediated through loss of VEGF function and impaired PDGF 

function associated with loss of pericytes. Degeneration of endothelial cells leads to increased 

string vessel formation and potential hypoperfusion. Dysfunction of the BBB and the 

associated astrocytosis in the CN could be a sign for potential inflammation and indicates 

different pathology in this brain region compared with the MFG and SN. Although the 

endothelial degeneration is unlikely to cause the primary neuronal degeneration in PD, the 

potential hypoperfusion, BBB dysfunction and inflammation resulting from endothelial 

degeneration could contribute to secondary neuronal degeneration in the progression of PD. 

6.6. Limitations 

This study used post-mortem human PD cases with exclusion of AD pathology and age-

matched control cases. Free-floating tissues from the MFG, SN and CN were used for the first 
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Chapter and paraffin-embedded TMA containing grey matter of MFG was used for the second 

chapter. Combination of free-floating tissue and TMA of MFG were used in the third chapter. 

In this study immunohistochemistry protocols including DAB and fluorescent staining were 

used for observation and analysis. The limitations of this study are listed below. 

6.6.1. Tissue limitations 
1. Up to three brain regions were used in this study. More brain regions could not be studied 

due to time limitation and tissue availability. There could be variable changes in different 

brain regions. For example, the MFG was used in all the three chapters but the SN and CN 

were only used in Chapter 1 due to tissue limitation. It would be meaningful to study the 

inflammation and vascular remodelling in the CN where BBB dysfunction was found for 

comparisons between brain regions with and without BBB dysfunction. However, this was not 

achieved due to limited tissue availability. 

2. Young controls should be included to test if some of the changes in PD are age-related. But 

due to time and tissue limitations only a limited number of the markers were used for a few 

young controls for observation purpose and these were not included in the thesis. 

3. TMA is a powerful tool for quantitative analysis because it contains multiple cases on one 

slide which are stained simultaneously. This avoids the slide-to-slide variation during staining 

of multiple slides for one marker. However, because the paraffin embedded sections are small, 

thin (7µm) samples, the morphologies of large structures may not be represented as well as in 

larger, thick free-floating sections. 

4. The degenerative process may lead to shrinkage in the PD brain. This could lead to the bias 

in quantification, where the vascular and cell densities may be higher due to tissues shrinkage, 

leading to false negative data and the dilution of positive data. 
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6.6.2. Case limitations 
The greatest advantage of studies on post-mortem human tissue over cell culture and animal 

models is the information from the observation and analysis are directly applicable to human. 

However, there are also some drawbacks for this study that used post-mortem human brain 

tissues from the PD and the age-matched control cases. 

1. There is variability in the human cases, especially in the PD cases where age, life-style, 

treatment, degree of the disease, difference in other associated pathological changes. For 

example, some cases have low AD type changes although the change may be age-related. This 

would add variation to the analysis. Any AD related changes were excluded as far as possible 

from our studies. 

2. Unlike AD and HD, the staging of human PD is more complex. This adds difficulty in 

evaluating the pathogenesis of PD and monitoring the pathological changes of different 

components during the progression of the disease. By using the new method described in 

Chapter 5 I could evaluate the relative changes of the different components based on different 

degrees of degeneration. However, the degree of the degeneration had to be decided arbitrarily 

due to lack of criteria. A direct and practical way for studying the pathogenesis is by 

establishing a suitable animal model where progression of the disease can be controlled and 

clearly classified. 

3. The brain tissues underwent fixation process which could block or denature some antigens. 

In this study, LC3 was trialled to add information on changes in autophagy, however the LC3 

staining was unsuccessful. Other human specific antibodies need to be sourced or developed to 

advance this area of research. 

6.7. Future directions 
Future studies should investigate inflammation and vascular remodelling in the brain regions 

with BBB dysfunction for example in CN. More importantly the study should be repeated in 
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the PD cases with clear clinical information of their cognitive status. It is hypothesised that the 

PD with cognitive impairment would have profound inflammation due to BBB dysfunction. 

The relative changes of pericytes, reduced growth factors and cell proliferation to the degree 

of neuronal degeneration in the brain regions with and without BBB dysfunction may provide 

critical insight as to whether vascular degeneration would contribute to secondary neuronal 

degeneration and cognitive impairment. This was addressed using the new method mentioned 

in Chapter 5. This study could be repeated on young controls to add information on age-

related changes in PD and age-matched control cases. 

Current animal models of PD include genetic and toxin-induced models. The genetic models 

do not resemble idiopathic PD, and the toxin-induced models do not have stage control. In 

addition, they do not take age and environmental factors in to account. Therefore, suitable 

animal models should be developed to enable controlled staging of PD to investigate the 

pathogenesis of human PD.   
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