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Abstract
The misfolded protein α-synuclein is integral to the pathogenesis of Parkinson’s
disease, leading to the death of dopaminergic neurons in the substantia nigra and resulting in
the development of motor symptoms. Parkinson’s disease is usually considered a disease of
neurons, however, non-neuronal cells could also be affected but have not been extensively
studied.
In this thesis, novel effects of α-synuclein in non-neuronal cells were investigated using
human olfactory bulbs and in vitro cultures of pericytes and microglia derived from the human
brain. Non-neuronal cells – pericytes, astrocytes and microglia contained α-synuclein in the
Parkinson’s disease human olfactory bulb in similar numbers to neuronal cells. These findings
were the basis for investigating the responses of primary human brain pericytes and microglia
in vitro exposed to recombinant α-synuclein. This thesis demonstrates that α-synuclein does
not induce inflammation in primary human brain pericytes and microglia except when it is
heavily contaminated with bacterial endotoxins. Endotoxin-free α-synuclein did not induce
inflammation in these cells. Additionally, primary human brain pericytes efficiently take up αsynuclein from the extracellular culture media, however, control and Parkinson’s disease
autopsy post-mortem cells did not efficiently degrade the α-synuclein protein. Lastly, αsynuclein treatment alone did not induce cell death in primary human brain pericytes, however,
treatment of pericytes with an additional stressor led to the induction of reactive oxygen species
and subsequent cell death.
These data suggest that non-neuronal cells are important in the pathogenesis of
Parkinson’s disease and further understanding how they react to α-synuclein could provide new
therapeutic approaches.
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Chapter 1

1 General introduction
Parkinson’s disease (PD) is the second most common neurodegenerative disease
affecting about 1 - 2% of the population over the age of 65 (de Lau et al., 2006; Pringsheim et
al., 2014). It is a slow progressive disease leading to deficits in a range of motor and non-motor
functions. Classically, PD is described as a paradigmatic movement disorder often
characterised by the slowness of movement, tremor at rest, rigidity, a shuffling gait and balance
disturbances (Jankovic, 2008; Sveinbjornsdottir, 2016). The motor symptoms are attributed to
the loss of the dopaminergic neurons in the substantia nigra pars compacta of the midbrain
(Croisier et al., 2005; Gao et al., 2002; Langston et al., 1999).
The loss of the dopaminergic neurons is highly associated with the aggregation and
accumulation of the misfolded protein, α-synuclein (α-syn), forming the classical
neuropathological hallmarks of the disease – Lewy bodies and Lewy neurites (Blesa et al.,
2015). Although PD is characterised as a movement disorder, PD patients experience various
non-motor symptoms that can precede the motor symptoms (Jankovic, 2008; Poewe, 2008).
The non-motor symptoms include a disturbance in autonomic function such as orthostatic
hypotension, constipation and urinary disturbances. One of the most prominent non-motor
symptoms is anosmia - the loss of the sense of smell (Haehner et al., 2007; Kaufmann et al.,
2004; Magerkurth et al., 2005; Tarakad et al., 2017). Many of the non-motor symptoms
significantly alter the quality of life for those living with PD. Interestingly, the cause of the
non-motor symptoms is also heavily linked to α-syn pathology (Poewe, 2008).
A recent shift in the literature has highlighted that non-neuronal cells may also have an
important role in the disease (Dieriks et al., 2017; Loria et al., 2017). Non-neuronal cells form
a large proportion of the neurovascular unit including astrocytes, endothelial cells and pericytes
(Muoio et al., 2014). Microglia are closely associated with these cells and are the resident
1
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immune cells within the brain (Figure 1-1) (Lenz et al., 2018). Non-neuronal cells are essential
in maintaining the blood-brain barrier (BBB) (Muoio et al., 2014). Non-neuronal cells may be
involved in many facets of the disease progression, including transfer of α-syn from one cell to
the next, degradation of the α-syn protein and inflammation (Abounit et al., 2016; Dieriks et
al., 2017; Loria et al., 2017; P. L. McGeer & McGeer, 2008; Rey et al., 2013, 2016; Reyes et
al., 2014; Stevenson et al., 2020). Many of the in vitro studies on non-neuronal cells have used
rodent cells and rodent in vivo models, however, human studies on the effects of α-syn on nonneuronal cells are lacking. In this thesis, the proportion of non-neuronal cells that contained αsyn in the human PD olfactory bulb (OFB) were quantified. Following the findings from this
study, it was investigated whether recombinant α-syn proteins could induce inflammation in
primary human brain pericytes and microglia, whether α-syn could be phagocytosed and
subsequently degraded by primary human brain pericytes and lastly, whether α-syn induced
cell death in primary human brain pericytes.
The investigations presented in this current thesis further contribute to the knowledge
of non-neuronal cells and their involvement in the PD human brain.
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Figure 1-1: Representation of the main cell types in the human brain
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2 Literature review
2.1 Pathogenesis of Parkinson’s disease
The neuropathological diagnosis of PD relies on the presence of two types of inclusion
bodies. Lewy neurites are a spindle or thread-like structure found in cellular processes, and
globular Lewy bodies found in neuronal cell bodies (Braak et al., 2003). α-syn is the main
component of Lewy bodies and Lewy neurites in PD (Spillantini et al., 1997). α-syn in Lewy
bodies are also found in dementia with Lewy bodies, suggesting that PD and dementia with
Lewy bodies may have identical compositions but affect different brain regions (Spillantini et
al., 1997). Lesions linked to α-syn pathology are initially seen in the dorsal motor nucleus of
the vagal and glossopharyngeal nerves and the anterior olfactory nucleus (AON) in the OFB
(Braak et al., 2003). The pathology seen in these brain regions is highly associated with many
non-motor symptoms present in the early stages of the disease (Poewe, 2008). The pathology
then spreads to more central brain regions as the disease progresses. The presence of cardinal
motor symptoms such as bradykinesia, rigidity, resting tremor and postural instability are used
to clinically diagnose PD (Jankovic, 2008).
One of the most susceptible cell types to α-syn pathology are dopaminergic neurons of
the substantia nigra pars compacta in the midbrain (Michel et al., 2016). The substantia nigra
is interesting anatomically due to its distinctive black pigment produced by the oxidation of
dopamine by dopaminergic neurons. Post-mortem investigation of this region in PD displays a
loss of pigment, providing a causal link between the loss of dopamine in the substantia nigra
and the cardinal symptoms of PD (Damier et al., 1999; Ma et al., 1997; Michel et al., 2016).
Dopamine directly contributes to the direct and indirect pathways in the basal ganglia that
control movement and motor planning. A loss of dopamine leads to loss of fine motor skills
and motor planning (Gibb et al., 1991), once a substantial loss of the dopaminergic neurons in
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the substantia nigra has occurred (Dauer et al., 2003; de Lau et al., 2006; Fearnley et al., 1991;
Greffard et al., 2006; Lang et al., 1998). As these cardinal motor symptoms become apparent
only in the advanced stages of the disease it highlights that PD is a slow progressive disease
(Braak et al., 2003).

2.2 α-synuclein accumulation and cell death
α-syn is an abundant and highly expressed protein in the brain where it interacts with
membranes, vesicular structures and a variety of other proteins (Lücking et al., 2000; Outeiro
et al., 2003). α-syn can be located in the nucleus, cytosol and is associated with membranes
under physiological conditions. In disease, it can appear as large cytoplasmic inclusions
(Lücking et al., 2000; Outeiro et al., 2003). The large cytoplasmic inclusions (Lewy bodies)
are considered to be a pathological hallmark of PD (Lücking et al., 2000). α-syn is one of three
identified members of the human synuclein family. The 143-amino acid long protein, with a
molecular weight of 14kDa is predominantly a presynaptic protein (Lücking et al., 2000).
Currently, six different missense mutations found in the α-syn gene (SNCA) have been linked
to autosomal-dominant forms of PD (Appel-Cresswell et al., 2013; Nuytemans et al., 2010).
However, these mutations only account for 3% - 5% PD cases, where the rest are sporadic in
origin (Klein et al., 2012).
α-syn is normally found as a natively unfolded protein in an aqueous solution and does
not have a defined tertiary structure (Uversky, 2008). In pathological states, α-syn can be found
in oligomeric and fibrillary conformations when mutations in the SNCA gene are present, or
the brain is exposed to oxidative stressors and subsequent post-translational modifications
(Figure 2-1) (Recasens et al., 2014). In some genetic cases of PD, protein folding and quality
control factors such as ubiquitin ligase and a ubiquitin C-terminal hydrolase are implicated
with α-syn pathology, suggesting that quality control of the protein is important to keep it at
physiological levels (Outeiro et al., 2003).
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Accumulation of α-syn may result in the formation of toxic intermediate state oligomers
which form the fibrillary conformations (Winner et al., 2011). These intermediate state
oligomers interact with lipids, disrupt membranes and cause cellular death in in vivo nonmammalian cell models (Conway et al., 1998; Pountney et al., 2005; Tsigelny et al., 2008;
Winner et al., 2011).

Figure 2-1: Aggregation states of α-synuclein

Outeiro et al. (2008) were one of the first to demonstrate that the oligomeric species of
α-syn in living cells was associated with increased cytotoxicity. Performing a bimolecular
fluorescence complementation (BiFC) assay allowed for direct visualisation of the
oligomerisation of α-syn in human H4 neuroglioma cells. The BiFC assay stabilised the α-syn
oligomers, which allowed for investigation of the toxicity of these precursors to aggregate
formation. Stabilisation of the α-syn oligomeric species led to a 20% increase in cytotoxicity,
while aggregated α-syn in the form of Lewy bodies was non-toxic. This suggests the precursors
may induce greater toxicity than aggregated α-syn in the form of Lewy bodies and Lewy
neurites (Outeiro et al., 2008).
Through the overexpression of α-syn, variants that interfered with α-syn-specific salt
bridges that induced oligomerisation, resulted in increased toxicity in vivo compared to nonoligomeric forms (Winner et al., 2011). Overexpressing the altered α-syn variants in substantia
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nigra of rats that preferentially formed oligomers led to the death of dopaminergic neurons
quantified by immunohistochemistry for tyrosine-hydroxylase positive neurons. The
oligomeric form induced the largest tyrosine hydroxylase positive cell loss, with up to 14%
loss within the substantia nigra (Winner et al., 2011). These studies demonstrate that the
formation of oligomeric α-syn species, which exist before the formation of larger intracellular
inclusions, may induce greater toxicity both in vitro and in vivo.
Post-translational modifications of α-syn, may also contribute to the formation of
oligomeric or fibrillary α-syn, inducing toxicity. Uversky et al. (2005) investigated the idea
that post-translational modification leads to increased aggregation of α-syn. Proteins that are
modified by oxidative stress are implicated in normal aging and pathogenesis of
neurodegenerative diseases including PD and Alzheimer’s Disease (Ischiropoulos et al., 2003).
Further investigation of this has demonstrated the presence and widespread accumulation of
nitrated α-syn. Nitration of α-syn is a product of tyrosine oxidation due to the formation of
peroxynitrite by the reaction of nitric oxide and superoxide (V. N. Uversky et al., 2001).
Selective and specific nitration of α-syn may be a direct link to oxidative and nitrative damage
leading to the progression and onset of synucleinopathic diseases. Using a range of biophysical
and biochemical techniques, it was revealed that nitration due to oxidative damage led to the
formation of a folded conformation which increased the propensity for oligomerisation
(Uversky et al., 2005). Interestingly, nitrated α-syn inhibited the fibrillary form, favouring the
intermediary oligomeric form of the protein.
α-syn can also be phosphorylated at several residues along the protein. Phosphorylation
at the Ser-129 residue is characterised as one of the main disease associated α-syn post
translational modifications and has been extensively investigated (Gorbatyuk et al., 2008;
Okochi et al., 2000; Pronin et al., 2000). Studies have demonstrated that α-syn found in Lewy
bodies and Lewy neurites in the brains of PD patients are highly phosphorylated at the Ser-129
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site (Gorbatyuk et al., 2008). In diseased states, α-syn obtained from human brain samples
shows that the Ser-129 phosphorylated form constitutes more than 90% of the total α-syn found
in Lewy bodies compared to the 4% found under normal physiological conditions (Fujiwara et
al., 2002). Interestingly, the Ser-129 phosphorylated form is less frequent in oligomeric and
monomeric α-syn species (Okochi et al., 2000). Through the substitution of the Ser-129 residue
with alanine in the α-syn protein, it creates a variant of α-syn that cannot be phosphorylated,
representing the monomeric and oligomeric conformations of α-syn. This substitution of α-syn
in a rodent model of PD induced a rapid onset of cell death, evident from the loss of tyrosine
hydroxylase positive neurons and reduced dopamine in mice (Gorbatyuk et al., 2008). Four
weeks post injection, up to a 70% loss of tyrosine hydroxylase neurons was seen with the
substituted alanine residue. In comparison, animals injected with wild-type α-syn only reached
a significant level of cell loss at 26 weeks post-injection. However, the substitution of the Ser129 residue with aspartate leads to constitutive phosphorylation, but surprisingly this did not
produce toxicity. There was no loss of tyrosine hydroxylase positive neurons and no changes
in the striatal dopamine (Gorbatyuk et al., 2008). The α-syn variant, which mimicked
phosphorylation, led to an increase in α-syn inclusions, whereas, the non-phosphorylated form
preferentially formed oligomers and remained in the monomeric conformation. This suggests
that non-phosphorylated α-syn leads to a rapid onset of toxicity, demonstrated by a loss of
tyrosine hydroxylase positive neurons and subsequent depletion of dopamine (Gorbatyuk et al.,
2008). These findings directly link increased oligomerisation due to oxidative damage and
post-translational modifications contributing to the onset and increased progression of the
disease.
1-methyl-4-pheyl-1,2,3,6-tetrahydripyridine (MPTP) models of PD have furthered our
understanding of how post-translational modifications may increase α-syn pathology (Dauer et
al., 2003). Acute administration of MPTP leads to the nitration of α-syn in the mouse striatum
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and ventral midbrain. This demonstrates that α-syn may be targeted by MPTP-induced
oxidative attack. The oxidative stressors added by MPTP suggest that post-translational
modification of α-syn may result in structural modifications of the α-syn protein, possibly
increasing its tendency to form oligomeric conformations (Vila et al., 2001). Taken together,
the results from these studies suggest that α-syn needs to be post-translationally modified either
through mutations in familial forms of PD, or through oxidative stressors in the sporadic forms
in order to acquire its pathological properties.

2.3 Staging of α-synuclein pathology
Coinciding with the damage to the substantia nigra and loss of dopaminergic neurons,
extensive extranigral pathology is present in PD. This includes lesions in the dorsal motor
nucleus of the glossopharyngeal and vagal nerves (dorsal IX/X motor nucleus) and the adjacent
intermediate reticular zone, reticular formation and raphe system, the coeruleus-subcoeruleus
complex and the magnocellular nuclei of the basal forebrain and much of the thalamus and
amygdala. Cases with severe disease pathology display lesions in the neocortex (Braak et al.,
2000; Braak et al., 2000, 2003; de Vos et al., 1995; Jellinger, 1991). This raised the question
of whether all of these regions accumulate the pathology simultaneously or whether the
pathology followed a predefined sequence throughout the brain, moving through various sites
that differ in susceptibility (Braak et al., 2003). Therefore, the hypothesis was formed that the
neuronal damage does not develop randomly but instead follows a well-defined pattern and
predetermined sequence of spread from one brain region to the next.
It is theorised that α-syn pathology may begin through two different routes of entry into
the brain, through the olfactory system and/or through the gut and up into the vagus nerve and
into the brain (Figure 2-2). It has been suggested that the OFB is most likely to be the first αsyn affected brain or body region (Adler et al., 2016). Within the OFB, the α-syn accumulates
in the adjoining AON structures before it moves into the deeper mesencephalic structures
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(Braak et al., 2003; Daniel et al., 1992; Mason et al., 2016; Pearce et al., 1995). Due to the
unique anatomical position of the OFB, this structure may be exposed to above average
concentrations of inhaled environmental toxins and pathogens than other deeper brain
structures (Attems et al., 2014; Mason et al., 2016). The olfactory system may be particularly
susceptible and sensitive to the uptake of environmental toxins, leading to alterations of α-syn,
with subsequent aggregation and accumulation (Franco et al., 2007). Interestingly, this
accumulation of α-syn in the OFB has been hypothesised to be the underlying cause for the
anosmia seen in the early stages of PD (Adler et al., 2016). In a study designed to investigate
the staging of Lewy-body pathology, it was found that of the 55 autopsied cadavers with α-syn
pathology, 20% were classified as stage I (OFB only), 42% stage IIa (brainstem predominant),
14% stage IIb (limbic predominant), 22% stage III (brainstem and limbic) and 2% stage IV
(neocortical) (Adler et al., 2016; Beach et al., 2009).
Braak et al. (2003), focused on the dorsal motor nucleus through the glossopharyngeal
and vagal nerves as the entry of point of α-syn into the brain. Rotenone is a commonly used
pesticide, also discovered to be a mitochondrial toxin that readily produces free radicals
through oxidative stress (Pan-Montojo et al., 2010). When rats were administered rotenone into
the gut, α-syn aggregation in the brain ensued. The presence of these aggregates resulted in the
propagation and neurodegeneration of the dorsal motor nucleus of the vagus nerves and
eventually the substantia nigra. Interestingly, severing the vagal nerve or ablation of the
sympathetic ganglia blocked the spread of α-syn to the central nervous system (Pan-Montojo
et al., 2010). This suggests that α-syn can enter through the brain in particularly susceptible
areas with weak blood-brain barrier formation. From here, Braak et al. (2013) devised a staging
system outlining the sequential spread of α-syn from the periphery into the central regions of
the brain. Stages I and II outline that the α-syn pathology is confined solely to the medulla
oblongata, as the severity of the disease increase into stage III and IV, the pathology moves
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onto the lower and upper brain stem in the absence of cortical lesions (stage III) and then
progression into initial affection of the anteromedial temporal mesocortex (stage IV). In stage
IV is where the substantial degeneration of the vulnerable subnuclei of the substantia nigra
occurs. Into stage V and VI, severe involvement of the brain is seen, which includes the
neocortical areas (Figure 2-2) (Braak et al., 2003). Therefore, this suggests that α-syn spreads
across neuroanatomical circuits, with the medulla oblongata and the OFB as the potential entry
into the brain (Adler et al., 2016; Braak et al., 2003; Mason et al., 2016).

Figure 2-2: Spread of α-synuclein pathology in the PD brain as the disease progresses through the Braak
stages. (Created with biorender.com)

A third line of thought has recently suggested that a subset of PD patients display a
brain-first type of α-syn pathology, where initial α-syn pathology appears in the CNS. Here,
the authors suggest that PD develops through two subtypes, (1) body first or (2) brain first
(Horsager et al., 2020). (1) The body first, or bottom-up subtype, shows initial α-syn pathology
in the enteric or peripheral autonomic nervous system, which subsequently travels up the vagus
nerve and sympathetic connectome to the CNS. (2) The brain-first, top-down subtype suggests
that α-syn pathology develops in the brain itself, likely in the amygdala or connected brain
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regions and sometimes through the OFB. This pathology spreads throughout the brain and
subsequently descends to the peripheral autonomic nervous system (Horsager et al., 2020).
This suggests that α-syn can originate in several areas in the brain and more research is required
to understand the impact of these different starting regions.

2.4 The olfactory bulb in Parkinson’s disease
Olfactory dysfunction is one of the earliest non-motor symptoms of PD present in
approximately 90% of early stage PD cases (Doty, 2014). Using olfactory tests that can test for
odour detection, identification and discrimination or memory reveal statistically significant
differences between those with PD and healthy controls (Doty, 2014; Mesholam et al., 1998).
Interestingly, olfactory dysfunction distinguishes PD from controls better than clinical motor
tests and single-photon emission computerized tomography scan (CT) imaging of the
dopamine transporter, a membrane protein pump involved in the transport of dopamine from
the synapse to the cytosol (Bohnen et al., 2008; Deeb et al., 2010; Doty, 2014). Olfactory
dysfunction is less severe or absent in other neurological disorders with similarities to PD such
as progressive supranuclear palsy, MPTP – induced parkinsonism, multiple system atrophy,
corticobasal degeneration and essential tremor (Busenbark et al., 1992; Doty et al., 1993; Doty
et al., 1992; Goldstein et al., 2008). Therefore, this makes olfactory testing a useful diagnostic
tool.

Figure 2-3: Illustration of a human olfactory bulb and tract displaying the glomeruli and the AON
structures containing phosphorylated α-syn.
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Before the changes seen in the substantia nigra, α-syn pathology is found within the
OFB and the closely associated AON and several secondary olfactory structures (Braak et al.,
2003, 2004; Pearce et al., 1995). The AON begins in the OFB and extends proximally towards
the olfactory tract, where it eventually joins the grey matter of the cortex. The neurons within
the AON are involved in reinforcing impulses received from first-order olfactory sensory
neurons of the olfactory mucosa (Pearce et al., 1995). Abnormalities in the sense of smell and
structures in the brain that mediate the sense of smell have been identified in PD and
Alzheimer’s disease. In both of these conditions, characteristic pathology is seen in the OFB
and tract, where these changes are most pronounced in the medium to large neurons of the
AON (Braak et al., 2003; Pearce et al., 1995). Aggregated α-syn can be found throughout the
OFB and tract, however, it is highly abundant in the multiple pockets of AON (bulbar,
intrapeduncular, retro-bulbar and cortical) in the OFB (Braak et al., 2004; Gardner et al., 2017;
Pearce et al., 1995). In primates, including humans, the bulbar part of the AON is located deep
within the OFB and extends throughout the tract, where the medial and lateral aspects of the
AON are near the point where the olfactory tract joins the frontal lobe. The position of the
AON in the olfactory circuit implies that it may have an important role in olfactory information
flow (Pearce et al., 1995).
α-syn pathology can be found within the main projection neurons of the OFB such as
the mitral and tufted cells and in the axonless granule and periglomerular cells (Sengoku et al.,
2008). Interestingly, α-syn pathology first appears in the non-AON regions of the OFB,
followed by the AON regions. Subsequently, it affects the cortical nucleus of the amygdala,
which receives the primary olfactory bulb projections and is strongly correlated with the
pathology seen in the AON. A greater amount of α-syn pathology and neuronal loss is seen in
this region than any other major amygdaloid nuclei, which do not receive direct projections
from the OFB (Harding et al., 2002; Sengoku et al., 2008). Interestingly, one of the non-AON
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regions to be disrupted by α-syn pathology appears to be the glomeruli. The olfactory sensory
neurons found in the olfactory mucosa have a single apical dendrite that terminates in one of
several thousand structures called glomeruli, involved in odour processing (Zapiec et al., 2017).
Interestingly, the higher the α-syn load, smaller or fewer glomeruli were present, suggesting a
causal relationship between α-syn pathology and glomerular structure in the PD OFB (Zapiec
et al., 2017). This could be one of the possible causes for the loss of olfaction that is often seen
in PD patients. Other brain structures which receive mitral and tufted cell projections such as
the piriform cortex and entorhinal cortex, also display a considerable amount of α-syn
pathology (Braak et al., 2003; Harding et al., 2002; Silveira-Moriyama et al., 2009). This
suggests that α-syn pathology spreads in a peripheral to central manner, through the major
components of the OFB system. This ties in with the olfactory vector hypothesis (Doty, 2008)
and the progression of pathology (Adler & Beach, 2016; Braak et al., 2003).

2.5 Non-neuronal cells in Parkinson’s disease
The human brain contains up to 644 km of blood vessels with the main function of
providing brain cells with oxygen, nutrients, energy metabolites and removing carbon dioxide
and metabolic waste (Kisler et al., 2017; Zlokovic, 2008). The neurovascular unit is comprised
of vascular cells such as endothelial cells, pericytes and smooth muscle cells, glial cells such
as astrocytes, microglia and oligodendrocytes and lastly neurons (Figure 1-1)(Zlokovic, 2011).
Capillaries in the brain are formed by endothelial cells which are surrounded by pericytes and
astrocytic end-feet. The neurovascular unit is important for maintaining the integrity of the
BBB. This integrity is largely controlled through tight junctions and adherens junctions, which
connect endothelial cells and limits the permeability of the BBB (Yu et al., 2020; Zlokovic,
2008). Pericytes are important for maintaining blood flow where they cover the abluminal
surface of the capillaries and control capillary diameter. Pericytes are also important in
removing toxic proteins and act as the last defense of the BBB to maintain a healthy central
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nervous system (CNS) (Sagare et al., 2013; Winkler et al., 2011; Yu et al., 2020). Therefore,
the neurovascular unit is integral for stabilizing the brain microenvironment by regulating
which molecules or cells that enter the brain and clear toxic proteins from the brain parenchyma
to the peripheral circulatory system (Yu et al., 2020).
In the brain, capillaries are the smallest of blood vessels and account for about 85% of cerebral
vessel length (Zlokovic, 2008). Not only does the BBB limit the entry of blood components,
but it also maintains the chemical composition of the neuronal environment that is required for
proper functioning of neuronal circuits, synaptic transmission, synaptic remodelling,
angiogenesis and neurogenesis in the adult brain (Zlokovic, 2008). However, disruption of the
BBB is associated with many neurodegenerative diseases such as Alzheimer’s disease, PD,
motor neuron disease, multiple sclerosis and others (Zlokovic, 2008). The maintenance of the
BBB integrity is important for the tight control of the chemical composition of the brain
interstitial fluid, which allows for proper synaptic functioning and neuronal connectivity
(Sweeney, Sagare, et al., 2018). However, loss of BBB integrity leads to an increase in vascular
permeability and is associated with decreased cerebral blood flow and impaired haemodynamic
responses (Kisler et al., 2017; Sweeney, Sagare, et al., 2018; Zlokovic, 2011).
There is a wealth of information in Alzheimer’s disease that the neurovascular unit has
become dysfunctional, mainly through the increased permeability of the BBB (Yamazaki et al.,
2017; Yu et al., 2020) and reduced cerebral blood flow (Binnewijzend et al., 2016; Dong et al.,
2018; Hays et al., 2016; Yu et al., 2020). However, neurovascular unit dysfunction is not well
understood in PD. The majority of research on BBB function is taken from toxin-induced PD
models such as 6-hydroxydopamine (6-OHDA) and MPTP treated mice (Carvey et al., 2005;
X. Chen et al., 2008), however, these models often do not form α-syn pathology (Elabi et al.,
2021; Meredith et al., 2011). Post-mortem studies of advanced PD have shown that capillaries
are damaged and become fragmented in the frontal cortex and brain stem (Guan et al., 2013).
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Additionally, post-mortem and cerebrospinal fluid (CSF) samples have indicated there are
changes in small blood vessels, such as abnormal vasculature remodeling, abnormal
angiogenesis and BBB leakage in the PD brain (Bradaric et al., 2012; Brown et al., 2011; Chao
et al., 2009; Faucheux et al., 1999; Gray et al., 2015; Guan et al., 2013; Janelidze et al., 2015;
Kisler et al., 2017; Pisani et al., 2012; Zlokovic, 2011). These changes may be attributed to
neurovascular unit dysfunction, which is the vascular model of neurodegeneration. The
neurovascular model of neurodegeneration relies on two main factors, hypoperfusion and BBB
disruption, which form a vicious cycle causing more BBB breakdown and cell loss (Al-Bachari
et al., 2020). There is evidence that abnormal vasculature is seen in PD, however, more work
needs to be done to understand whether the BBB dysfunction contributes to disease
progression.

2.6 Spread of α-synuclein in the human brain
2.6.1

Neuronal spread of α-synuclein
It had been previously thought that α-syn was exclusively an intracellular protein due

to the lack of an endoplasmic reticulum (ER) signal sequence that would direct it to secretory
pathways. However, α-syn species such as monomers and oligomers are detected in human
plasma and CSF, suggesting that α-syn can be secreted (Borghi et al., 2000; El-Agnaf, 2003).
It is well known that various types of neuronal cells in vitro can secrete α-syn into the culture
media (Danzer et al., 2011; El-Agnaf, 2003; Lee, 2005). Although the exact mechanism of
secretion is unknown, there is some evidence to suggest that exosomes may release α-syn in a
calcium-dependent manner (Alvarez-Erviti et al., 2011; Lee, 2005).
Conversely, α-syn can be internalised by many cells, most likely through a classical
endocytic mechanism which may include dynamin-dependent-receptor-mediated endocytosis
(Danzer et al., 2011; Desplats et al., 2009; Hansen et al., 2011; Lee et al., 2008; Zhang, 2005).
Due to the monomeric size of α-syn, it could enter cells via passive diffusion by interacting
16

Chapter 2
with membranes and lipids (Ahn et al., 2006; Lee et al., 2008). This cycle of secretion and
internalisation of α-syn provides a simple mechanism of spread from one cell to the next. In
vivo studies have also demonstrated that α-syn can spread via cell-to-cell transmission using
GFP-labelled mouse cortical neuronal stem cells injected into the hippocampus of transgenic
mice expressing human α-syn (Desplats et al., 2009). Following transplantation, 15% of the
grafted cells exhibited human α-syn after four weeks, with some cells displaying inclusion
bodies within the cytoplasm. Another study demonstrated that 5% of fetal post-mitotic
dopaminergic neurons grafted into the striatum of mice overexpressing human α-syn had
positive α-syn immunoreactivity six months after transplantation (Hansen et al., 2011).
Through these studies, it suggests that α-syn is able to transfer from host to grafted cells in
vivo.
Although there was evidence to suggest that α-syn could move from one brain region
to the next, it was unknown how neuronal cells were involved in the transfer of α-syn from the
OFB to other neuroanatomically linked brain structures. To investigate this, different molecular
species - monomers, oligomers and fibrils of recombinant α-syn were injected into the OFB of
normal mice (Rey et al., 2013). It was found that cells in different layers of the OFB, glomerular
layer, mitral cell layer and granule cell layer efficiently internalise monomeric and oligomeric
α-syn. The fibrillary α-syn was also internalised but not as efficiently within the same time
frame. Post-injection, soluble and oligomer, but not fibrillary, α-syn species were detected in
several interconnected brain regions. These include the AON, frontal cortex, olfactory tubercle,
periform cortex, striatum and amygdala. In this mouse model, local OFB interneurons were
particularly good at internalising the α-syn and it was likely that it would be moving along
these neural paths into deeper brain regions. During these experiments, control injections with
BSA were used and it displayed that it is very unlikely that the injected material would diffuse
away from the OFB via brain parenchyma or the CSF. Therefore, it is likely that α-syn observed
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in distant brain regions from the OFB may have been transported intracellularly via neural
projections (Rey et al., 2013).
Interneurons in the human OFB contain intracellular α-syn. In the AON within the
OFB, cells affected by α-syn rarely co-localised with tyrosine hydroxylase or somatostatin
positive neurons, but frequently with calbindin, calretinin, parvalbumin and substance P
positive neurons (Ubeda-Bañon et al., 2010). This suggests that pathology seen in the mouse
models whereby α-syn is injected into the OFB overlaps with the data from human OFBs with
α-syn pathology and that a common route of transfer through the neural pathways of the OFB
seems feasible in the human brain.
2.6.2

Non-neuronal spread of α-synuclein
α-syn crosses the BBB in both directions, from brain-to-blood and blood-to-brain (Sui

et al., 2014). In mice, efflux of α-syn protein was observed through a low-density lipoprotein
receptor-related protein-1 (LRP-1), expelling α-syn into the blood. Thus efflux of α-syn may
remove α-syn from the brain as the disease progresses. Interestingly, the influx of α-syn
increased into the brain when lipopolysaccharide (LPS) was administered at 3 mg/kg in a
volume of 0.2ml by intraperitoneal injections. LPS induces inflammation, whereby it likely
disrupts the BBB (Sui et al., 2014). This disruption of the BBB likely meant the barrier became
more ‘leaky’ and in turn, the regulation and integrity was compromised. Not only would this
allow for more influx of α-syn but also other harmful components and more aggressive immune
cells into the brain parenchyma (Ryu et al., 2009), leading to greater dysfunction as the disease
progresses. The bidirectional transport of α-syn may contribute to the progression of pathology
involving the non-neuronal cells that make up the BBB.
A non-neuronal cell of particular interest in the BBB is the pericyte. Pericytes share a
common basement membrane with endothelial cells. Pericytes cover a relatively large area of
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capillaries in humans with a ratio of pericyte – to – endothelial cells being as high as 1:3 (Allt
et al., 2001). Due to the close proximity of pericytes to endothelial cells, pericytes are in the
prime position to influence brain microcirculation. This position also allows pericytes to
contribute to microvessel stability through mechanical using matrix deposition. Therefore,
pericytes are heavily involved in the maintenance and regulation of the BBB (Allt et al., 2001;
Armulik et al., 2005). Pericytes express LRP-1 and ATP Binding Cassette Subfamily B
Member 1 (ABCB1), which are components involved in the efflux of β-amyloid. Together the
data suggest a potential role of the LRP-1/ABCB1 system in the removal and clearance of βamyloid in Alzheimer’s disease (Berezowski et al., 2004; Elali et al., 2013; Wilhelmus et al.,
2007). However, LRP-1 can also be involved in the efflux of α-syn in the human brain. Due to
their location, this may involve pericytes in the influx and efflux cycle of α-syn in the brain,
suggesting that pericytes may be a non-neuronal cell involved in the active spread of α-syn (Sui
et al., 2014).
To further implicate pericytes in the involvement in PD, primary human brain PD
pericytes overexpressing α-syn were shown to transfer α-syn aggregates through structures
called tunnelling nanotubes (TNTs) (Dieriks et al., 2017). TNTs are long, thin F-actin based
membranous structures that connect neighbouring cells (Abounit et al., 2016). These structures
allow for intracellular communication through a range of transferred components including
calcium fluxes, lysosomes, mitochondria and the human immunodeficiency virus (HIV).
Recent evidence suggests that TNTs may be a conduit for α-syn transfer, proposing a novel
mechanism of cell-cell transfer. For the first time, this illustrates that α-syn can transfer
between two non-neuronal cells (Dieriks et al., 2017). A caveat to this however, in vivo
evidence of pericytes and TNTs involved in PD pathogenesis is lacking.
Interestingly, in tissue there is clear evidence suggesting that pericytes have
macrophage-like properties (Balabanov et al., 1996; Broadwell et al., 1981; Thomas, 1999).
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Pericytes actively phagocytose and may act as the last line of defence for the BBB, cleaning
up the extracellular space and degrading foreign proteins and debris (Broadwell et al., 1981;
Kurihara,K., 1980). Pericytes also express a range of macrophage cell-markers such as
macrophage-1 antigen (CR3) complement receptor, leukocyte-common antigen, cluster of
differentiation (CD4) and classes I and II major histocompatibility complex molecules
(Thomas, 1999; Castejon, 1984; Jeynes, 2013). Therefore, the phagocytic activity of pericytes
may be an important aspect of these cells with respect to disease processes.
Another non-neuronal cell that may be involved in the transfer of α-syn through a
similar mechanism are astrocytes. Astrocytic endfeet contribute to maintaining BBB integrity
in the neurovascular unit and forms contact with pericytes. Loria et al (2017), discovered that
primary astrocytes derived from the mouse brain, cell-to-cell transfer of α-syn can occur
efficiently from neurons to astrocytes, as well as from astrocytes to astrocytes. However,
astrocyte to neuronal transfer is comparably inefficient. Furthermore, it was evident that
astrocytes can degrade α-syn, whereas α-syn remained intracellularly in neurons for several
days. These findings indicate that astrocytes may be involved in the spread and degradation of
α-syn, contributing to the disease process (Loria et al., 2017).
The discovery of these novel forms of transfer has raised the importance of cells other
than neurons in the transfer and propagation of α-syn in the human brain. Even though the
spread of α-syn through TNTs was not abundant in pericytes (Dieriks et al., 2017), any
contribution to propagation is important. Spread of α-syn through pericytes and astrocytes
provides newly discovered routes of propagation, ultimately contributing to disease
progression. Understanding this novel route of transfer of α-syn provides the possibility for
novel therapeutic interventions.
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2.7 Inflammation in Parkinson’s disease
There is a growing interest in the inflammatory processes involved in
neurodegenerative diseases particularly in Alzheimer’s disease and more recently, PD. Chronic
inflammation in Alzheimer’s disease has been extensively studied (Gold & El Khoury, 2015;
Holmes, 2017; Akiyama et al., 2014; Stamouli & Politis, 2017), but there is growing evidence
of a local immune response in affected brain regions of the PD brain (Barcia et al., 2003;
McGeer & McGeer, 2007; McGeer & McGeer, 2004). A local immune response in the brain
may not involve the peripheral immune system instead, the immune response is modulated
through local neurons and glia without antibodies and involvement of T cells (McGeer et al.,
2004). Microglia makeup around 10% of all glia and are generally maintained in a quiescent
state by neurons and astrocytes through the release of neuromodulaters - acetylcholine and
noradrenaline (Carnevale et al., 2007). However, when microglia are exposed to pathogens or
neural injury, these cells are rapidly activated and subsequently become more phagocytic,
change their morphology and release immune regulatory cytokines (Kim et al., 2006).
Sustained activation of inflammation through microglia causes significant neural damage and
contributes to multiple neurotoxic processes, including the direct death of dopaminergic cells
in vitro (Gao et al., 2002, 2003; Le et al., 2001). Interestingly, in vitro damage to dopaminergic
cells induced by diesel exhaust particles or MPTP requires the presence of activated microglia
(Levesque et al., 2011; D. C. Wu et al., 2002). In the normal brain, resting microglia and
astrocytes are not evenly distributed across all brain regions. For instance, the density of
microglia is substantially higher in the substantia nigra compared to the other midbrain areas
(Damier et al., 1993; Kim et al., 2000; Lawson et al., 1990). Together with the idea that
substantia nigra neurons are particularly susceptible to activated microglia-mediated injury,
this suggests that gliosis may play an essential role in PD (Kim et al., 2000).
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Although a direct link between dopamine neuron death and microglial activation has
not been found, microglial activation is thought to be a significant part of the disease process
(Kannarkat et al., 2013). The expression of human leukocyte antigen gene (HLA-DRA)
expressed by microglia and the p.R47H variant of microglial triggering receptor expressed on
myeloid cells-2 (TREM2) are considered risk factors of PD (Hamza et al., 2010; Rayaprolu et
al., 2013). Additionally, positron emission tomography (PET) studies show microgliosis as an
early and sustained response in PD (Bartels et al., 2010; Stokholm et al., 2017). Microglia are
also directly activated upon the exposure to α-syn where activation via the Fc-gamma receptor
(FcγR) causes a series of pro-inflammatory events such as the nuclear translocation of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB) and elevated release of
cytokines such as interleukin-1 beta (IL-1β) and tumour necrosis factor alpha (TNFα) (Cao et
al., 2012; Lee et al., 2010; Su et al., 2008; Zhang et al., 2005). It has also been suggested that
secreted extracellular α-syn can activate surrounding glial cells, contributing to the
inflammation in the brain (Caggiu et al., 2019). Similar to other immune cells, CNS microglia
express pattern recognition receptors (PRRs) that respond to pathogen-associated molecular
patterns (PAMPs). One of the microglial PRRs are toll-like receptors (TLRs) and Tollintracellular 1 receptor (TIR) (Matsushima et al., 2007; Xu et al., 2000). α-syn can interact with
these receptors, whereby, α-syn binds to TLR2 and subsequently activates the signaling
cascade that that leads to pro-inflammatory cytokine production through the mitogen-activated
protein kinases (MAPK) activation and nuclear translocation of NF-κB (Babcock et al., 2006;
Daniele et al., 2015; Doorn, Moors, et al., 2014; Kawai et al., 2007). However, these
mechanisms have not been extensively studied in human microglia. Together, these results
suggest that microglia are important for the inflammatory responses in the PD brain.
Brain pericytes are important for maintaining the integrity of the blood-brain barrier
and the control of blood flow. Pericytes, like brain glia, are also responsive to several
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immunogenic stimuli that induce the release of pro-inflammatory molecules including
cytokines such as IL-6 and IL-8, chemokines such as monocyte chemoattractant protein (MCP1) and interferon gamma-induced protein-10 (IP-10), adhesion molecules such as ICAM-1 and
vascular cell adhesion molecule-1 (VCAM-1) and express various TLRs (Edelman et al., 2007;
Jansson et al., 2014; Rustenhoven et al., 2015, 2017; Smyth et al., 2018). In pericytes, the
cellular inflammatory responses are mainly controlled through transcription factor mediated
gene expression. An important transcription factor in the activation of pericytes is the
prototypical inflammatory transcription factor NF-κB (Guijarro-Muñoz et al., 2014; Jansson et
al., 2014). In vitro these cells only expressed cytoplasmic NF-κB staining, suggesting they are
in a non-immunologically activate state. However, upon the addition of cytokines such as
TNFα and IL-1β as well as bacterial endotoxin LPS, pericytes show significant immune
responses (Jansson et al., 2014). After exposure to these cytokines, nuclear translocation of
NF-κB is induced IP-10 and MCP-1 is upregulated and there was induction of ICAM-1 and
VCAM-1 (Jansson et al., 2014). The current literature on pericytes specifically involved in the
inflammatory response in PD is scarce, however, their immune responses in vitro suggests that
they could play a role in the inflammatory response seen in the human PD brain.
Some evidence suggests that the OFB may be particularly susceptible to pathology
associated with inflammation (Doty, 2014). An injection of a single small dose of LPS into the
mouse nose led to widespread activation of TLR2. This began in the OFB and spread
throughout the brain (Lalancette-Hbert et al., 2009). The researchers suggested that OFB
microglia are functionally unique and crucial for the immune responses in the brain, due to
their anatomically distinct position at the interface between the external environment and the
brain. Interestingly, the secretion of α-syn by neurons may not only induce toxicity once taken
up and inside the cytoplasm of neighbouring cells but also in the extracellular space. This could
lead to the activation of glial cells and induce chronic inflammation (Recasens et al., 2014). In
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many, but not all PD cases, there is an increase in the number of astrocytes and an increase in
the immunoreactivity for glial-fibrillary acid proteins (GFAP) suggesting that astrocytes have
become activated (Teismann et al., 2004). Interestingly, in the substantia nigra, the number of
α-syn positive astrocytes correlates with the severity of cell death (Wakabayashi et al., 2000).
Astrocytes are particularly responsive to several pro-inflammatory cytokines, such as IL-1β
and TNF-α. These are common cytokines that are believed to be released following central
nervous system injury (Jansson et al., 2014). Interestingly, astrocytic activation coincides with
the time frame of dopaminergic cell death in the substantia nigra in an MPTP mouse model
(Członkowska et al., 1996; Kohutnicka et al., 1998; Liberatore et al., 1999). After neuronal cell
death, GFAP expression remained upregulated. This may suggest that astrocytes could actively
play a role in the inflammatory responses in the human PD brain. Therefore, astrocytes and
microglia together may play an important role in the pathogenesis of the disease whereby
harmful immune responses by activated cells may exacerbate cell death seen in the disease.

2.8 Oxidative stress in Parkinson’s disease
Between 90-95% of PD cases are idiopathic with no known direct cause. However,
occupational use of herbicides and pesticides, exposure to organic solvents, plant derived
toxins and bacterial and viral infections are all thought to play a role in the pathogenesis of PD
(Hwang, 2013; Anthony H. Schapira et al., 2011). Aging is another major factor associated
with the progression and onset of PD where the failure of normal cellular processes is thought
to aid in the aggregation of α-syn and increase the vulnerability of dopaminergic cells (Hwang,
2013). In both idiopathic and familial forms of PD, oxidative stress is thought to be an
underlying disease mechanism. PD patients have increased amounts of oxidized lipids, proteins
and DNA and well as a decrease in glutathione (GSH) (Nakabeppu et al., 2007; Zeevalk et al.,
2008). The overproduction of reactive oxygen species (ROS) and a decrease in cellular
antioxidant activity leads to an imbalance of ROS control, which ultimately leads to oxidative
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stress. The main source of oxidative stress in cells arises from mitochondrial dysfunction (Guo
et al., 2013). Neurons and other cells in the brain microenvironment rely on aerobic respiration
and energy through the use of adenosine triphosphate (ATP). Both hydrogen peroxide and
superoxide radicals are byproducts commonly produced by mitochondria. However,
dysfunction in the mitochondria or the ability of cells to cope with ROS can lead to cell death
through the release of cytochrome C triggering apoptosis through the overproduction of
superoxide and hydrogen peroxide (Hwang, 2013). Familial forms of PD have provided more
evidence for mitochondrial dysfunction leading to oxidative stress. Mutations in genes that are
associated with mitochondria such as parkin, protein deglycase (DJ-1) and PTEN-induced
kinase 1 (PINK) result in increased free radical production. Cells derived from patients with
parkin gene mutations exhibited decreased complex I activity and in vivo mouse models which
are deficient in parkin have reduced respiratory chain function and increased oxidative damage
(Müftüoglu et al., 2004; Palacino et al., 2004).
Interestingly, α-syn interacts with mitochondrial membranes and inhibits complex I of
the mitochondria electron transport chain (Devi et al., 2008; Ganjam et al., 2019). α-syn
reduces mitochondrial complex I activity in dopaminergic neurons in vitro and elevates
dendritic mitochondrial oxidative stress in dopaminergic neurons (Dryanovski et al., 2013;
Martin, 2006). Additionally, exposure to the common pesticide rotenone or other cell stressors
that induce ROS production and mitochondrial dysfunction correlated with the presence of
mutant α-syn phosphorylation at the Serine-129 site (Perfeito et al., 2014). This suggests that
mitochondrial function is important for maintaining healthy neurons and disruption of the
mitochondria through environmental stressors or α-syn pathology is important for PD
progression and pathogenesis.
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Neuroinflammation may also play a role in oxidative stress in the PD brain where the
chronic inflammation may exacerbate cell death and ROS production. Microglia are the
resident immune cells of the brain, however, astrocytes and oligodendrocyte may also play a
role (Barcia et al., 2003; Perry, 2012). Activated microglia have been found in great numbers
in the substantia nigra as well as the OFB in both sporadic and familial PD patients (Barcia et
al., 2003; Doorn, Goudriaan, et al., 2014; Lawson et al., 1990). Microglia can release a
significant amount of ROS and move into an activated state in response to certain
environmental toxins such as rotenone, MPTP, proteasome inhibitors, heavy metals and
endogenous proteins such as α-syn (Block et al., 2007). Additionally, it has been demonstrated
that initiation of redox signaling through the activation of enzymes such as NADPH oxidase
(NOX2) in microglia leads to neurotoxic effects to neighbouring neurons and further
exacerbates a pro-inflammatory response in microglia (Surace et al., 2012). Therefore, a proinflammatory environment can lead to further cell death through the induction of ROS and
oxidative stress.

2.9 Degradation of α-synuclein
Protein misfolding, aggregation and deposition are common in many neurodegenerative
diseases (Ebrahimi-Fakhari et al., 2012). Post-mitotic cells rely on many protein quality control
and removal pathways to maintain a homeostatic intracellular environment. Accumulation of
a damaged or abnormally folded protein can lead to disruptions in cellular function and
eventually cell death (Ebrahimi-Fakhari et al., 2012). The two major proteolytic systems that
participate in normal protein turnover and the removal of altered proteins are the ubiquitinproteasome system (UPS) and the autophagy-lysosomal pathway (ALP). The UPS system is
involved in degradation of short-lived soluble proteins, while the ALP is involved in the
degradation of intracellular components, proteins and organelles in lysosomes. The relationship
between UPS impairment and sporadic PD has been mainly investigated by using toxin-based
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animal models. Both in vitro and in vivo studies demonstrate a significant decrease in
proteasome activity following the exposure to toxins such as rotenone or MPTP (Betarbet et
al., 2006; Caneda-Ferrón et al., 2008; Chou et al., 2010; X. F. Wang et al., 2006). Interestingly,
in vivo, toxin –induced proteasome inhibition was found to cause severe neuronal loss in the
substantia nigra and dopamine depletion in the striatum, however, when repeated in the absence
of α-syn, UPS impairment was significantly reduced. This may suggest that α-syn could
exacerbate the deleterious effects of MPTP on the UPS system (Ferrucci et al., 2005). This has
been further supported by direct studies showing that increased levels of α-syn can lead to
impaired proteasome function, which could lead to the subsequent pathological changes seen
as the protein continues to aggregate throughout the disease (Chen et al., 2005; Lindersson et
al., 2004; Snyder et al., 2003). This suggests that raised levels of α-syn can impair the UPS,
acting as a self-perpetuating cycle whereby dysregulation of the UPS could lead to further αsyn accumulation.
In PD the ALP pathway also appears to be disrupted. One of the first studies to discover
the involvement of the ALP in PD found that autophagic vacuoles had accumulated in the
substantia nigra of PD patients (Anglade et al., 1997). This accumulation suggests that there is
either an overproduction of α-syn indicating, UPS failure, or an impaired turnover of these
autophagic vacuoles, resulting from ALP dysfunction. A caveat to this is that, both of these
scenarios could be due to underlying neurodegenerative changes making it difficult to attribute
it to a single cause (Crews et al., 2010; Perier et al., 2010). Across many studies, an increase in
the autophagosome marker microtubule-associated protein 1A/1B-light chain 3 II (LC3-II), and
a decrease in the lysosome marker lysosomal-associated membrane protein 1 (LAMP-1) in PD
and patients with Lewy body disease has been noted (Crews et al., 2010; Dehay et al., 2010).
This may suggest that there are an increased presence of dysfunctional autophagosomes and
lysosomes in synucleinopathies. LC3 immunostaining co-localised with Lewy pathology
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suggests there may be an interaction between autophagy and α-syn pathology. Interestingly,
the involvement of other ALP components such as the chaperone mediated autophagy (CMA)
adapter molecule - Lamp-2a and the lysosomal protease cathepsin D, was significantly
decreased in different brain regions affected by α-syn pathology. Interestingly, cathepsin D
immunoreactivity was greatly reduced in the substantia nigra neurons of PD patients and this
was exacerbated in neurons which contained α-syn (Chu et al., 2009; Klucken et al., 2012).
This suggests that the co-localisation of Lamp-2a and cathepsin D with Lewy body pathology
could indicate that lysosomes play an important role in α-syn aggregation or removal.
One type of non-neuronal cell that may be involved in removing α-syn in the human
brain could be pericytes. Because of their unique location and phagocytic capabilities
mentioned earlier, pericytes may be involved in the degradation of α-syn in the PD brain.
Pericytes show significant numbers of lysosomes and have been shown to have UPS
capabilities. These cells also respond to cellular stressors and can increase their lysosome
numbers in response to tissue injury, with age and in neurodegenerative diseases (Thomas,
1999). Whether pericytes are able to remove α-syn is currently unknown, however, it provides
another cell type in the possible pathogenesis of the disease. Additionally, it provides the
possibility of enhancing degradation, which may become an important therapeutic strategy. If
pericytes are able to degrade α-syn before the protein is spread from one cell to the next then
the progression of the disease may be slowed and patient outcomes would improve.

2.10 Thesis outline
PD is a multifaceted disease involving many cell types, regions of interest and cellular
processes. This literature review has highlighted that PD cannot be thought of as a disease of
just neurons, but instead a disease of all cell types. Although there are many unknowns about
the involvement of non-neuronal cells in PD, this thesis aims to expand our understanding of
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their role in the disease process. In particular, it identifies which non-neuronal cells contain αsyn in the human OFB. The findings from this chapter provide the back-bone for the rest of the
thesis. Next, it is important to understand whether α-syn can induce inflammation in primary
human brain pericytes and microglia, whether primary human brain pericytes can phagocytose
and subsequently degrade α-syn and whether α-syn can induce cellular toxicity in primary
human brain pericytes. Understanding the involvement of non-neuronal cells in PD is an
important aspect of PD research and will provide new mechanisms of disease progression,
which can help identify new opportunities for therapeutic interventions.
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3 General Materials and Methods
3.1 Human brain tissue processing for in situ studies
The post-mortem human brain tissue used in this thesis was obtained from the Neurological
Foundation of New Zealand Human Brain Bank in the Centre for Brain Research at the
University of Auckland and the Human Anatomy Laboratory within the Department of
Anatomy and Medical Imaging at the University of Auckland. The human brain tissue was
donated with consent from the families of the donors and its use was approved by the University
of Auckland Human Participants Ethics Committee (Ref: 011654). The normal cases used in
this thesis had no clinical history of neurological disease and no apparent pathological
abnormalities upon post-mortem examination. Pathological examination by a neuropathologist
confirmed the clinical diagnosis of PD by observed presence of Lewy bodies, pigment loss and
cell loss in the substantia nigra. No other neuropathological changes or clinical history of other
neurodegenerative diseases were present.
3.1.1

Paraffin-embedded formalin-fixed tissue processing

The OFBs were obtained at autopsy and prepared as previously described (Zapiec et al., 2017).
Briefly, the OFBs were fixed with 15% formaldehyde in 0.1M phosphate buffer for 24 hours
at room temperature. The OFBs were dehydrated in a graded ethanol series and embedded in
paraffin wax using a Leica Tissue Processor (Leica Biosystems, Wetzlar, Germany).
Dehydration comprised of sequential steps from 70%, 80% 2 x 95% and 3 x 100% ethanol for
20 minutes each at room temperature. The tissue was cleared in xylene for 2 x 30 minutes and
inserted into molten paraffin wax during three cycles of 25 minutes each. Paraffin blocks with
embedded OFBs were sectioned at a thickness of 7 µm on a rotary microtome (Leica
Biosystems, RM2235). Sections were mounted individually on Superfrost Plus Slides (Menzel
– Gläser, Saarbrücken, Germany) and air-dried for at least 72 hours at room temperature.
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3.1.2

Paraffin-embedded immunohistochemistry

Slides were heated to 60°C for 1 hour on a heating plate to melt the paraffin wax. Slides were
cleared in xylene (2 x 30 mins) and rehydrated in an ethanol series: 2 x 100% (15 mins), 1 x
95% (10 mins), 1 x 80% (10 mins), 1 x 75% (10 mins) followed by 3 x 5 mins in distilled H2O.
Heat induced antigen retrieval was performed with a Tris – ethylenediaminetetraacetic (EDTA)
(pH 9.0) buffer in a pressure cooker (2100 Antigen Retriever, Aptum Biologics Ltd.,
Southampton, Untied Kingdom) for 20 minutes at 121°C and left to cool for 1.5 hours. Once
cooled, slides were washed for 3 x 5 mins in phosphate – buffered saline (PBS) and
permeabilized in PBS - T (0.1% Triton X-100 in PBS) for 15 minutes at 4°C. The sections were
then blocked for non-specific secondary antibody binding for 1 hour in 10% serum from the
species in which the secondary antibody was raised. Sections were subsequently incubated with
primary antibodies diluted in 1% serum and left overnight in a humidified chamber at 4 °C.
Subsequently, slides were washed 3 x 5 mins in PBS. Secondary antibodies were diluted in 1%
serum and incubated on the sections for 3 hours at room temperature. Following this, sections
were washed 3 x 5 mins in PBS. Sections were incubated for 5 mins in PBS containing a 1:20
000 dilution of Hoechst 33342 (Molecular probes # H1399, Oregon, United States) to
counterstain nuclei and subsequently washed 3 x 5 mins in PBS. Sections were coverslipped
with Prolong® Gold (Molecular Probes #P36930). Sections were sealed around the edges of
the coverslip using nail polish and stored at 4°C in the dark until imaged.

3.2 Human brain tissue for in vitro studies
The use of human tissue and collection procedures were approved by the Northern Regional
Ethics Committee (New Zealand) for biopsy tissue (AKL/88/025). Biopsy human brain tissue
was obtained with informed written consent from the patient and family members. Biopsy
tissue used in this study was derived from pediatric epilepsy surgery, adult drug-refractive
epilepsy and regions resected from patients with deep tumours. Post-mortem autopsy tissue
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used in this thesis was obtained from the Neurological Foundation of New Zealand Human
Brain Bank in the Centre for Brain Research at the University of Auckland. The human brain
tissue was donated with consent from the families of the donors and its use was approved by
the University of Auckland Human Participants Ethics Committee (Ref: 011654). The normal
cases used in this thesis had no clinical history of neurological disease and no apparent
pathological abnormalities upon post-mortem examination. Pathological examination by a
neuropathologist confirmed the clinical diagnosis of PD by observed presence of Lewy bodies
in the substantia nigra as well as pigment incontinence and cell loss in the substantia nigra. No
other neuropathological changes or clinical history of other neurodegenerative diseases were
present.
3.2.1

Isolation of primary human brain pericytes

Middle temporal gyrus (MTG) tissue from biopsy human brains were collected as previously
described (Jansson et al., 2014). Briefly, MTG tissue was mechanically dissected and
dissociated before enzymatic digestion in Hank’s balanced salt solution (HBSS), containing
2.5 U/mL papain (Worthington, New Jersey, United States) and 100 U/mL DNase 1
(Invitrogen, Massachusetts, United States) for 30 minutes at 37°C with gentle rotation. This
step included a gentle titration at 15 minutes. Following this, complete media, DMEM:F12
(Invitrogen) was used to stop the enzymatic digestion. To collect the cells, they were
centrifuged (170g, 10 min) and resuspended in complete media. Cells were plated onto
uncoated T75 culture flasks (Nunc, Roskilde, Denmark). For all the experiments presented
here, pericytes were passage 4-9 to ensure no contamination of astrocytes or microglia in our
pericyte pure cultures. Late passages (> 4) displayed immunocytochemical staining for pericyte
markers such as plate derived growth factor receptor β (PDGFRβ), alpha smooth muscle actin
(αSMA) and neural/glial antigen 2 (NG2). The cultures also displayed immunocytochemical
staining for fibroblast markers prolyl-4-hydroxylase (P4H) and fibronectin. Cells were
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subsequently incubated at 37°C with 5% carbon dioxide until seeded for experiments, grown
in DMEM:F12 (Invitrogen) containing 10% fetal bovine serum (Invitrogen) and 1%
Penicillin/Streptomycin (Invitrogen).
3.2.2

Isolation of primary human microglia

Microglial isolation was performed as described previously (Rustenhoven et al., 2018).
Following collection, biopsy tissue samples were thoroughly washed with Hibernate A solution
(Invitrogen). The tissue was mechanically dissected and dissociated before enzymatic digestion
in media containing DNase (10 U/mL, Invitrogen) and papain (2.5U/mL, Worthington) in
Hibernate A (Invitrogen) and incubated for 15 minutes at 37°C while undergoing continuous
rotation. Enzyme mixture containing tissue was triturated 10 times, before being re-incubated
at 37°C undergoing gentle rotation. Another 10 triturations were performed, and the media
containing tissue was passed through a 70µm cell strainer (Falcon, Corning, New York). 20
mL of no growth factor stem cell media comprised of Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM:F12; Invitrogen), supplemented with B27 (2%; Invitrogen),
1% penicillin-streptomycin (Invitrogen) and 1% GlutaMAX (GMAX; Invitrogen) and
centrifuged at 160 x g for 5 minutes. The cells were re-suspended in an appropriate amount of
growth factor stem cell media supplemented with 40 ng/mL of recombinant human EGF
(Peprotech, New Jersey, United States), 40 ng/ml FGF-2 (Peprotech) and 2 µg/mL heparin
(Sigma-Aldrich, Missouri, United States). Cells were then seeded in a T25 (25 cm2) or T75
(75 cm2) culture flask (Nunc) for cell culturing at 37°C with 5% CO2. The following day, the
cell culture flask was tapped and washed with 10mL of DMEM:F12 (Invitrogen) to remove
any non-microglial cells. This wash step was repeated 4-5 times until over 90% of cells present
were microglia. Cell adherence was observed under a microscope after each wash step.
Microglia were subsequently maintained in DMEM:F12 (Invitrogen) at 37 °C with 5% CO2
and maintained for 4 -7 days before plating.
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3.2.3

Cell plating
Cells were harvested for experiments by adding 3 mL 0.25% Trypsin-1mM EDTA

(Invitrogen) and incubated for 2-5 minutes at 37°C to allow for cell detachment. Cells were
then collected in warm DMEM:F12 media. 10 µL of 1:1 Trypan Blue (Invitrogen) and cell
suspension was prepared and added to a hemocytometer to allow for cell counting. Cells were
re-suspended in the correct volume of DMEM:F12 to achieve a cell density of 5000 cells/well
in a 96-well plate (Nunc) or 30,000 cells/well in 24-well plate (Nunc). All plates were incubated
for 3 days at 37°C with 5% CO2 to allow for cell adherence before treatments were added.
3.2.4

Immunocytochemistry

Cells were fixed using 4% paraformaldehyde (PFA) for 15 minutes at room temperature and
washed in PBS-T. Cells were incubated with primary antibodies overnight at 4°C, diluted in
PBS containing 1% serum from the species in which the secondary antibody was raised. Cells
were washed in PBS-T and incubated with appropriate anti-species fluorescently conjugated
secondary antibodies for three hours at room temperature. The cells were washed again with
PBS-T and incubated with Hoechst 33342 (1:500, Molecular probes # H1399) for 15 minutes
at room temperature to counterstain cell nuclei. Images were acquired using the automated
fluorescence microscope ImageXpress® Micro XLS (Version 5.3.0.1, Molecular Devices,
California, United States) using the 20 x (0.45 NA) CFI Super Plan Fluor ELWD ADM
objective lens and Lumencor Spectra X configurable light engine source. Quantitative analysis
of several measures including percentage positive cytoplasmic staining, cytoplasmic intensity
measures and nuclear transcription factor location were performed using the cell scoring and
integrated morphometry analysis modules on MetaXpress® software (Version 5.3.0.1,
Molecular Devices). Roughly 500-1000 cells were scored per well with multiple wells (at least
three) analysed per sample.
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3.2.5

Cytometric bead array analysis

Conditioned media samples from either pericytes or microglia following treatment were spun
at 200 x g for 5 min and the supernatant was collected and stored at -20°C. The concentration
of cytokines was measured using a cytometric bead array (CBA) (BD Biosciences, California,
United States) as per the manufacturer’s instructions. CBA samples were run on an Acuri C6
flow cytometer (BD Biosciences). Data were analysed using FCAP-array software (version
3.1; BD Biosciences) to convert fluorescent intensity values to concentrations using an 11point standard curve (0 – 10000 pg/mL).
Table 3-1: CBA kits used in this thesis

Antibody

Cat no.

Bead
position

sCD54/ICAM-1 (intracellular adhesion molecule-1)

560269

A4

sCD106/VCAM-1

560427

D6

Fractalkine (CX3CL1)

560265

C6

C-CSF (granulocyte-colony stimulating factor)

558326

C8

GM-CSF (granulocyte macrophage-colony stimulating factor)

558335

C9

IL-6 (interleukin-6)

558276

A7

IL-8 (interleukin-8)

558277

A9

IP-10 (interferon gamma-induced protein 10)

558280

B5

MCP-1 (monocyte chemoattractant protein-1)

558287

D8

RANTES (regulated on activation, normal T cell expressed and
secreted)

558324

D4

3.2.6

Secretome profiler analysis

Conditioned media samples from either pericytes or microglia following treatment were spun
200 x g for 5 min and the supernatant was collected and stored at -20°C. The conditioned media
was assayed using the Proteome Profiler™ Human XL Cytokine Array Kit as per
manufacturer’s instructions (R&D Systems, Minnesota, United States). Briefly, membranes
spotted with antibodies were incubated with conditioned media overnight at 4°C. The
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following day, a detection antibody cocktail was added for 1h at room temperature, before
visualization using chemiluminescence. Images were acquired using the Li-COR Odyssey
FC® imaging system, and spot intensity was quantified using ImageJ and normalized to
reference spots.

3.3 Statistical analysis
Unless stated otherwise, all experiments were performed in at least three independent
biological replicates. Appropriate statistical tests were performed on data. If significance was
found with the initial test, an appropriate post-hoc analysis was performed to dissect pairwise
differences. No data cleaning procedures were carried out. Statistical significance was set at p
< 0.05 throughout the thesis.
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4 Non-neuronal cells and α-synuclein
Parkinson’s disease olfactory bulb

in

the

This chapter is adapted from: α-synuclein inclusions are abundant in non-neuronal
cells in the anterior olfactory nucleus of the Parkinson’s disease olfactory bulb. Taylor J.
Stevenson, Helen C. Murray, Clinton Turner, Richard L. M. Faull, Birger V. Dieriks and
Maurice A. Curtis. Scientific Reports 10, Article number: 6682 (2020)

4.1 Introduction
One of the most common non-motor symptoms that is present in more than 90% of
those suffering with PD is the loss of olfaction (hyposmia or anosmia depending on severity)
(Doty, 2014). Prior to the changes seen in the substantia nigra, α-syn pathology is present
throughout the OFB and tract and is especially abundant in each compartment of the AON
(Braak et al., 2003; Gardner et al., 2017; Pearce et al., 1995). The AON is the neural conduit
between the OFB and the piriform cortex, entorhinal cortex, amygdala and hippocampal
formations (Attems et al., 2014; Mason et al., 2016). The olfactory system consists of olfactory
mucosa in the roof of the nose that houses the olfactory sensory neurons whose axons traverse
the cribriform plate and enter the olfactory nerve layer of the OFB. Evidence from studies of
the rodent OFB structure suggests that glomeruli are formed from olfactory sensory neuron
fibres and then project to mitral cells and mitral cells synapse in the AON. Thus, the olfactory
sensory neurons, which are exposed to the mucus and external environment, are just one
synapse between the external environment and the AON (Doty, 2008; Zapiec et al., 2017). In
a theory called the olfactory vector hypothesis, it is proposed that the close connectional
proximity of the external environment to the central brain structures allows inhaled
environmental toxins and pathogens to enter the brain via the AON (Doty, 2008, 2014; Zapiec
et al., 2017).
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The spread of α-syn from the OFB to deeper brain regions is evidenced by a previous
study showing that injection of α-syn inclusions in the OFB of mice results in α-syn-positive
inclusions developing in many interconnected brain regions over 12 months (Rey et al., 2013,
2016). Local OFB interneurons in the mouse and human AON are also particularly good at
internalising α-syn (Rey et al., 2013; Ubeda-Bañon et al., 2010, 2017). Indeed many in vitro
and in vivo models have suggested that neuronal cells are the main facilitator for the spread of
α-syn pathology following the major neuronal pathways in the brain (Desplats et al., 2009;
Hansen et al., 2011; Li et al., 2008). These studies point toward the AON and OFB as being
crucial structures for the spread of α-syn pathology. But what of other cell types that may
spread, but may not aggregate α-syn?
The involvement of non-neuronal cells in the spread of α-syn pathology in the PD brain
has been overlooked. Microglia and astrocytes are predominantly associated with
inflammatory processes in the PD brain (Fellner et al., 2013; Glass et al., 2010; Miklossy et al.,
2006; Saijo et al., 2009; Q. Wang et al., 2015; Yamada et al., 1992). However, recent in vitro
studies demonstrate that microglia and astrocytes efficiently take up and degrade α-syn from
extracellular locations (Lee et al., 2008; Loria et al., 2017). In the human PD brain, the number
of astrocytes and oligodendrocytes containing α-syn inclusions appear to correlate with the
severity of nigral neuronal loss (Braak et al., 2007; Wakabayashi et al., 2000). Most recently,
in vitro evidence suggests that pericytes, a blood-vessel associated cell involved in the
maintenance of the blood brain barrier, together with astrocytes may be involved in the spread
of α-syn from one cell to the next (Abounit et al., 2016; Dieriks et al., 2017; Rostami et al.,
2017).
Non-neuronal cells also form a large portion of the neurovascular unit and are important
in maintaining the integrity of the BBB (Lo et al., 2009). Normal functioning of the BBB allows
for adequate blood flow and ensures the proper function of neuronal circuits and metabolic
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needs (Zlokovic, 2008, 2011). Interestingly, investigation into BBB function in the OFB has
been largely overlooked. Disruption of the BBB and other vessel alterations have been accepted
as a common cause of neurodegeneration in various neurodegenerative diseases (Sweeney et
al., 2018). Although the literature on BBB dysfunction in PD is limited, post-mortem and CSF
samples have indicated changes in small blood vessels such as abnormal vasculature
remodeling, abnormal angiogenesis and BBB leakage (Bradaric et al., 2012; Brown et al.,
2011; Chao et al., 2009; Faucheux et al., 1999; Gray et al., 2015; Guan et al., 2013; Janelidze
et al., 2015; Kisler et al., 2017; Pisani et al., 2012; Zlokovic, 2011). The vascular model of
neurodegeneration suggests that there may be two main factors involved – hypoperfusion and
BBB disruption. Together, these can develop into a vicious cycle leading to more degeneration
and neuronal loss.
Taken together, current literature suggests that non-neuronal cells could play an active
role in the progression of PD, but evidence for or against these cells containing α-syn in the
human PD OFB is lacking. In the PD AON, α-syn is found within neurons, microglia, pericytes
and astrocytes but not oligodendrocytes. Secondly, α-syn structures in non-neuronal cells look
similar to some of the α-syn inclusions seen in neuronal cells, suggesting that non-neuronal
cells may play a more active role in the pathogenesis of PD than previously thought. Lastly,
leakage is present in the PD OFB, however, significant differences between normal and PD
OFBs were not seen.
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4.2 Methods
4.2.1

Human Brain Tissue
Post-mortem human OFBs were obtained from the Neurological Foundation Human

Brain Bank and the Human Anatomy Laboratory within the Department of Anatomy and
Medical Imaging, University of Auckland, New Zealand. Informed consent of the family was
obtained prior to autopsy and the University of Auckland Human Participants Ethics
Committee approved the protocols (Ref: 011654). All experiments were performed in
accordance with relevant guidelines and regulations. The normal cases (n = 11) had no clinical
history of neurological disease and no apparent pathological abnormalities upon post-mortem
examination. The PD cases (n = 11) had a disease duration ranging from 9 – 23 years with an
average of 16 years (Table 4-1). Although the post-mortem delay of the normal cases was on
average higher than the PD cases, it did not appear to impact our ability to detect
phosphorylated α-syn or any of the other markers used in this study (Table 4-1). Pathological
examination by a neuropathologist confirmed the clinical diagnosis of PD by observed
presence of Lewy bodies in the substantia nigra as well as pigment incontinence and cell loss
in the substantia nigra.
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Table 4-1: OFB cases used for the quantification of α-syn in non-neuronal cells

Normal cases
Case number

Age

Sex

Post-mortem
delay
(hours)

Cause of death

OFB51

85

M

20

Carbon
monoxide
poisoning

OFB55

56

M

35

Myocardial
infarction

OFB57

63

F

36

Effects of
diabetes

OFB58

60

M

36

Asphyxia

OFB59

67

M

20

Complication of
surgery

H190

72

F

19

Myocardial
infarction

H240

73

M

26.5

Ruptured
aneurysm

H243

77

F

13

Ischaemic heart
disease

H245

63

M

20

Asphyxia

H246

89

M

17

Myocardial
infarction

H250

93

F

19

Pneumonia

Average

73 (Range:
56 – 93)

7:4
(M:F)

24 (Range:
13 – 36)

Cause of death

Duration of
PD (years)

Parkinson’s
disease cases
Case number

Age

Sex

Post-mortem
delay
(hours)

PD52

84

M

5

Myocardial
infarction

12

PD53

79

F

25

Renal failure

9

PD54

78

M

6

Aspiration
pneumonia

19

PD56

74

M

10.5

End stage Lewy
body disease

12
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PD58

82

F

18

-

15

PD63

91

F

5

Parkinson’s
disease

22

PD65

67

M

2.25

Parkinson’s
disease

9

PD66

73

M

17.5

Aspiration
pneumonia

22

PD67

65

M

17

Pneumonia

12

PD77

76

F

6.5

Abdominal
carcinoma

23

PD79

77

M

6.5

End stage Lewy
body disease

22

Average

77 (Range:
65 – 84)

7:4
(M:F)

11 (Range: 5
– 25)

16 (Range: 9
– 23)

Three OFB sections 500 µm apart were selected per case for this study. The first section
chosen was a mid-sagittal section of the OFB. The other two sections were then chosen 500
µm either side of the first mid-sagittal section.
4.2.2

Immunohistochemistry
Slides were heated to 60°C for 1 hour to melt paraffin wax. Slides were cleared in

xylene (2 x 30 mins) and rehydrated in an ethanol series: 2 x 100% (15 mins), 1 x 95% (10
mins), 1 x 80% (10 mins), 1 x 75% (10 mins) followed by 3 x 5 mins in distilled H2O. Heat
induced antigen retrieval was performed with a Tris – EDTA (pH 9.0) buffer in a pressure
cooker (2100 Antigen Retriever, Aptum Biologics Ltd.) for 20 minutes at 121°C and left to
cool for 1.5 hours. Once cooled, slides were washed for 3 x 5 mins in phosphate – buffered
saline (PBS) and permeabilized in PBS - T (0.1% Triton X-100 in PBS) for 15 minutes at 4°C.
The sections were then blocked for non-specific secondary antibody binding for 1 hour in 10%
normal goat serum (Invitrogen #16210 – 072). Primary antibodies (Table 4-2) were diluted in
1% normal goat serum and incubated on the sections overnight in a humidified chamber.
Subsequently slides were washed 3 x 5 mins in PBS. Secondary antibodies (Table 4-2) were
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diluted in 1% normal goat serum and incubated on the sections for 3 hours at room temperature.
Following this, sections were washed 3 x 5 mins in PBS. Sections were incubated for 5 mins
in PBS containing a 1:20 000 dilution of Hoechst 33342 (Molecular probes # H1399) to
counterstain nuclei and subsequently washed 3 x 5 mins in PBS. Sections were coverslipped
with Prolong® Gold (Molecular Probes #P36930). Sections were sealed around the edges of
the coverslip using nail polish and stored at 4°C in the dark until imaged.
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Table 4-2: Primary and secondary antibodies used to quantify α-syn in cells of the OFB

Primary
Antibodies
Antibody

Species

Dilution

Catalogue #

Manufacturer

Antibody target

α-synuclein
(phospho s129)

Mouse

1:3,000

ab184674

Abcam

α-synuclein
(phospho s129)

Rabbit

1:4,000

ab190628

Abcam

PDGFR-β
[Y92]

Rabbit

1:200

ab32570

Abcam

GFAP

Chicken

1:4,000

ab4674

Abcam

Astrocytes

Iba-1

Chicken

1:250

ab139590

Abcam

Microglia

NeuN

Chicken

1:500

MABN91

EMD
Millipore

Neurons

PGP9.5

Mouse

1:1,000

ab8189

Abcam

Neurons

UEA-1

-

1:500

DL-1067

Vector
Laboratories

Endothelial cells

CNPase

Mouse

1:500

sc166558

Antibody

Dilution

Catalogue #

Manufacturer

Goat anti – mouse (488)

1:400

A11029

Abcam

Goat anti – rabbit (594)

1:400

A11037

Abcam

Goat anti – chicken (647)

1:400

A21449

Abcam

Strepavidin – (647)

1:500

S21374

Thermofisher
Scientific

α-syn protein
α-syn protein
Pericytes

Santa Cruz
Oligodendrocytes
Biotechnology

Secondary
Antibodies

Abcam (Cambridge, United Kingdom), EMD Millipore (Massachusetts, United States), Vector
Laboratories (California, United States), Santa Cruz Biotechnology (Texas, United States), Thermofisher
Scientific (Massachusetts, United States)

4.2.3

Imaging and Quantification
Sections were imaged using an automated fluorescence microscope; Zeiss Z2

Axioimager equipped with MetaSystems VSlide slide scanner (MetaSystems, Massachusetts,
United States) running MetaFer (V 3.12.1) coupled with MetaXpress using a 20x magnification
objective lens (0.9 NA). Images were stitched using MetaCyte software. Following image
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capture, the total section scan was viewed using VSViewer (V 1.1.106) (MetaSystems)
software. The AON regions were delineated using several antibodies (Figure 3-2). Once the
AON regions were identified, this process was applied to sequential sections. Cells with
presumed intracellular α-syn were manually counted and marked for their location in the OFB
using VSViewer (V 1.1.106) software. All cells with presumed intracellular α-syn were
reimaged with a confocal microscope to confirm whether the α-syn was intracellular (Figure
4-1). Confocal images were acquired using a FV1000 confocal microscope (Olympus, Japan)
with a 40x magnification oil immersion lens (1.00 NA), 60 x magnification oil immersion lens
(1.35 NA) or 100 x magnification oil immersion lens (1.40 NA) in a Z-series using a step size
of 0.5 µm. Orthogonal projections with maximum intensity Z-projections were generated using
ImageJ software.
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Figure 4-1: Methodology for identifying cells with intracellular α-syn
(A, B) Cells with presumed intracellular α-syn were first identified using a slide scanning microscope. Once
identified, the same cells were reimaged with confocal microscopy to confirm whether α-syn is (A’)
extracellular or (B’) intracellular. Yellow arrow indicates α-syn inclusions that are intracellular. White
arrow indicates α-syn inclusions that are extracellular. Scale bar, 10 µm.

4.2.4

Manual cell counts in the AON and calculation of the area fraction of α-synuclein
(cell types)
To count the total number of each cell type in the AON of the OFBs a manual counting

method was used. Briefly, the AON regions were extracted using the VSViewer software and
opened in ImageJ. Background intensity was measured using a 100 µm2 box over three areas
and averaged. The multi-point tool was used to pinpoint the brightest part of cellular labelling.
The value of the integrated intensity of the point was recorded, background intensity was
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subtracted and if the value of the integrated intensity of the cell was above the background
intensity for that that marker, it would be counted as a cell.
The total area fraction of α-syn in the OFB was determined by thresholding the α-syn
labelling in the AON or across the entire OFB and tract. The thresholded area was subsequently
normalised to total tissue area of the OFB or AON regions to obtain the percentage of α-syn
coverage in a given area.
4.2.5

Blood vessel imaging and analysis
Sections were imaged using an automated fluorescence microscope; Zeiss Z2

Axioimager equipped with MetaSystems VSlide slide scanner (MetaSystems) running MetaFer
(V 3.12.1) coupled with MetaXpress using a 20x magnification objective lens (0.9 NA). A
112HE PENTA filter fluorescent filter set was used to allow for the acquisition of five different
wavelengths at once. Images were stitched using MetaCyte software. Following image capture,
the total section scan was viewed using VSViewer (V 1.1.106) (MetaSystems) software.
To quantify the blood vessels in the normal and PD OFB, three OFB sections 500 µm
apart were selected per case. The first section chosen was a mid-sagittal section of the OFB.
The OFBs were stained as previously described (Chapter 4.2.2; Table 4-3). Firstly, the OFB
sections were extracted and exported from the VSlide software - VSViewer software as
uncompressed 8-bit TIFFs for analysis using FIJI (version #1.51) (Figure 4-2 A). The region
of interests (AON and cellular layers) were selected using the ROI manager and processed
through a macro generated in FIJI. For PDGFRβ, UEA-1, haemoglobin and α-syn analysis a
median filter was applied to reduce noise and a gaussian filter allowed for the recognition and
subtraction of background. Next, auto-thresholds were applied to identify blood vessel area
and coverage and a mask was applied. Once the mask was applied on each type of staining, the
“Analyse particles” analysis was run (Figure 4-2 B – G). Positive leakage was determined as
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being any haemoglobin staining outside of the blood vessels. Output from this analysis
included vessel area, α-syn area, leakage area and lastly the total area and total cell density.
Table 4-3: OFB cases used for the quantification of blood vessels

Normal cases
Case number

Age

Sex

Postmortem
delay
(hours)

OFB51

85

M

20

Carbon
monoxide
poisoning

OFB55

56

M

35

Myocardial
infarction

OFB57

63

F

36

Effects of
diabetes

H190

72

F

19

Myocardial
infarction

H242

61

M

19.5

Coronary
athersclerosis

H243

77

F

13

Ischaemic heart
disease

H246

89

M

17

Myocardial
infarction

Average

71.8
(Range: 56
– 89)

4:3
(M:F)

22.7 (Range:
13 – 36)

Cause of death

Duration of
PD (years)

Cause of death

Parkinson’s
disease cases
Case number

Age

Sex

Postmortem
delay
(hours)

PD52

84

M

5

Myocardial
infarction

12

PD53

79

F

25

Renal failure

9

PD54

78

M

6

Aspiration
pneumonia

19
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PD56

74

M

10.5

End stage Lewy
body disease

12

PD58

82

F

18

-

15

PD63

91

F

5

Parkinson’s
disease

22

PD66

73

M

17.5

Aspiration
pneumonia

22

PD67

65

M

17

Pneumonia

12

PD77

76

F

6.5

Abdominal
carcinoma

23

PD79

77

M

6.5

End stage Lewy
body disease

22

Average

77.9
(Range: 65
– 84)

6:4
(M:F)

11.7 (Range:
5 – 25)

16.8 (Range:
9 – 23)

Figure 4-2: Blood vessel analysis pipeline for the quantification of blood vessels in the OFB
(A) Images were extracted from VSViewer software as uncompressed 8-bit TIFFs. (B) Final image of a
blood vessel after analysis using FIJI and the various masks used to quantify the staining. (C) Hoechst
mask, (D) α-syn mask, (E) PDGFRβ mask, (F) UEA-1 mask and (G) Haemoglobin leakage mask used to
quantify blood vessels in leakage in the FIJI analysis in the OFB. Scale bar, 200 nm

49

Chapter 4
Table 4-4: Primary and secondary antibodies used for the quantification of blood vessels in the OFB

Primary antibodies
Antibody

Species

Dilution

Catalogue #

Manufacturer

α-synuclein

Mouse

1:3000

ab1903

Abcam

PDGFRβ

Rabbit

1:200

ab32570

Abcam

UEA-1

-

1:500

DL-1067

Vector Laboratories

Haemoglobin

Goat

1:500

G-134-C

R&D Systems

Secondary antibody
Antibody

Dilution Catalogue #

Manufacturer

Donkey anti-mouse (488)

1:500

A-21202

Thermofisher Scientific

Donkey anti-goat (594)

1:500

A-11058

Thermofisher Scientific

Donkey anti-rabbit (755)

1:500

SA5-10043

Thermofisher Scientific

Strepavidin – (647)

1:500

S21374

Thermofisher Scientific

4.2.6

Statistical analysis
In general, data are presented as mean ± standard deviation (SD) from the average of

three different sections per case. Data visualization and statistical hypothesis testing was
performed using GraphPad Prism® Version 8.02. Linear regression was used to analyse
correlations. One-way analysis of variance (ANOVA) was used when comparing across cell
types with Tukey’s multiple comparison adjustment and unpaired t-tests were used when
comparing the area fraction of α-syn inside versus outside of the AON. Statistical significance
was set as p < 0.05
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4.3 Results
4.3.1

Distribution of phosphorylated α-synuclein in the human Parkinson’s disease
olfactory bulb
Phosphorylated α-syn inclusions were present throughout the OFB and tract of the 11

PD cases used in this study (Figure 4-3 A – C). Of the 11 normal cases, only OFB55 contained
phosphorylated α-syn in the glomerular layer of the OFB in small amounts. In the PD OFBs,
phosphorylated α-syn-positive Lewy neurites and Lewy bodies were seen in the glomerular
layer, external plexiform, mitral cell layer, internal plexiform layer, granule cell layers and in
the multiple AON compartments. To confidently identify the AON regions across different
sections and cases, it was found that the co-labelling of Hoechst, NeuN, PGP9.5 and CNPase
was sufficient. The AON has a reduced number of Hoechst positive cells, clusters of large
NeuN positive neurons and increased PGP9.5 immunoreactivity. Regarding myelination, there
is a lack of CNPase immunoreactivity in the AON but positive immunoreactivity labelling the
myelinated fiber tracts in the acellular neuropil zone creating a definitive border around the
AON. Lastly, in PD OFBs, increased abundance of phosphorylated α-syn staining can be used
(Figure 4-3 A, C).
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Figure 4-3: Immunofluorescence images of a human PD OFB
(A) Immunofluorescence image of a sagittal section from a human PD OFB stained with antibodies for
PGP9.5, CNPase, NeuN, UEA-1, and a Hoechst counterstain to identify the AON regions. Phosphorylated
α-syn (s129) antibody was used for the distribution of α-syn. (B) Illustration of the PD OFB and tract
displaying the distribution of α-syn, highlighting that most of the α-syn inclusions are in the multiple AON
regions. (C) Inset of AON 1 showing representative immunofluorescence images¬ used to identify the AON
region. The AON is characterized by a decreased density of cells represented with Hoechst staining,
increased PGP9.5 immunoreactivity, a lack of CNPase immunoreactivity and increased density of large
NeuN-positive cells. In PD OFBs, the increased abundance of α-syn can be used to identify the AON. Scale
bar, 1 mm (A) and 500 µm (C). Graphs showing (D) area fraction of α-syn (%) inside versus outside of the
AON of human PD OFBs (n = 11) and (E) area fraction of α-syn (%) inside versus outside of the AON by
case. Data presented as mean ± SD. # p < 0.0001, * p < 0.05
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The area fraction of α-syn was significantly more abundant in the AON regions
covering 9.35% ± 9.88% of the surface area compared with the area fraction of α-syn outside
of the AON only covering 0.87% ± 0.81% of the surface area in the 11 PD cases (p < 0.0001;
Figure 4-3 D). All 11 PD OFB cases had phosphorylated α-syn labelling in the AON, however,
the amount of α-syn present varied greatly between cases (0.36 – 2.52% outside AON, 1.98 –
22.55% inside AON; Figure 4-3 E). As the majority of α-syn was found within the AON
regions in the PD OFBs, quantification of the cells that contained intracellular α-syn were
confined to this region. None of the normal OFBs had phosphorylated α-syn in the AON,
therefore, the number of cells containing α-syn inclusions were zero.
4.3.2

Quantification of the different cell types containing phosphorylated α-synuclein
inclusions in the human Parkinson’s disease olfactory bulb
α-syn inclusions were present in microglia, pericytes and astrocytes but not in

oligodendrocytes in the AON of the human PD OFB (Figure 4-4 A – D). Non-neuronal cells
only contained small α-syn inclusions. However, neurons contained either small α-syn
inclusions that resemble those seen in the non-neuronal cells (Figure 4-4 E) or the classical
large Lewy body-like inclusions (Figure 4-4 F).

53

Chapter 4

Figure 4-4: Representative confocal immunofluorescence images with orthogonal views of different cell
types containing α-syn in the AON of human PD OFBs
Small intracellular α-syn inclusions were found in (A) microglia, (B) pericytes and (C) astrocytes. No
intracellular α-syn was found in (D) oligodendrocytes. Neurons either contained (E) small α-syn inclusions
or (F) large Lewy body like inclusions. Yellow arrows indicate α-syn inclusions that are intracellular. White
arrows indicate α-syn inclusions that are extracellular. Scale bar, 10 µm.
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In this study, a two-step process to quantify cells containing α-syn was used. First,
widefield tiled fluorescent images were used to identify cells that potentially contained
intracellular α-syn. Cumulatively in the 11 PD cases, 783 microglia, 458 pericytes, 529
astrocytes and 80 oligodendrocytes were counted. In six PD cases, 495 neurons were identified
that potentially contained α-syn. The presence of intracellular α-syn was difficult to quantify
using simple co-localisation techniques. α-syn inclusions can appear in close proximity to cells
of interest and co-localise with the specific cellular markers, however, it can be unclear whether
the α-syn inclusions were intracellular, above or below the cell of interest (Figure 4-1 A, B).
To overcome this issue, a second quantification step was carried out by imaging each cell that
potentially contained intracellular α-syn using confocal microscopy (Figure 4-1 A, A’).
Therefore, each cell that was identified to potentially contain α-syn was reimaged to confirm
that the α-syn was intracellular (Figure 4-1 B, B’). Following this, it was confirmed that 261
microglia, 89 pericytes, 119 astrocytes, zero oligodendrocytes and 182 neurons contained
intracellular α-syn. Without the use of confocal microscopy, it would have overestimated the
number of cells that contained intracellular α-syn by 3.5 times.
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Figure 4-5: Graphs showing the number of cells/mm2 and the percentage of cells containing α-syn
(A) Percentage of cells with intracellular α-syn in the AON of PD OFBs (n = 11), where, 7.78% ± 5.22% of
microglia, 3.41% ± 2.74% of pericytes, 1.97% ± 1.17% of astrocytes and 0% of oligodendrocytes contained
intracellular α-syn. Whereas, 2.25% ± 2.41% of neurons contained small α-syn inclusions, 6.38% ± 6.83%
of neurons contained Lewy bodies, giving a total of 8.68% ± 9.34% α-syn containing neurons overall. (B)
Number of cells with intracellular α-syn in the AON/mm2 (n = 11), where microglia (14.02 ± 10.23
cells/mm2), astrocytes (5.09 ± 3.55 cells/mm2), pericytes (4.93 ± 3.60 cells/mm2), oligodendrocytes (0 cells
/mm2). Neurons either contained small α-syn inclusions (8.84 ± 8.56 cells/mm2) or Lewy bodies (24.10 ±
25.25 cells/mm2) comprising a total number of neurons (32.49 ± 33.69 cells/mm2) containing intracellular
α-syn. Data presented as mean ± SD.

The total number of cells in each cell population was also counted in the AON regions
of the OFB and tract to quantify the percentage of cells affected by α-syn. Cumulatively in the
11 PD cases, a total of 5288 microglia, 6925 astrocytes, 4419 pericytes,1621 oligodendrocytes
and 2387 neurons were counted. Of the non-neuronal cell types, on average, 7.78% ± 5.22%
of microglia, 3.41 ± 2.74% of pericytes and 1.97 ± 1.17% of astrocytes contained intracellular
α-syn (Figure 4-5 A). A total of 12.56 ± 7.98% of non-neuronal cells were affected by α-syn.
On average, there were 2.25 ± 2.41% of neurons that contained small α-syn inclusions, 6.38 ±
6.83% of neurons that contained Lewy body-like inclusions and 8.68 ± 9.34% of the total
neuronal population contained intracellular α-syn inclusions (Figure 4-5 A). There was a
moderate positive correlation between the percentage of total cells containing intracellular αsyn in the AON and the area fraction of α-syn in the AON (r2 = 0.55; p = 0.08).
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Additionally, the number of cells containing intracellular α-syn were normalised to the
surface area of the AON. Of the non-neuronal cell types, on average, there were 14.02 ± 10.23
microglia/mm2, 4.93 ± 3.60 pericytes/mm2, and 5.09 ± 3.55 astrocytes/mm2 that contained
intracellular α-syn inclusions (Figure 4-5 B). A total of 22.43 ± 14.44 non-neuronal cells/mm2
contained intracellular α-syn. On average, there were 8.84 ± 8.56 neurons with small αsyn/mm2, 24.10 ± 25.25 neurons with Lewy bodies/mm2 and a total of 32.49 ± 33.69
neurons/mm2 containing intracellular α-syn inclusions (Figure 4-5 B). There was a moderate
positive correlation between the total number of cells/mm2 in the AON and the area fraction of
α-syn in the AON (r2 = 0.64; p = 0.05).
Post-mortem human tissue often produces substantial variability that may be caused by
a non-homogenous sample, where, interindividual variability, disease duration, age of death
and post-mortem delay may all be contributing factors. This variability was investigated by
looking for correlations between the total number of cells/mm2 containing α-syn compared to
disease duration (R2 = 0.09, p = 0.54), age at death (R2 = 0.35, p = 0.21) and post-mortem delay
(R2 = 0.006217, p = 0.88), however, no significant correlations were found.
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Figure 4-6: Summary figure of the major findings of chapter 4
Summary figure of major findings displaying that non-neuronal cells (pericytes, astrocytes and microglia)
and neuronal cells contain α-syn in the AON of the human PD OFB
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4.3.3

Quantification of blood vessels in the normal and Parkinson’s disease olfactory
bulbs
As with the previous section, the majority of α-syn is found within the AON (Figure

4-7 A, C). However, a substantial amount of α-syn is still present in the other layers of the
OFB. Therefore, the OFBs were divided into three different layers for further analysis – the
glomerular layer, cellular layers which encompassed all layers between the AON and
glomerular layer and finally the AON (Figure 4-7 B). The AON regions were determined as
described previously (Chapter 4.3.1) (Stevenson et al., 2020). The glomerular layer was
delineated by the UEA-1 staining for the glomeruli. However, this resulted in the glomerular
layer being excluded from the analysis due to overlapping labelling of endothelial cells,
therefore confounding the blood vessel analysis. Additionally, two normal cases were removed
from the analysis due to the nature of their death – asphyxia, which likely resulted in leakage,
confounding the analysis.
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Figure 4-7: Immunofluorescence images and delineation of the different areas of the OFB
(A) Immunofluorescence images of a mid-sagittal section of a PD OFB stained for Hoechst, UEA-1 for
endothelial cells and glomeruli and α-syn. (B) The OFBs were delineated into three main regions –
glomerular layer, cellular layers and AON for further analysis. Scale bar, 200 μM (C) Area fraction of αsyn (%) inside vs outside of the AON. (D) Area fraction of α-syn (%) inside versus outside of the AON by
case. Data presented as mean ± SD. * p < 0.05, **** p < 0.0001
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Following the discovery that a number of cells associated with the neurovascular unit
contained α-syn in the human PD OFB, the integrity of blood vessels was investigated. To
evaluate the integrity of blood vessels in the OFB the area fraction of PDGFRβ coverage and
UEA-1 coverage was investigated using an automated analysis as described in (Chapter 4.2.5).
Interestingly, no significant differences were seen between the PDGFRβ area fraction in the
AON and cellular layers between the normal and PD groups (Figure 4-8 A). Similarly, no
significant differences were seen between the UEA-1 area fraction in the AON and cellular
layers between the normal and PD groups (Figure 4-8 B). The ratio of PDGFRβ/UEA-1 area
fraction also revealed no significant differences (Figure 4-8 C). This may suggest that blood
vessels in the PD OFBs are generally spared.
Next, the amount of haemoglobin leakage was evaluated. Haemoglobin is a protein
found in the red blood cells that carries oxygen to different parts of the body. However,
haemoglobin can be a useful marker for leakage in human tissue (Gray & Woulfe, 2015;
Winkler et al., 2018). Haemoglobin leakage was found in 9/10 PD olfactory bulbs whereas
only 2/7 normal OFBs were found to have haemoglobin leakage. Representative images
illustrate both intact and leaky blood vessels in both the normal and PD OFBs (Figure 4-9).
The severity of leakage varied significantly between the different cases in the PD group. Due
to the large amount of variability, no significant differences were seen between the normal and
PD OFBs in either the AON or cellular layers (Figure 4-8 D). Additionally, there were no
significant correlations between the leakage area fraction in the AON and α-syn area fraction
(Figure 4-8 E) and the leakage area fraction in the cellular layers and α-syn area fraction (Figure
4-8 F).
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Figure 4-8: Graphs showing the quantification of PDGFRβ, UEA-1 and leakage in the normal and PD
OFBs
(A) PDGFRβ area fraction (%) in the AON and cellular layers between normal and PD. (B) UEA-1 area
fraction (%) in the AON and cellular layers between normal and PD. (C) PDGFRβ/UEA-1 area fraction
ratio in the AON and cellular layers between normal and PD. (D) Leakage area fraction (%) in the AON
and cellular layers between normal and PD pericytes. (E) Correlation between leakage area fraction (%)
in the AON compared to α-syn area fraction in the AON (%). (F) Correlation between the leakage area
fraction in the cellular layers (%) compared to the α-syn area fraction in the cellular layers (%). Data
presented as mean ± SD (n = 7 normal OFBs, n = 11 PD OFBs).
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Figure 4-9: Representative immunofluorescence images of leakage in blood vessels in the OFB
Immunofluorescence images of intact and leaky blood vessels in both the normal and PD OFBs. White
arrows indicate area of leakage. Scale bar, 20 μM.
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4.4 Discussion
Consistent with other studies, the majority of phosphorylated α-syn was present in the
AON regions of the OFB and tract (Braak et al., 2003; Ubeda-Bañon et al., 2010), however, αsyn pathology was also present in all the other layers of the PD OFB (Figure 4-3 A, B). The
human AON is a complex structure that has been poorly characterised. Previous descriptions
of the AON have typically subdivided it into four regions (Ubeda-Bañon et al., 2010), however,
more recently it has been suggested that the AON can be represented by seven divisions along
the rostro-caudal axis (Sánchez et al., 2010). Nissl-stained sections demonstrate differential
cellular density and morphology between the AON and the rest of the OFB. Clusters of medium
to large sized pyramidal neurons with a diameter of 15 – 20 µm are often used to identify the
AON region (Brunjes et al., 2005; Doorn, Goudriaan, et al., 2014; Pearce et al., 1995; UbedaBañon et al., 2010). In PD cases, the dense accumulation of α-syn has previously been used to
delineate the AON regions, however, this does not allow for comparison between cases that do
not have a significant amount of phosphorylated α-syn. Previous characterisations of the AON
made it difficult to remain consistent when identifying multiple AON segments. The size and
location of the AON can vary between sections within the same OFB and therefore,
significantly between different OFB cases. It also remains unclear whether the different AON
segments are connected or have functionally distinctive roles (Berendsen et al., 2016). In this
study, four cellular markers were used to target different structures of the OFB to more
accurately delineate the AON, however, no distinction was made between the AON
subdivisions (Figure 4-3 A, C).
The human AON is an area that is particularly affected by α-syn pathology early in the
disease process (Attems et al., 2014; Braak et al., 2003). Evidence from rodent studies suggests
that the AON receives direct projections from the different structures in the OFB including
ipsilateral and contralateral centrifugal projections that include projections back to the OFB
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structures. There are projections to many of the secondary olfactory structures such as the
entorhinal cortices, tertiary projections to brain regions such as the periamygdaloid cortex and
rostral entorhinal cortex as well as projections from at least 27 non-olfactory regions (Brunjes
et al., 2005; Mohedano-Moriano et al., 2012; Ubeda-Bañon et al., 2013). The structure of the
OFB and the connections of the AON to the various other brain regions puts the AON in a
position that could underlie the preferential involvement of α-syn pathology early in the
disease. Previous studies highlight that neuronal cells such as mitral cells, neighbouring
interneurons which express calcium-binding proteins, tyrosine hydroxylase expressing neurons
and somatostatin neurons are affected by α-syn pathology and their projections to the tertiary
structures deeper in the brain may provide a platform for the spread of α-syn along neural
pathways (S. Daniel et al., 1992; Hubbard et al., 2007; Ubeda-Bañon et al., 2010, 2013, 2017).
In fact, in vivo studies in which various forms of α-syn inclusions have been injected into the
OFB of mice have demonstrated that α-syn was detected in interconnected brain regions. These
included the AON, frontal cortex, olfactory tubercle, piriform cortex, striatum and amygdala.
Local OFB interneurons were particularly good at internalising α-syn and it was likely that it
would be propagating along these neural pathways into deeper brain regions (Rey et al., 2013).
Supporting previous studies, this study demonstrates that neurons in the OFB are
affected by α-syn pathology (Figure 4-5 A, B) (Ubeda-Bañon et al., 2010, 2017). However, it
demonstrates that three of the four non-neuronal cells investigated – microglia, pericytes and
astrocytes contained intracellular α-syn in the AON of the human PD OFB. Microglia are
excellent phagocytes and are likely to be the main cell involved in the clearing of α-syn from
the extracellular space (Ferreira & Romero-Ramos, 2018; Lee et al., 2008; Li et al., 2008). In
vitro evidence suggests that astrocytes can take up α-syn inclusions from the extracellular space
and efficiently degrade it (Lee et al., 2008; Li et al., 2008; Loria et al., 2017). Animal studies
that have injected α-syn into different brain regions such as hippocampus and OFB, have shown
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that a significant amount of induced α-syn pathology was found in astrocytes and microglia
(Rey et al., 2013; Sacino et al., 2014). This suggests that they might be heavily involved in the
clearance of α-syn (Figure 4-5 A, B). Interestingly, in tissue there is clear evidence to suggest
that pericytes have macrophage-like properties (Balabanov et al., 1996; Broadwell et al., 1981;
Thomas, 1999). Pericytes can actively phagocytose and may act as the last line of defence for
the BBB, cleaning up the extracellular space and degrading foreign proteins and debris.
Altogether, these data suggest that microglia, pericytes and astrocytes may have a role in the
uptake and degradation of α-syn.
Additionally, non-neuronal cells may also be involved in the transfer of α-syn from one
cell to the next. Primary human brain pericytes have been shown to transfer overexpressed αsyn from one pericyte to another (Dieriks et al., 2017). Through a similar mechanism,
astrocytes can transfer aggregated α-syn from one astrocyte to the next (Rostami et al., 2017).
More recently, primary rat astrocytes were shown to accept α-syn inclusions from neurons in
culture and efficiently transfer them from astrocyte to astrocyte (Loria et al., 2017). However,
evidence of these processes occurring in vivo is scarce. The fact that both astrocytes and
pericytes contain intracellular α-syn in the AON of the human PD OFB suggests that they may
have greater involvement in the disease processes. Further work needs to be done to understand
whether these cells are actively involved in the transfer or degradation of α-syn in the human
brain.
This study found that oligodendrocytes in the AON did not contain intracellular α-syn.
Oligodendrocytes are implicated in multiple system atrophy, which is another synucleinopathy
where α-syn pathology is predominantly present in neurons and oligodendrocytes (Grazia
Spillantini et al., 1998). Previous studies have identified the presence of α-syn in
oligodendrocytes in other regions of PD brain (Arai et al., 1999; Wakabayashi et al., 2000).
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However, the findings in this study showed that oligodendrocytes were spared pathological
accumulation of α-syn in the human PD OFB.
PD is largely considered to be a disease of neurons, however, the observation that the
α-syn inclusions in non-neuronal cells look similar to the α-syn inclusions seen in neuronal
cells in the OFB. Neurons can contain either the small α-syn inclusions, that resemble the types
of inclusions seen in the non-neuronal cells (Figure 4-4 A – C) and the classical large Lewy
body like inclusions (Figure 4-4 E, F). The difference in the size of the inclusions likely pertains
to the ability of neurons to sequester α-syn inclusions into large Lewy body like inclusions
(Wakabayashi et al., 2007). The process of Lewy body formation may develop over several
stages, starting with diffuse cytoplasmic inclusions that ultimately develop into large Lewy
body like inclusions (Mori et al., 2006; Wakabayashi et al., 2007). Another point to consider
regarding the size of the α-syn inclusions in the non-neuronal cells is their ability to divide and
migrate (Colodner et al., 2005; Réu et al., 2017). It is unclear whether this may alter α-syn
inclusion size in non-neuronal cells in PD, however, there is evidence to suggest that cells that
undergo proliferation may not be affected by aggregated protein inclusions that are found in
degenerating mature neurons in diseases such as Huntington’s disease and Machado–Joseph
disease (Curtis et al., 2007; Martín-Aparicio et al., 2002; Yoshizawa et al., 2000). Therefore,
the difference in α-syn inclusion size could be related to the amount of time that these cells
contain the α-syn inclusions and because they are dividing, there is not enough time for Lewy
body-like inclusions to develop.
Although it is demonstrated that microglia, pericytes and astrocytes contain α-syn in
the human PD OFB, there is a particular caveat. All 11 PD cases used in this study have
considerable pathology, suggesting that the AON regions of the OFB have had prolonged and
extensive exposure to α-syn pathology (Figure 4-3 D, E). Therefore, it is difficult to rule out
whether these non-neuronal cells contain α-syn as a consequence of extremely dense α-syn
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pathology, or whether these non-neuronal cells are actively involved early in the disease
processes. Interestingly, in vivo studies have demonstrated that injection of α-syn into the OFB
in mice leads to a vast number of microglia being affected by α-syn pathology, but only at later
time points. At earlier time points, few microglia cells in the OFB were positive for α-syn
pathology (Rey et al., 2013). This brings into question whether a certain burden of pathology
is needed before non-neuronal cells become involved.
Human studies in PD in this field are limited and to our knowledge, no studies have
investigated the presence of BBB disruption in the human OFB. One of the important cells in
maintaining vascular function are pericytes. With the finding that pericytes in the PD OFB
contain intracellular α-syn, there may be a basis for pericyte dysfunction and therefore, BBB
dysfunction (Figure 4-4; Figure 4-5; Stevenson et al., 2020). Interestingly, it was revealed that
there were no significant differences between the area fraction of either PDGFRβ positive
pericytes and UEA-1 positive endothelial cells in the AON or cellular layer regions of the OFB
between normal and PD groups (Figure 4-8). However, haemoglobin leakage was visible in a
number of PD OFBs. This suggests that the coverage of PDGFRβ and UEA-1 blood vessels in
the PD OFB may be generally spared, however, their functionality may be altered as the
presence of haemoglobin leakage infers that the BBB has become dysfunctional (Gray et al.,
2015). Although leakage was observed in 9/10 PD OFBs, these changes are relatively subtle
and have not yielded significant results compared to the normal OFBs. In fact, 2/7 normal
OFBs used in this study displayed haemoglobin leakage (Figure 4-8).
Previous in situ studies have demonstrated significant differences in the amount of
leakage present in PD vs normal patients, where normal cases displayed no haemoglobin
leakage, albeit in the striatum (Gray et al., 2015). Interestingly, the OFB is thought to be more
susceptible to leakage that is non-PD related compared to other deeper brain regions due to its
location. The olfactory vector hypothesis suggests that the close connectional proximity of the
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external environment to the central brain structures allows inhaled environmental toxins and
pathogens to enter the brain via the AON (Doty, 2008, 2014; Zapiec et al., 2017). Additionally,
the OFB has little defence against the external environment. The olfactory system bypasses the
BBB and provides a direct link from the external nasal cavity to the OFB and therefore deeper
brain regions (Dando et al., 2014). It has been demonstrated in vivo that blood vessels in the
OFB are highly susceptible to virus induced vascular leakage compared to the blood vessels in
the cortex (Winkler et al., 2015). Recently, in situ analysis of the human OFB have suggested
that viruses can lead to microvascular injury and subsequent fibrinogen leakage (Lee et al.,
2021).In turn, this suggests that the OFB leakage findings may be confounded by a number of
different factors and may explain why some of the normal OFBs display haemoglobin leakage
(Figure 4-8).
Recently, it has been demonstrated that microvascular changes occur in an
overexpression model of α-syn in a transgenic mouse model of PD. Changes include
angiogenic and pruning vascular responses, as well as BBB leakage (Elabi et al., 2021).
Leakage was discovered to be an early event, where an accumulation of fibrinogen was shown,
followed by vascular degeneration only in late stage disease. The PD OFBs used in this study
on average had PD for 16.8 years (Range: 9 – 23; Table 4-3) before death, therefore, could be
considered late stage disease. The majority of leakage could have already occurred and further
work needs to be conducted with a range of cases that have different disease lengths before
death.
For future studies, an increase in both case number and sections can be used to further
investigate these findings. Some sections in the same PD case yielded significant leakage in a
number of vessels, while other sections within the same case had no visible leakage, indicating
that there is high inter-individual variability in the PD OFBs. Overall, the average amount of
leakage present in PD is small, therefore this study may be underpowered to detect a significant
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difference between PD and normal. A power calculation using the data gathered in this study
revealed that at least 23 cases would be required per group in order to see significant
differences. Due to tissue availability, these numbers could not have been achieved.
Additionally, all of the normal cases used in this study had some form of vascular risk factors
including diabetes and ischemic heart failure (Table 4-3). Although there is evidence to suggest
that the OFB may be a site of constant stress (Lee et al., 2021; Winkler et al., 2015), the fact
that no changes were seen in vessel coverage in this study suggests that the OFB blood vessels
may be generally spared. Therefore, further experiments could look at other areas of the brain
that have been shown to be affected by BBB disruption including the subtantia nigra pars
compacta and other basal ganglia structures in the same cases that have been used in this study
(Barcia et al., 2005; Chao et al., 2009; Rite et al., 2007). Recently, a study including up to 50
PD patients demonstrated significant, but subtle changes in the potassium transporters through
the use of dynamic contrast enhanced magnetic resonance (DCE-MRI) to show leakage in the
substantia nigra, white matter and posterior cortical regions (Al-Bachari et al., 2020). This
further leads to the point that this present study may be underpowered and that further
investigation is required.
This study demonstrates that microglia, pericytes and astrocytes in conjunction with
neurons may play an important role in the pathogenesis of PD. Further studies are needed to
elucidate the role of non-neuronal cells in the origins and spread of α-syn pathology in the
brain. This may provide opportunities for therapeutic intervention by targeting non-neuronal
cells. It was also demonstrated that most of the PD OFBs presented haemoglobin leakage,
however, there were no significant differences in the coverage of blood vessels in the OFB.
This chapter has formed the basis for the remainder of this thesis. Following the
findings that non-neuronal cells, particularly pericytes contained α-syn in the human brain led
to the hypothesis of whether α-syn is capable of inducing inflammation in pericytes, whether
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pericytes can actively phagocytose α-syn and subsequently degrade it and lastly whether α-syn
may be toxic to pericytes and thereby contribute to PD pathogenesis.
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5 α-synuclein is not an inflammatory stimulus to
primary human brain pericytes and microglia
5.1 Introduction
Inflammation is a prominent feature of PD and may actively contribute to
neurodegeneration (Hirsch et al., 2012). The accumulation of α-syn in the dopaminergic
neurons of the substantia nigra in the brain and subsequent dopamine neuron loss contribute to
the motor symptoms of PD (Braak et al., 2003). However, inflammatory changes in the brain
and periphery may explain the early neurodegenerative events (Ferreira and Romero-Ramos,
2018). Inflammation in PD is generally characterized by the activation of glial cells, infiltration
of blood-derived inflammatory cells and increased expression of inflammatory cytokines.
However, the role of α-syn and specific inflammatory responses in adult human brain cells
remain unclear.
Microglia are considered the resident macrophage population in the brain and become
significantly activated in PD where HLA-DR, Cluster of Differentiation 68 (CD68), ICAM-1
and lymphocyte function associated protein (LFA1) are upregulated (Nagatsu et al., 2000;
Imamura et al., 2003; Croisier et al., 2005; Ferreira and Romero-Ramos, 2018). In addition to
this, many pro-inflammatory cytokines are elevated in the human PD brain such as IL-1β, IL2, IL-6, epidermal growth factor (EGF), transforming growth factor alpha (TGF-α), TGF-β and
TNF-α - all alluding to a pro-inflammatory environment (Nagatsu et al., 2000; Imamura et al.,
2003; Croisier et al., 2005; Ferreira and Romero-Ramos, 2018). Additionally, activated
microglia are often found in brain regions where neurodegeneration occurs (Imamura et al.,
2003; Croisier et al., 2005; Ferreira and Romero-Ramos, 2018). Several studies show that
extracellular monomeric, oligomeric and aggregated α-syn induces a pro-inflammatory
response in rodent microglia by promoting the release of cytokines such as IL-1β, IL-6 and
TNFα, increased cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) as
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well as the production of free radicals (Zhang et al., 2000; Reynolds et al., 2008; Lee et al.,
2009, 2010; Su et al., 2009; Béraud et al., 2011). Additionally, it has been well documented
that microglia express TLRs that are subsequently activated by aggregated α-syn (Zhang et al.,
2005; Béraud and Maguire-Zeiss, 2012, Fellner et al., 2013; Sanchez-Guajardo et al., 2015;
Caplan and Maguire-Zeiss, 2018; Hughes et al., 2019). Microglial activation can also be
mediated by PRRs that are specific for PAMPs such as bacterial derived components or to
endogenous disease related signals – danger/damage-associated molecular patterns (DAMPs).
Interestingly, α-syn has been considered to act as a DAMP (Béraud et al., 2011; Béraud and
Maguire-Zeiss, 2012; Ferreira and Romero-Ramos, 2018), where it can be found in the
extracellular environment in the brain (Marques and Outeiro, 2012).
Brain pericytes are important for maintaining the integrity of the blood-brain barrier
and the control of blood flow. Pericytes, like brain glia, are also responsive to a number of
immunogenic stimuli that induce the release of pro-inflammatory molecules including
cytokines such as IL-6 and IL-8, chemokines such as MCP-1 and IP-10, adhesion molecules
such as ICAM-1 and VCAM-1 and express various TLRs (Edelman et al., 2007; Jansson et al.,
2014; Rustenhoven et al., 2015, 2017; Smyth et al., 2018). Recent studies demonstrate that
pericytes are one of the first brain resident cells to respond to systemic inflammation (Duan et
al., 2018). Release of inflammatory mediators from pericytes can also promote the infiltration
of peripheral immune cells as well as attracting local microglia (Cross and Woodroofe, 1999;
Rustenhoven et al., 2015). Interestingly, it has been demonstrated that pericytes contain α-syn
in the human brain as well as having the ability to transfer the α-syn protein in vitro (Dieriks
et al., 2017; Stevenson et al., 2020). Most recently, it has been shown that monomeric α-syn
induces the release of pro-inflammatory mediators from primary rat brain pericytes (Dohgu et
al., 2019). To date, the involvement of pericytes in inflammation in the Parkinson’s disease
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brain has not been extensively studied, but this previous work suggests that pericytes may play
a role.
The effects of α-syn on human brain-derived microglia and pericytes has not been
previously described. In this present study, it was investigated whether ten different α-syn
preparations from four independent sources induce inflammation in primary human brain
pericytes and microglia. Two of the ten α-syn preparations induce inflammation in primary
human brain pericytes and microglia, and that this is likely due to the presence of high levels
of endotoxins. These findings suggest caution should be used when interpreting inflammatory
changes observed in the brain and brain cells by α-syn. These results suggest that α-syn is
largely free of inflammatory actions on human brain microglia and pericytes. Additionally, it
was investigated whether the inflammatory responses of control and PD post-mortem pericytes
may differ. Here, it is shown that PD pericytes may remain in a primed inflammatory state and
therefore have exaggerated inflammatory responses to inflammatory stimuli.
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Table 5-1: Studies demonstrating cell type, species, concentration of α-syn, endotoxin contamination present and whether it induced inflammation

Study

Species

Cell type

α-synuclein
source

α-synuclein
concentration

Endotoxins
present
(Endotoxin
units)

White et al.
(2018) (White et
al., 2018)

Human

Peripheral blood
mononuclear cells
(PMBCs)

Bacterial
expression in lab

2nM

0.02-1.3 EU/mL

✓

Su et al (2009)
(Su et al., 2009)

Rat

Primary microglia

Bacterial
expression in lab

2.5 – 10 nM

0.06 EU

✓

Beraud et al
(2011) (Béraud et
al., 2011)

Mouse

BV-2 microglia and
Primary microglia
P1-P3 mice

Bacterial
expression in lab

50nM

0.13 EU

✓

Reynolds et al
(2007) (Reynolds
et al., 2008)

Mouse

Primary microglia
P-1-P2

Bacterial
expression in lab

100nM

<0.05 EU

✓

Zhang et al (2005)
(Zhang et al.,
2005)

Rat

Primary microglia

r-Peptide

25 – 250nM

<1.3 EU/mg

✓

Couch et al (2011)
(Couch et al.,
2011)

Mouse

BV-2

r-Peptide

3 µg (208 nM)

Did not test

✓

Cao et al (2012)
(Cao et al., 2012)

Mouse

Primary microglia
P0 – P3

r-Peptide

500nM

Did not test

✓

Grozdanov et al
(2019)

Mouse and
Human

Human blood
monocytes, mouse
BV-2 microglia

Ronald Melki

10µg/mL (694 nM)

<0.02 EU/µg
protein

✓
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(Grozdanov et al.,
2019)
Fellner et al
(2013) (Fellner et
al., 2013)

Mouse

Primary microglia
P1 – P3

Bacterial
expression in lab

3µM

<1 EU/mg

✓

Dohgu et al
(2019) (Dohgu et
al., 2019)

Rat

Primary pericytes

Bacterial
expression in lab

3.5µM

Did not test

✓

Hoenen et al
(2016) (Hoenen et
al., 2016)

Mouse

Primary microglia

Bacterial
expression in lab

5µM

Tested but not
shown

✓

Lee et al (2010)
(Lee et al., 2010)

Rat

Primary microglia
P1 – P2

r-Peptide

10µM

<1 EU/mg

✓

Hughes et al
(2019) (Hughes et
al., 2019)

Mouse

BV-2 microglia

Bacterial
expression in lab

10pM – 100uM

<0.006 ng/mL

✓
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5.2 Methods
5.2.1

Human brain tissue used for in vitro cultures of post-mortem control and
Parkinson’s disease pericytes
For post-mortem adult human brain cell cultures, tissue was obtained from

neurologically normal or clinically and pathologically confirmed PD cases from the
Neurological Foundation Human Brain Bank and the Hugh Green Foundation BioBank. The
normal cases used in this study had no clinical history of neurological disease and no apparent
pathological abnormalities upon post-mortem examination. Pathological examination by a
neuropathologist confirmed the clinical diagnosis of PD by observed presence of Lewy bodies
in the substantia nigra as well as pigment incontinence and cell loss in the substantia nigra. No
other neuropathological changes or clinical history of other neurodegenerative diseases were
present.
For post-mortem primary human cell cultures, brains were obtained with informed
consent from all donor families. All protocols used in this study were approved by the
University of Auckland Human Participants Ethics Committee (2014/011654 – New Zealand)
for post-mortem brain tissue. All methods were carried out in accordance within the approved
guidelines.
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Table 5-2: Post-mortem control and Parkinson's disease pericytes used in this chapter

Normal cases
Case

Cause of death

Post-mortem
delay (hours)

Age (years)

Sex

H189

Asphyxia

16

41

M

H209

Ischaemic heart
23
disease

48

M

H238

Dissecting aortic
16
aneurysm

63

F

H239

Ischemic
disease

64

M

heart

15.5

17.6 (Range: 54 (Range: 1:4
16 – 23)
41 – 76)
(M:F)

Average

Parkinson’s
disease cases
Case

Cause of death

Post-mortem
delay (hours)

Age (years)

Sex

Duration of
PD (years)

PD52

Myocardial
infarction

5

84

M

12

PD65

Parkinson’s
disease
aspiration

2.25

67

M

9

PD71

Pneumonia

5.5

80

M

9

PD78

Parkinson’s
disease

5.5

80

M

8

Average
5.2.2

77.75
4.56 (Range:
(Range: 67 – 2.25 – 5.5)
84)

9.5 (Range: 8
– 12)

Human brain tissue used for in vitro cultures of biopsy pericytes and microglia
The use of human tissue and collection procedures were approved by the Northern

Regional Ethics Committee (New Zealand) for biopsy tissue (AKL/88/025). Biopsy human
brain tissue was obtained with informed written consent from the patient and family members.
Tissue used in this study was derived from pediatric epilepsy surgery, adult drug-refractive
epilepsy and regions resected from patients with deep tumours (Table 5-4; Table 5-5).
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Table 5-3: Case details for tissue used to culture pericytes in this study

Case

Pathology

Region of resected
specimen

E203

Epilepsy, Mesial temporal sclerosis

Right temporal lobe

46

F

E204

Epilepsy, hippocampal sclerosis

Right temporal lobe

45

F

E213

Epilepsy, patchy gliosis, no cortical
dysplasia, no neoplasia, presumed

Left anterior temporal
lobe

23

M

E214

Epilepsy, Mesial temporal sclerosis
(Grade 4)

Left temporal lobe

35

F

E215

Epilepsy, Mesial temporal sclerosis
(Grade 3)

Right anterior and
posterior temporal lobe

29

F

E216

Epilepsy, Mesial temporal sclerosis
(Grade 3)

Left temporal lobe

38

M

E217

Epilepsy, Mesial temporal sclerosis
(Grade 3)

Left anterior temporal
lobe

30

M

Age Sex

Table 5-4: Case details for tissue used to culture microglia in this study

Case

Pathology

Region of
resected
specimen

Age

Sex

E217

Epilepsy, Mesial temporal
sclerosis (Grade 3)

Left anterior
temporal lobe

30

M

E219

Epilepsy, reduced hippocampal
neuronal density

Right temporal
lobe

51

F

T180

High grade glioma

Left frontal lobe

52

F

SS58

Cortical tuber (associated with
Tuberous sclerosis)

Right parietal
lobe

4

M

5.2.3

Isolation of primary human brain pericytes
Pericytes from both biopsy epilepsy cases and autopsy post-mortem control and PD

cases were obtained as previously described (Chapter 3.2.1).
5.2.4

Isolation of primary human microglia
Microlgia from biopsy epilepsy, tumour and pediatric epilepsy surgery cases were

obtained as previously described (Chapter 3.2.2).
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5.2.5

Cell plating
Cells were plated as previously described (Chapter 3.2.3).

5.2.6

Electron microscopy
α-syn preparations were visualized using a uranyl acetate negative stain for electron

microscopy. Firstly, α-syn preparations were diluted in PBS to a final concentration of 1 μM.
Following this, 10 μL of the α-syn preparations were incubated with 2% aqueous uranyl acetate
for 2 minutes and added to a 300 mesh copper carbon coated former grids (Sigma). The copper
grids containing the α-syn preparations were imaged using a Tecnai G1 Spirit Twin
transmission electron microscope mounted with an Olympus-Soft Imaging Systems Morada
digital camera.
5.2.7

Thioflavin T assay
In a clean microcentrifuge tube, 5 μL of pFFs were added to 245 μL of 1x PBS to dilute

the fibrils 1:50. Next, 250 μL of 1x PBS was added to separate microcentrifuge tube to act as
a negative control. For the monomer control, 5 μL of monmer was added to 245 μL of 1x PBS.
Next, 250 μL of 25 μM thioflavin T (Sigma) was added to each sample and gently mixed. Two
replicates, 200 μL each were placed into a 96 well plate (Nunc) and kept in the dark to prevent
photobleaching. The α-syn was incubated for 1 hour at room temperature with the thioflavin T
and the plate was read at excitation of 450 nm and emission of 510 nm.
5.2.8

Cytokine and α-synuclein treatments
Inflammatory cytokines IL-1β (Peprotech), and LPS (from Escherichia coli 026:B6,

L4391, Sigma) or vehicle (PBS or 0.1% BSA in PBS) were added to both pericytes and
microglia (Table 5-6). Ten types of α-syn preparations from four independent sources – active
monomer, active aggregate, control monomer and control aggregate (Stressmarq, Victoria,
Canada), rPeptide monomer and aggregate α-synuclein (rPeptide, Georgia, United States), pre80
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formed fibrils (pFF) monomers and pFF aggregates (Proteos, Michigan, United States) and two
fibrillar polymorphs with features that are similar to those seen in two synucleinopathies ribbons and fibrils (Ghee et al., 2005; Bousset et al., 2013; Gath et al., 2014; Peelaerts et al.,
2015; Makky et al., 2016; Verasdonck et al., 2016) or vehicle (PBS or 0.1% BSA in PBS) were
added at a concentration of 100 nM to both pericytes and microglia (Table 5-5). As per the
company’s description (Stressmarq, Victoria, Canda), the active forms have the potential to
seed α-syn monomers into aggregates, whereas the control forms do not.
Fibrillar rPeptide α-syn aggregates and pFFs from their respective monomers were
created in house as previously described (Patterson et al., 2019). Briefly, α-syn monomers were
thawed on ice and centrifuged at 15,000 x g for 10 minutes at 4 °C. Protein concentration was
measured using at absorbance at 280 nm with a microvolume spectrophotometer (Nanodrop
1000, Thermofisher). α-syn monomers were subsequently diluted in 1x PBS to a final
concentration of 5 mg/mL. The monomers were then placed in an orbital thermomixer
(Eppendorf, ThermoStat C, Hamburg, Germany) at 37 °C for seven days shaking at 1,000 RPM
to create fibrils. Following the seven days, appropriate amounts were set aside for
characterization and quality assurance and the rest of the fibrils were stored at -80 °C for long
term.
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Table 5-5: α-synuclein and cytokine treatments

Compounds

Concentration

Supplier

Catalogue

IL-1β

10 ng/mL

PeproTech, NJ, USA

200-01B

LPS (E. coli,
026:B6)

10 ng/mL

Sigma, MO, USA

L4391

Control
monomer

100 nM

SPR-316

Control
aggregate

100 nM

SPR-317

Active
monomer

100 nM

SPR-321

Active
aggregate

100 nM

SPR-322

Ribbons

100 nM

Fibrils

100 nM

rPeptide
monomer αsynuclein

100 nM

rPeptide, GA, USA

S-1001-1

rPeptide
aggregate αsynuclein

100 nM

rPeptide, GA, USA

S-1001-1

Preformed
fibril monomer

100 nM

Proteos, MI, USA

RP - 003

Preformed
fibril
aggregate

100 nM

Proteos, MI, USA

RP - 003

5.2.9

Stressmarq, Victoria, Canada

Protein misfolding and aggregation in
neurodegenerative diseases Lab, Paris,
France (Ghee et al., 2005; Bousset et al.,
2013; Gath et al., 2014; Peelaerts et al.,
2015; Makky et al., 2016; Verasdonck et
al., 2016)

-

Immunocytochemistry
Cells were fixed using 4% paraformaldehyde (PFA) for 15 minutes at room temperature

and washed in phosphate buffered saline with 0.1% Triton X-100 (PBS-T). Cells were
incubated with primary antibodies – NF-κB p65 (Abcam, ab32536, 1:500), PDGFRβ (Y92)
(Abcam, ab32570, 1:500), ICAM-1 (Santa Cruz, sc-107, 1:500), MCP-1 (Abcam, ab9669,
1:500) overnight at 4°C, diluted in PBS containing 1% normal goat serum. Cells were washed
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in PBS-T and incubated with appropriate anti-species fluorescently conjugated secondary
antibodies for three hours at room temperature. The cells were washed again with PBS-T and
incubated with Hoechst 33342 (1:500, Molecular probes # H1399) for 15 minutes at room
temperature to counterstain cell nuclei. Images were acquired using the automated fluorescence
microscope ImageXpress® Micro XLS (Version 5.3.0.1, Molecular Devices) using the 20 x
(0.45 NA) CFI Super Plan Fluor ELWD ADM objective lens and Lumencor Spectra X
configurable light engine source. Quantitative analysis of several measures including
percentage positive cytoplasmic staining, cytoplasmic intensity measures and nuclear
transcription factor location were performed using the cell scoring and integrated morphometry
analysis modules on MetaXpress® software (Version 5.3.0.1, Molecular Devices). Roughly
500-1000 cells were scored per well with multiple wells (at least three) analysed per sample.
5.2.10 Cytometric bead array analysis
Conditioned media samples from pericytes and microglia were analysed using CBA as
previously described (Chapter 3.2.5).
5.2.11 Secretome profiler analysis
Conditioned media samples from pericytes or microglia were analysed using the
Proteome Profiler™ Human XL Cytokine Array Kit as previously described (Chapter 3.2.6).
5.2.12 Toll-like receptors
Ribbons, fibrils or vehicle (PBS or 0.1% BSA in PBS) were added to pericytes for 24
hours, after which TLR ligands (Table 5-8) were added. After 24 hours of TLR ligand
treatment, conditioned media was taken and analysed by CBA as detailed above.
Immunocytochemistry for NF-κB p65 (Abcam, ab32536, 1:500) was performed 1 hour after
treatment with the TLR ligands.
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Table 5-6: Toll-like receptor ligands

TLR ligand

Concentration

Supplier

Catalogue

Imuquimod

5 µg/mL

Invitrogen

Tlr-imiq

LPS

10 ng/mL

Sigma

L4391

Poly(I:C)

5 µg/mL

Invivogen

Tlr-pic

Pam3CSK4

300 ng/mL

EMC Biochemicals

L2000

Pam2CSK4

100 ng/mL

EMC Biochemicals

L2020

CPG ODN-2395

1 µM

Invivogen

Tlr-hodnb

Flagellin

10 ng/mL

FLA-ultrapure

Tlrl-pafla

5.2.13 Endotoxin quantification
The quantification of endotoxins in the ten preparations of α-syn, vehicle, LPS and IL1β was carried out using the Pierce™ Chromogenic Endotoxin Quant Kit (A39552,
Thermofisher) as per the manufacturer’s instructions. Briefly, the endotoxin standards, samples
and blanks were all run in triplicate. To run the standards and samples, a 96 well plate was preequilibrated by being slightly submerged in a 37°C water bath and remained there for the
remainder of the assay. Endotoxin standard, blanks and α-syn preparations (100 nM) were
added to each well followed by the addition of reconstituted Amebocyte Lysate Reagent and
incubated for 60 minutes. Next, Reconstituted Chromogenic Substrate Solution was added to
each well and incubated for six minutes. After six minutes, Stop Solution (25% acetic acid)
was added. Optical density (OD) at 405 nm was read immediately after assay completion using
a Synergy™ 2 Multi-Mode Microplate Reader (BioTek, Vermont, USA). Concentrations of
endotoxins were calculated using a standard curve with a coefficient of determination, r2,
≥0.98.
5.2.14 Endotoxin removal by Triton X-114 Phase separation
Triton X-114 was used to remove endotoxin from the α-syn preparations as previously
described (Liu et al., 1997). Triton X-114 (X114, Sigma-Aldrich) was added to the α-syn
preparations containing endotoxin and LPS as a positive control at a final concentration of 1%.
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The mixture was incubated at 4°C for 30 min on a shaker to ensure a homogenous solution.
The samples were then incubated at 37°C in a water bath for 10 min and centrifuged (20,000g,
10 min) at 25°C. The upper aqueous phase containing the protein was removed and the Triton
X-114 phase separation was repeated for at least two more cycles. The final aqueous phase was
assayed for endotoxin and applied to cells.
5.2.15 Cell viability assay
To measure cell viability after cytokine and α-syn treatment, ReadyProbes® Cell
Viability Imaging Kit (Molecular Probes) was used. Two drops of both NucBlue® Live
Reagent and NucGreen® Dead reagent was added to 1mL of DMEM/F12, 10% FBS and
1%PSG and a complete media change was performed on the cells. After a 15 minute incubation
at 37 °C, live imaging of healthy or compromised cells were acquired using the automated
fluorescence microscope ImageXpress® Micro XLS (Version 5.3.0.1, Molecular Devices)
using the 20 x (0.45 NA) CFI Super Plan Fluor ELWD ADM objective lens and Lumencor
Spectra X configurable light engine source.
5.2.16 Cytokine treatment for post-mortem control and PD pericyte inflammatory
responses
Primary human brain control and PD pericytes were treated with inflammatory
cytokines such as human recombinant IL-1β (1 ng/mL; Peprotech), LPS (1ng/mL; from
Escherichia coli 026:B6, L4391, Sigma), human recombinant IFNγ (5ng/mL; R&D systems),
human recombinant TNFα (5 ng/mL; Peprotech) or vehicle (PBS or 0.1% BSA in PBS) to
investigate their inflammatory responses.
5.2.17 Statistical analysis
All experiments were performed in at least three independent cases. In general, data are
presented as mean ± SD from at least three independent experiments. Data visualization and
statistical hypothesis testing was performed using GraphPad Prism® Version 8.02. Two-way
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analysis of variance (ANOVA) was used when comparing time across the cytokine and α-syn
treatments with Tukey’s multiple comparisons adjustment. One-way ANOVA with Dunnett’s
multiple comparison adjustment was used when comparing responses between treatments.
Statistical significance was set as p < 0.05
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5.3 Results
5.3.1

Characterisation of α-synuclein preparations
In this present chapter, it was investigated whether ten different preparations of α-syn

– active monomer, active aggregate, control monomer, control aggregate, ribbons, fibrils,
rPeptide monomer, rPeptide aggregates, pFF monomer and pFF aggregates from four
independent sources can induce inflammation in primary human brain pericytes and microglia.
Transmission electron microscopy (TEM) was carried out on all the aggregated forms
of α-syn. All six displayed varying fibrillar assemblies (Figure 5-1 A – D). These consisted of
long, thin, individual fibrillar structures and morphologies similar in structure to previous
characterisations (Bousset et al., 2013). The monomers were not imaged as they would not
have a defined structure detectable using TEM.
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Figure 5-1: Negatively stained TEM of α-syn aggregates
Negative stain of α-syn aggregates using uranyl acetate. Fibrillar structures of (A) control aggregates, (B)
active aggregates, (C) pFF aggregates, (D) rPeptide aggregates, (E) ribbons and (F) fibrils. Scale bar, 200
nm.
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Next, to characterise whether the aggregates have adopted an aggregated formation, a
Thioflavin T (ThT) assay was performed. The ThT assay demonstrates that the control
aggregate, active aggregate, rPeptide aggregate and pFF aggregate display increased ThT
binding when compared to their equivalent monomer (Figure 5-2). Interestingly, the fibrils
displayed increased ThT binding after 1 hour of incubation when compared to the negative
control, where ribbons did not. These findings are consistent with previous characterisations
(Bousset et al., 2013).

Figure 5-2: Thioflavin T assay of α-syn preparations
Thioflavin T staining of α-syn aggregates following 1 hour incubation. (n = 2 ± SD) * p < 0.05 when
comparing equivalent aggregate and monomer. # p < 0.05 when compared to the negative control

5.3.2

α-synuclein does not induce cellular toxicity
Before investigating the inflammatory responses of pericytes and microglia to the

different α-syn preparations, cellular toxicity was investigated. Pericytes were treated with ten
different preparations of α-syn at either 100 nM (Figure 5-3 A, B) or 500 nM (Figure 5-3 C,
D) concentrations. At both time points, 24 hours and 48 hours, α-syn did not induce cell death
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and there were no significant changes in cell viability. LPS and IL-1β, the two positive controls
of inflammation used in this study did not alter cell viability (Figure 5-3 A-D).
As per the previous findings (Chapter 4.3.2), pericytes in the PD brain only contain
single α-syn aggregates. However, at the concentration of 100 nM, several aggregates were
present in the cells in vitro. Therefore, to not overload the cells and potentially confound the
inflammatory effects of α-syn, a concentration of 100 nM was chosen to respect physiological
relevance. The uptake of α-syn is further described in a later chapter (Chapter 6.3.1) and is not
covered in this chapter.
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Figure 5-3: Cell viability of pericytes treated with α-syn and inflammatory stimuli
Measurement of cell viability in pericytes after treatment with α-syn at 100 nM for (A) 24 hours, (B) 48
hours and at 500 nM for (C) 24 hours and (D) 48 hours. LPS and IL-1β were treated at 10 ng/mL. (n = 3,
mean ± SD).

5.3.3

Immunocytochemistry of the inflammatory responses in pericytes and microglia
treated with α-synuclein
Two of the ten α-syn preparations – active monomer and active aggregate mediated a

consistent inflammatory response in both pericytes and microglia (Figure 5-4 A – D; Figure
5-5 A – D). In both cell types, the active monomer and active aggregate induced NF-κB nuclear
translocation after 1h treatment (Figure 5-4 B; Figure 5-5 B). MCP-1 expression peaked at 8h
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after treatment (Figure 5-4 C; Figure 5-5 C) while ICAM-1 expression peaked at 48 hours after
treatment (Figure 5-4 A, D; Figure 5-5 A, D). Interestingly, the other eight preparations of αsyn - control monomer, control aggregate, ribbons, fibrils, rPeptide monomer, rPeptide
aggregate, pFF monomer and pFF aggregate showed no significant NF-κB nuclear
translocation and did not increase the expression of MCP-1 or ICAM-1 at all the time points
tested. As expected, in both pericytes and microglia LPS and IL-1β treatment induced NF-κB
nuclear translocation, MCP-1 expression and ICAM-1 expression (Figure 5-4 A – D; Figure
5-5 A – D). Due to tissue unavailability, microglia were only treated with seven of the ten αsyn preparations.

Figure 5-4: Immunocytochemistry of inflammatory responses of pericytes treated with ten different α-syn
preparations
Inflammatory responses of primary human brain pericytes when treated with vehicle, ten different α-syn
preparations (control monomer, control aggregate, active monomer, active aggregate, ribbons, fibrils,
rPeptide monomer, rPeptide aggregate, pFF monomer and pFF aggregate) (100 nM), LPS (10 ng/mL) and
IL-1β (10 ng/mL). (A) Representative immunocytochemistry images of ICAM-1 induction after 48h
treatment. Scale bar = 200 µm. Immunocytochemistry quantification of (B) NF-κB nuclear translocation
after 1h treatment, (C) MCP-1 and (D) ICAM-1 induction after times indicated (n = 3, mean ± SD). * Active
monomer, ^ Active aggregate, # LPS, + IL-1β vs vehicle p < 0.05

92

Chapter 5

Figure 5-5: Immunocytochemistry of inflammatory responses of microglia treated with seven different αsyn preparations
Inflammatory responses of primary human brain microglia when treated with vehicle, seven different αsynuclein preparations (control monomer, control aggregate, active monomer, active aggregate, ribbons,
fibrils, rPeptide monomer, rPeptide aggregate, pFF monomer and pFF aggregate) (100 nM), LPS (10
ng/mL) and IL-1β (10 ng/mL). (A) Representative immunocytochemistry images of ICAM-1 induction after
48h treatment Scale bar = 200µm. Immunocytochemistry quantification of (B) NF-κB nuclear translocation
after 1h treatment, (C) MCP-1 and (D) ICAM-1 induction after times indicated (n = 3, mean ± SD). * Active
monomer, ^ Active aggregate, # LPS, + IL-1β vs vehicle p < 0.05

5.3.4

Cytometric bead array analysis of secreted factors in conditioned media
To investigate the inflammatory responses further, conditioned media was taken from

both pericytes and microglia treated with the ten α-syn preparations, LPS and IL-1β and the
cell secretions were analysed using a CBA. After treatment with the active monomer and active
aggregate - ICAM-1 (Figure 5-6 A), VCAM-1 (Figure 5-6 B), Fractalkine (Figure 5-6 C), IL6 (Figure 5-6 D), IL-8 (Figure 5-6 E), MCP-1 (Figure 5-6 F), IP-10 (Figure 5-6 G), regulated
on activation normal T cell expressed and secreted (RANTES) (Figure 5-6 I) and granulocytemacrophage-colony-stimulating factor (GM-CSF) (Figure 5-6 K) secretions by pericytes were
significantly increased when compared to vehicle. Treatment with the other eight α-syn
preparations did not induce an inflammatory response (Figure 5-6). Similarly, IL-6 (Figure 5-8
D), IL-8 (Figure 5-8 E) and MCP-1 (Figure 5-8 F) secretions by microglia were significantly
increased after treatment with the active monomer and active aggregate compared to vehicle.
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Interestingly, heatmap analysis of both pericytes and microglia secretions at 8, 24 and 48h
(Figure 5-7 A - C; Figure 5-9 A – C) showed that the active monomer and active aggregate
secretion patterns were similar to the LPS secretion patterns. Due to tissue unavailability,
microglia were only treated with seven of the ten α-syn preparations.

Figure 5-6: Inflammatory responses of pericytes measured by CBA
Pericytes were cultured and treated with vehicle, ten different α-syn preparations (100 nM), LPS (10
ng/mL) and IL-1β (10 ng/mL) before conditioned media were taken and cytokine secretion analysed by
cytometric bead array. Secretion of (A) ICAM-1, (B) VCAM-1, (C) Fractalkine, (D) IL-6, (E) IL-8, (F)
MCP-1, (G) IP-10, (H) IL-1β, (I) RANTES, (J) TNF-α, (K) GM-CSF and (L) G-CSF at 8h, 24 and 48h after
treatment. (n = 3, mean ± SD). * Active monomer, ^ Active aggregate, # LPS, + IL-1β vs vehicle p < 0.05
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Figure 5-7: Heatmap analysis of inflammatory responses of pericytes measured by CBA
Pericytes were cultured and treated with vehicle, ten different α-synuclein preparations (100 nM), LPS (10
ng/mL) and IL-1β (10 ng/mL) before conditioned media were taken and cytokine secretion analysed by
cytometric bead array. Heatmap analysis of cytokine secretion of pericytes after treatment at (A) 8h, (B)
24h and (C) 48h (n = 3).
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Figure 5-8: Inflammatory responses of microglia measured by CBA
Microglia were cultured and treated with vehicle, seven different α-synuclein preparations (100 nM), LPS
(10 ng/mL) and IL-1β (10 ng/mL) before conditioned media were taken and cytokine secretion analysed by
cytometric bead array. Secretions of (A) ICAM-1, (B) VCAM-1, (C) Fractalkine, (D) IL-6, (E) IL-8, (F)
MCP-1, (G) IP-10, (H) IL-1β, (I) RANTES, (J) TNF-α, (K) GM-CSF and (L) G-CSF at 8h, 24 and 48h after
treatment. (n = 3, mean ± SD). * Active monomer, ^ Active aggregate, # LPS, + IL-1β vs vehicle p < 0.05
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Figure 5-9: Heatmap analysis of inflammatory responses of microglia measured by CBA
Microglia were cultured and treated with vehicle, seven different α-synuclein preparations (100 nM), LPS
(10 ng/mL) and IL-1β (10 ng/mL) before conditioned media were taken and cytokine secretion analysed
by cytometric bead array. Heatmap analysis of cytokine secretion of microglia after treatment at (E) 8h,
(F) 24h and (G) 48h (n = 3).

5.3.5

Proteome profiler screen of the pericytes and microglia in response to α-synuclein
To screen for additional hits, conditioned media were taken from both pericytes and

microglia at 24 hours and cytokine secretions were analysed using a Proteome Profiler™
Human XL Cytokine Array Kit. Supporting the CBA data, the active monomer and active
aggregate α-syn preparations displayed a clear inflammatory response that have a similar
secretion pattern to LPS treated cells, as opposed to the other positive control immunogen IL1β (Figure 5-10; Figure 5-11). None of the other five α-syn preparations induced additional
inflammatory responses. Due to tissue and resource availability, pericytes and microglia were
only treated with seven of the ten α-syn preparations. However, the thesis remains the same,
the active monomer and active aggregate were the only ones of the α-syn preparations to induce
inflammation.

97

Chapter 5

Figure 5-10: Inflammatory responses of pericytes measured by a proteome profiler
Pericytes were cultured and treated with vehicle, seven different α-synuclein preparations (100 nM), LPS
(10 ng/mL) and IL-1β (10 ng/mL) for 24h before conditioned media were taken and cytokine secretion
measured using a Proteome Profiler™ Human XL Cytokine Array Kit. Heatmap analysis (M) of secretions
in pericytes (n = 1).
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Figure 5-11: Inflammatory responses of microglia measured by a proteome profiler
Microglia were cultured and treated with vehicle, seven different α-synuclein preparations (100 nM), LPS
(10 ng/mL) and IL-1β (10 ng/mL) for 24h before conditioned media were taken and cytokine secretion
measured using a Proteome Profiler™ Human XL Cytokine Array Kit. Heatmap analysis (M) of secretions
in microglia (n = 1).
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5.3.6

Endotoxin contamination and attempted removal
One of the major points to consider when using recombinant proteins produced in

bacteria is the potential for bacterial endotoxin contamination. All the human α-syn
preparations used in this study were recombinant proteins produced in Escherichia coli (E.
coli). Using the Limulus Amoebocyte Lysate (LAL) assay, it was found that six of the ten
preparations of α-syn used in this study contained varying amounts of endotoxins (Table 5-8).
The active monomer and active aggregate preparations both induced inflammation and they
contained the highest levels of endotoxin. Interestingly, endotoxins were also detected in the
control monomer, control aggregate and the r-Peptide α-syn preparations, however, these did
not induce inflammation as indicated by immunocytochemistry (Figure 5-4; Figure 5-5). The
ribbons, fibrils, pFF monomer and pFF aggregates contained no detectable endotoxins and also
induced no apparent inflammation (Figure 5-4; Figure 5-5; Table 5-8).
Table 5-7: Quantification of endotoxins present in treatments used on primary brain pericytes and
microglia

Treatment

Endotoxin units/mL (EU/mL)

Vehicle

0

Control monomer

7.47

Control aggregate

1.23

Active monomer

11.83

Active aggregate

10.77

Ribbons

0

Fibrils

0

rPeptide monomer

2.19

rPeptide aggregate

1.97

pFF monomer

0

pFF aggregate

0

LPS

4.81

IL-1β

0
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Lastly, the removal of endotoxins was attempted from the active monomer and active
aggregate preparations of α-syn using Triton X-114 phase separation, to determine whether
endotoxins were responsible for the inflammatory actions. As a positive control, the majority
of LPS was removed from solution as evidenced by the LAL assay and immunocytochemistry,
where there is a significant drop in NF-κB, MCP-1 and ICAM-1 induction (Figure 5-12 A – C;
Table 5-9). However, it was not possible to remove the endotoxin from the active monomer
and active aggregate preparations (Table 5-9) and there were no significant changes in LAL
reactivity, NF-κB, MCP-1 or ICAM-1 expression (Figure 5-12 A - C). A significant portion of
protein was also not lost during the Triton X-114 treatment (Table 5-10).
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Figure 5-12: Endotoxin removal from α-syn preparations using Triton X-114
Inflammatory responses of primary human brain pericytes after endotoxin removal from active monomer
and active aggregates as well as LPS by Triton X-114 phase separation. Immunocytochemistry
quantification of (A) NF-κB nuclear translocation (* p < 0.05), (B) MCP-1 (* Active monomer, active
aggregate, Active monomer + Triton X-114, active aggregate + Triton X-114, LPS, LPS + Triton X-114 <
0.05) and (C) ICAM-1 (* Active monomer, active aggregate, Active monomer + Triton X-114, active
aggregate + Triton X-114, LPS vs vehicle) (n = 3, mean ± SD).
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Table 5-8: Quantification of endotoxins present after treatment with Triton X-114

Treatment

Endotoxin units/mL (EU/mL)

Vehicle

0

Active monomer

11.83

Active aggregate

10.77

Active monomer + Triton X-114

8.52

Active aggregate + Triton X-114

8.02

LPS

4.81

LPS + Triton X-114

0.85

Table 5-9: Protein concentration before and after Triton X-114 treatment

Treatment

Protein concentration
before Triton X-114
(mg/mL)

Protein concentration after
Triton X-114 (mg/mL)

Protein
lost (%)

Active
monomer

1.78

1.68

6

Active
aggregate

1.86

1.73

7

5.3.7

Responses to TLR and co-treatment with LPS
Previous studies have shown that α-syn can induce inflammation through the

upregulation of TLRs, resulting in the release of classical inflammatory molecules in microglia
(Béraud et al., 2011; Ferreira and Romero-Ramos, 2018). Therefore, it was investigated
whether two of the endotoxin free α-syn preparations – ribbons and fibrils interact with TLRs
and their ligands (Table 5-8) in primary human brain pericytes. The ribbons and fibrils were
chosen for these subsequent experiments as they were the most well characterised (Ghee et al.,
2005; Bousset et al., 2013; Gath et al., 2014; Peelaerts et al., 2015; Makky et al., 2016;
Verasdonck et al., 2016). Pericytes respond to several TLR ligands, such as Pam3SCK4
(TLR1/2), Poly (I:C) (TLR3), LPS (TLR4), Flagellin (TLR5) and CpG ODN (TLR9).
However, the ribbons and fibrils did not induce additional NF-κB nuclear translocation (Figure
5-13 A) or trigger additional release of pro-inflammatory cytokines when treated in sequence
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with the TLR ligands compared to treatment with TLR ligands alone (Figure 5-13 B – I). These
data suggest that α-syn does not affect TLR ligand signaling in pericytes.

Figure 5-13: Inflammatory responses of pericytes when treated with α-syn and TLR ligands
Inflammatory responses of primary human brain pericytes when treated with vehicle, ribbons (100 nM),
fibrils (100 nM) and TLR ligands (Table 5-8). Immunocytochemistry quantification of (A) NF-κB nuclear
translocation after 1h treatment. Conditioned media were taken and cytokine secretion analysed by
cytometric bead array after 24h. Secretions of (B) ICAM-1, (C) VCAM-1, (D) Fractalkine, (E) IL-6, (F) IL8, (G) MCP-1, (H) IP-10 and (I) RANTES at 24h after treatment (n = 5, mean ± SD).

Additionally, it has been demonstrated that bacterial endotoxins are able to generate
distinct α-syn structures (Kim et al., 2016). Therefore, it was investigated whether co-treatment
of LPS with ribbons or fibrils would alter the inflammatory responses in pericytes and
microglia. Conditioned media was taken 24 hours after co-treatment and analysed by CBA.
However, no significant changes in the amount of pro-inflammatory cytokines released when
the two α-syn preparations are co-treated with LPS in both cell types (Figure 5-14; Figure
5-15).
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Figure 5-14: Inflammatory responses of pericytes when co-treated with LPS and α-syn
Pericytes were cultured and treated with vehicle, ribbons (100 nM), fibrils (100 nM), LPS (10 ng/mL) and
LPS co-treated with ribbons or fibrils before conditioned media was taken and cytokine secretions analysed
by cytometric bead array. Secretions of (A) ICAM-1, (B) VCAM-1, (C) Fractalkine, (D) IL-6, (E) IL-8, (F)
MCP-1, (G) IP-10, (H) IL-1β, (I) RANTES, (J) TNF-α, (K) GM-CSF and (L) G-CSF at 24h after treatment
(n = 3, mean ± SD). p > 0.05 when compared to LPS treatment by One-way ANOVA with Tukey’s multiple
comparisons test.
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Figure 5-15: Inflammatory responses of microglia when co-treated with LPS and α-syn
Microglia were cultured and treated with vehicle, ribbons (100 nM), fibrils (100 nM), LPS (10 ng/mL) and
LPS co-treated with ribbons or fibrils before conditioned media was taken and cytokine secretions analysed
by cytometric bead array. Secretions of (A) ICAM-1, (B) VCAM-1, (C) Fractalkine, (D) IL-6, (E) IL-8, (F)
MCP-1, (G) IP-10, (H) IL-1β, (I) RANTES, (J) TNF-α, (K) GM-CSF and (L) G-CSF at 24h after treatment
(n = 1, mean ± SD). p > 0.05 when compared to LPS treatment by One-way ANOVA with Tukey’s multiple
comparisons test.
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5.3.8

α-synuclein concentration response in pericytes
Previous in vitro studies have demonstrated that α-syn is able to induce inflammatory

responses at various concentrations (Table 5-1). Therefore, it was investigated whether two
endotoxin free α-syn preparations – ribbons and fibrils at concentrations ranging from 25 nM
up to 1 µM would alter inflammatory responses in primary human brain pericytes (Figure
5-16). However, differing concentrations of endotoxin free α-syn induced no significant
inflammatory responses.

Figure 5-16: Concentration responses α-syn preparations in pericytes
Immunocytochemistry quantification of pericytes when treated with either vehicle, ribbons (25 – 1000 nM)
and fibrils (25 – 1000 nM). (A) NF-κB nuclear translocation after 1h treatment (B) MCP-1 and (C) ICAM1 induction after 24h (n = 3, mean ± SD). p > 0.05 when compared to each concentration by Two-way
ANOVA with Tukey’s multiple comparisons test.
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5.3.9

Control and Parkinson’s disease pericytes response to α-synuclein
Following the findings that endotoxin free α-syn preparations did not induce

inflammation in pericytes and microglia obtained from biopsy tissue, it was investigated
whether endotoxin-free forms of α-syn could induce inflammation in post-mortem control and
PD pericytes. Similar to the biopsy pericytes and microglia in post-mortem control and PD
pericytes, α-syn did not induce NF-κB nuclear translocation (Figure 5-17 A), ICAM-1 (Figure
5-17 B, C) or MCP-1 (Figure 5-17 D, E) induction. Both LPS and IL-1β induced NF-κB nuclear
translocation, ICAM-1 and MCP-1 induction (Figure 5-17 A - E). These results suggest that
irrespective of the disease in which the pericytes were obtained, α-syn does not induce
inflammation when it is free of endotoxins.
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Figure 5-17: Immunocytochemistry of inflammatory responses of post-mortem control and PD pericytes
treated with four endotoxin free α-syn preparations
Inflammatory responses of primary human brain pericytes when treated with vehicle, four different
endotoxin free α-syn preparations (ribbons, fibrils, pFF monomer and pFF aggregate) (100 nM), LPS (10
ng/mL) and IL-1β (10 ng/mL). Immunocytochemistry quantification of (A) NF-κB nuclear translocation
after 1h treatment, (B) ICAM-1 induction in control pericytes, (C) ICAM-1 induction in PD pericytes (D)
MCP-1 induction in control pericytes and (E) MCP-1 induction in PD pericytes. (n = 4, mean ± SD). # LPS,
+ IL-1β vs vehicle p < 0.05
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5.3.10 Control and Parkinson’s disease post-mortem pericytes response to inflammatory
stimuli
As α-syn did not induce inflammation in post-mortem control and PD pericytes, it was
investigated whether their inflammatory responses to inflammatory stimuli may differ. Control
and PD pericytes were treated with LPS, IL-1β, TNFα or IFNγ and measured the cytokines
released into the conditioned media via CBA. Interestingly, PD pericytes displayed a
significant increase in the amount of IL-6 released at 48 hours after LPS (Figure 5-18 A), IL1β (Figure 5-18 E) and TNFα (Figure 5-18 I) treatments. After IL-1β treatments, PD pericytes
had significant increases in ICAM-1 (Figure 5-18 C) and IL-8 (Figure 5-18 F) at 48 hours.
TNFα treatment induced a significant increase in the amount of ICAM-1 (Figure 5-18 G) after
48 hours. Control pericytes had significant increases in fractalkine at 6, 8, 24 and 48 hour
treatments with LPS (Figure 5-18 B), 8, 24 and 48 hour treatments with IL-1β (Figure 5-18 D),
24 and 48 hour treatments of TNFα (Figure 5-18 H) and IFNγ (Figure 5-18 K). MCP-1
induction was significantly increased in control pericytes at 48 hour treatments of TNFα
(Figure 5-18 J, Table 5-11). These results suggest that PD and control pericytes have different
responses to inflammatory stimuli, where PD pericytes display a significant increase in the
release of pro-inflammatory cytokines.

110

Chapter 5
Table 5-10: Post-mortem control and PD pericytes responses to inflammatory stimuli.
Green shaded boxes indicate a significant increase in PD pericytes when compared to control pericytes.
Blue shaded boxes indicate a significant increase in control pericytes when compared to PD pericytes.

Treatments

LPS

Il-1β

TNFα

IFNγ

Measured
cytokines
ICAM-1
VCAM-1
Fractalkine
G-CSF
GM-CSF
IL-6
IL-8
IP-10
MCP-1
Rantes
ICAM-1
VCAM-1
Fractalkine
G-CSF
GM-CSF
IL-6
IL-8
IP-10
MCP-1
Rantes
ICAM-1
VCAM-1
Fractalkine
G-CSF
GM-CSF
IL-6
IL-8
IP-10
MCP-1
Rantes
ICAM-1
VCAM-1
Fractalkine
G-CSF
GM-CSF
IL-6
IL-8
IP-10
MCP-1
Rantes

2

Time (hours)
6
8

4
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Figure 5-18: Post-mortem control and PD pericytes response to inflammatory stimuli as measured by CBA
Pericytes were cultured and treated with vehicle, LPS (1 ng/mL), IL-1β (1 ng/mL), TNFα (5 ng/mL) and IFNγ (5 ng/mL) before conditioned media was taken and
cytokine secretions analysed by cytometric bead array. Secretions of (A) IL-6, (B) fractalkine after LPS treatment, (C) ICAM-1, (D) fractalkine, (E) IL-6, (F) IL-8
after Il-1β treatment, (G) ICAM-1, (H) fractalkine, (I) Il-6, (J) MCP-1 after TNFα treatment and (K) fractalkine after IFNγ treatment at treatment times indicated
(n = 4, mean ± SD). p < 0.05 when comparing control vs PD pericyte secretions
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5.3.11 Basal inflammation in control vs PD pericytes
Next, it was investigated whether the basal inflammatory profile of post-mortem control
and PD pericytes are different. Immunocytochemistry of NF-κB nuclear translocation indicates
that PD pericytes have a small but significant basal level of NF-κB nuclear translocation with
a mean of 6.816 ± 3.4 (Figure 5-19).

Figure 5-19: Immunocytochemistry quantification of basal NF-κB nuclear translocation in control and PD
pericytes
Immunocytochemistry quantification of basal NF-κB nuclear translocation in control and PD pericytes. (n
=4, mean ± SD). * p < 0.05 compared to control

NF-κB nuclear translocation is an all or nothing response, requiring a strong
inflammatory stimulus to induce translocation. However, it appears as though the PD pericytes
have a basal level of NF-κB that is statistically significant (p = 0.0104; Figure 5-20).
Interestingly, when pericytes are exposed to a strong inflammatory stimulus, clear translocation
can be seen in the nucleus, where the signal to noise ratio is high (Figure 5-20 C, D). When the
pericytes are not stimulated, NF-κB can be seen within the cytoplasm (Figure 5-20 A, B).
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However, in the PD pericytes that are untreated, the amount of cytoplasmic NF-κB is still
relatively high, but there are also cells that are positive for NF-κB in the nucleus (Figure 5-20
B). These results suggest that when PD pericytes are untreated in culture, they maintain a
slightly inflamed profile.

Figure 5-20: Immunocytochemistry of the NF-κB nuclear translocation in control and PD pericytes
Representative immunocytochemistry images of NF-κB nuclear translocation in control and PD pericytes
after treatment with vehicle or IL-1β (10 ng/mL). (A) Vehicle treated control pericytes, (B) vehicle treated
PD pericytes, (C) IL-1β treated control pericytes and (D) IL-1β treated PD pericytes. White arrows indicate
nuclear translocation of NF-κB in PD pericytes. Scale bar = 50 μm.

To investigate the basal inflammatory responses further, conditioned media was taken
from control and PD pericytes and inflammatory cytokines were measured via a CBA.
Significant differences in ICAM-1 (Figure 5-21 A), VCAM-1 (Figure 5-21 B), IL-6 (Figure
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5-21 D) and IL-8 (Figure 5-21 E) in PD pericytes were seen when compared to control
pericytes. Significant differences were seen in fractalkine (Figure 5-21 C) and MCP-1 (Figure
5-21 F) in control pericytes when compared to PD pericytes. These results suggest that the
basal secretions of these pericytes differ. PD pericytes overall have increased secretions of
inflammatory cytokines. These results together with the increased basal level of NF-κB nuclear
translocation suggest that PD pericytes have an increased level of basal inflammation in vitro.

115

Chapter 5

Figure 5-21: Post-mortem control and PD pericytes basal inflammation as measured by cytometric bead
array
Pericytes were cultured and treated only with vehicle before conditioned media was taken and cytokine
secretions were analyzed by cytometric bead array. Secretions of (A) ICAM-1, (B) VCAM-1, (C)
fractalkine, (D) IL-6, (E) IL-8 and (F) MCP-1. (n = 4, mean ± SD). * p < 0.05 students t-test
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Figure 5-22: Summary figure of the major findings in chapter 5
Summary figure of major findings displaying that α-syn that is free of bacterial endotoxins does not
induce inflammation in primary human brain pericytes and microglia. (Created with biorender.com)
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5.4 Discussion
The majority of the α-syn preparations used in this study did not induce inflammation
in primary human brain pericytes or microglia. Two preparations, which had the highest level
of endotoxin contamination induced a strong inflammatory response, which were similar in
profile and time-course to the LPS positive control. We propose that the observed presence of
endotoxin is responsible for some, if not all of the inflammatory activity of these two
preparations. Endotoxins are remnants of Gram-negative bacteria and induce potent
pathophysiological effects (Rietschel et al., 1994). Recombinant proteins, which are commonly
produced in E. coli can contain low levels of bacterial components such as LPS, bacterial DNA,
outer wall proteins such as porins and lipid A-associated proteins, fimbrial proteins, protein A
and lipoproteins. All of these are able to induce cellular inflammation (Wakelin et al., 2006).
The LAL assay is considered a gold standard for LPS and endotoxin detection and
quantification (Wakelin et al., 2006). Here, it is shown that two preparations of α-syn – active
monomer and active aggregate contain high levels of endotoxins that induce a significant
inflammatory response (Figure 5-4; Figure 5-5). Interestingly, none of the other eight α-syn
preparations - control monomer, control aggregate, ribbons, fibrils, rPeptide monomer,
rPeptide aggregate, pFF monomer and pFF aggregate appeared to induce inflammation as
determined by the immunocytochemistry, CBA or the Proteome Profiler™ Human XL
Cytokine Array analysis even though some contained endotoxins (Figure 5-4; Figure 5-5;
Figure 5-7; Figure 5-9; Figure 5-10; Figure 5-11; Table 5-10).
A caveat to the LAL assay is the fact that endotoxin contaminants from different
bacterial species can exhibit different LAL reactivity. Additionally, the amount of cytokine
induction can also differ significantly between different LPS species (Ochiai et al., 2003;
Yamamoto et al., 2003; Wakelin et al., 2006). Furthermore, we did not assay additional
immunogenic contaminants, such as bacterial DNA. This complicates the interpretation of
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studies using endotoxin contaminated α-syn preparations (White et al., 2018). Different
endotoxins can differ significantly in potency per unit mass, even though the preparations
appear to have equal LAL reactivity. This may explain the observations that although the
control monomer, control aggregate and r-Peptide α-syn preparations contained detectable
endotoxins, they did not induce inflammation. This is further supported through the use of LPS
in this study, whereby LPS had lower LAL reactivity compared to both the active monomer
and active aggregate (Table 5-10), yet, it appeared to be a much stronger inducer of
inflammation (Luchi and Morrison, 2000; Munford, 2016) (Figure 5-4; Figure 5-5; Figure 5-6;
Figure 5-8). These data demonstrate that any form of endotoxin contamination may confound
the interpretation of inflammatory responses.
The majority of α-syn used in inflammatory studies is derived from recombinant human
protein expressed in E. coli (Zhang et al., 2005; Béraud et al., 2011; Couch et al., 2011; Cao et
al., 2012). Human recombinant α-syn protein applied at various concentrations has been used
in many rodent models and non-brain derived human models in vitro to study inflammation of
a human brain disease (Table 5-1). In fact, little work has been completed on primary human
brain cells. Contrary to previous studies where inflammation is observed in rodent microglia
(Zhang et al., 2005; Couch et al., 2011; Cao et al., 2012) when using α-syn sourced from rPeptide, the same α-syn did not induce inflammation in primary human microglia or primary
human brain pericytes (Figure 5-4; Figure 5-5; Figure 5-6; Figure 5-8). Additionally, two of
the α-syn aggregates that are free of endotoxins – ribbons and fibrils, did not induce
inflammation in either primary human brain pericytes or microglia (Figure 5-4; Figure 5-5).
This is in contrast to a recent study showing that these fibrils induced a significant
inflammatory response in human peripheral blood monocytes and the mouse BV-2 microglial
cell line (Grozdanov et al., 2019). These findings pose interesting questions: (1) Whether the
addition of human recombinant proteins to non-human cells confounds inflammatory
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responses, (2) whether human non-brain derived cells such as peripheral immune cells, in
particular, those isolated from Parkinson’s disease patients, or induced pluripotent stem cells
react differently to α-syn compared to brain derived immune cells and (3) whether the
concentration of α-syn may impact the inflammatory responses in rodent in vitro cultures.
Additionally, previous studies have demonstrated that α-syn is able to directly activate
rodent microglia through the classical activation pathway that also includes the upregulation of
TLRs such as TLR2, TLR3 and TLR4 (Béraud et al., 2011, Fellner et al., 2013; Noelker et al.,
2013). Therefore, it was investigated whether α-syn may interact with TLRs and their various
ligands in primary human brain pericytes. It has been documented that LPS activates TLR4 in
pericytes that alter the structure of these cells as well as inducing inflammation (Edelman et
al., 2007). However, the endotoxin-free α-syn preparations – ribbons and fibrils, do not
synergize with the TLR ligands and therefore do not alter inflammatory responses through
TLRs in pericytes.
Lastly, we were unable to remove the endotoxins from the active monomer and active
aggregate preparations and therefore, could not directly ascertain the role played by the
endotoxin in their inflammatory actions (Figure 5-12). It is hypothesized that it is not possible
to remove the endotoxin from the active monomer and active aggregate preparations as it can
be tightly bound to protein (Wilson et al., 2001). However, the idea that the ultrastructure of
the active monomer and active aggregate may be playing a role in the inflammatory response
cannot be dismissed. Previous studies have demonstrated that bacterial endotoxins are able to
generate distinct α-syn structures (Kim et al., 2016). Additionally, it has been documented that
intestinal infection by bacteria can lead to Parkinson’s disease-like symptoms and increase the
amount of pathogenic α-syn in the gut (Forsyth et al., 2011; Matheoud et al., 2019).
Furthermore, it has been demonstrated that small amounts of endotoxins in recombinant α-syn
can induce an inflammatory response that is greater than what would be expected from the
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endotoxins alone in peripheral blood mononuclear cells (White et al., 2018). These studies
suggest that α-syn in the presence of bacterial endotoxins could be more detrimental than either
alone, raising the possibility that the “contaminated” forms may better represent the disease.
Therefore, it was investigated whether LPS may alter the inflammatory responses when added
to the ribbon and fibril α-syn preparations and produce a greater inflammatory response
compared to LPS alone by potentially activating a PAMP and DAMP response. However, there
was no alteration in the inflammatory responses in both cell types upon co-treatment with LPS
and the two α-syn preparations (Figure 5-14; Figure 5-15). Therefore, it is unknown what
conditions are required for bacteria to alter the structures of α-syn to induce a greater
inflammatory response and therefore, further investigation is required.
As endotoxin free forms of α-syn do not induce inflammation in biopsy human brain
pericytes and microglia, the next step was to investigate whether α-syn could induce
inflammation in post-mortem control and PD pericytes. Post-mortem control and PD pericytes
were treated with four of the endotoxin free α-syn preparations – ribbons, fibrils, pFF monomer
and pFF aggregate. Similar to the biopsy primary human brain pericytes and microglia, α-syn
does not induce inflammation in post-mortem control and PD pericytes (Figure 5-17). These
results suggest that irrespective of the disease origin of the cells, α-syn does not induce
inflammation in primary human brain pericytes or microglia.
Although the understanding of the development of PD is limited, there is extensive
evidence from both human samples and animal models that suggest that inflammation is
involved in the onset and/or progression of the disease (Pajares et al., 2020). The exact trigger
for the inflammatory profiles seen in PD remains unclear. Inflammation may be a consequence
of ongoing neuronal cell death as well contributions from misfolded α-syn (Pajares et al.,
2020). However, the results in this present chapter suggest that α-syn may not be the main
121

Chapter 5
culprit. Therefore, it was investigated whether the responses to inflammatory stimuli such as
LPS, IL-1β, TNFα and IFNγ may differ between control and PD pericytes. Interestingly, PD
pericytes release significantly more IL-6, IL-8 and ICAM-1 when treated with the various
inflammatory stimuli when compared to control pericytes (Figure 5-18). IL-6 is a strong proinflammatory cytokine and is capable of increasing leukocyte adhesion and migration,
disruption of the BBB, inducing glial cell activation and inducing neuronal cell death in PD
(Członkowska et al., 2002; Hirsch et al., 2005; Hofmann et al., 2009; Sawada et al., 2006). IL8 is also a pro-inflammatory chemokine that mediates glial interactions with neurons and
contributes to neuronal damage (Gupta et al., 2016; Kim et al., 2011). It is important to realise
that pro-inflammatory cytokines in the brain are not only secreted by glial cells, but also by
neurons (Hofmann et al., 2009). Therefore, these inflammatory stimuli could be released from
dying neurons, activating glial cells and pericytes, which in turn become activated. As it
appears that PD pericytes have an exaggerated response and release a large amount of
inflammatory cytokines, this could create a vicious cycle of chronic inflammation in the PD
brain.
Increased cytokine levels including IL-1β, IL-2, IL-6, IFNγ and TNFα counts have been
detected in serum and CSF from PD patients (Brodacki et al., 2008; Reale et al., 2009). This
idea of peripheral inflammation may be central to inflammation in PD neurodegeneration.
Peripheral inflammation has an impact at both the BBB and the autonomic nervous system via
the vagus nerve. Peripheral inflammation can have many impacts in the brain, where it can
switch microglia into an active state and trigger inflammatory responses in the brain (Pajares
et al., 2020). Therefore, it could be possible that these pericytes in culture are already “primed”
and that exposure to inflammatory stimuli creates a significant inflammatory response in the
PD pericytes. Indeed, it has been shown that microglia are primed in many neurodegenerative
diseases and makes them susceptible to a secondary inflammatory stimulus. The secondary
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inflammatory stimulus then triggers an exaggerated inflammatory response (Perry et al., 2014).
Additionally, the neurovascular unit, in which pericytes reside, is altered in PD. This allows
for activation of the innate immune response, and the recruitment and activation of the adaptive
immune system (Bartels et al., 2008; Brochard et al., 2009).
Evidence for a primed phenotype may come from the fact that the PD pericytes in
culture have a basal level of NF-κB nuclear translocation (Figure 5-19; Figure 5-20). Further
evidence comes from CBA data where PD pericytes have significantly increased basal
secretions of ICAM-1, VCAM-1, IL-6 and IL-8 (Figure 5-21). These results suggest that
pericytes not only have an exaggerated response to inflammatory stimuli, but maintain a basal
level of inflammation in culture compared to control pericytes. These findings could suggest
that the chronic inflammation that pericytes have been exposed to in the PD brain may have
primed the PD pericytes used in culture therefore, contributing to the basal level of
inflammation.
Lastly, this study largely focused on the effects of α-syn on non-neuronal cells. The
scarcity of primary human neurons was a limiting factor and played a part in the exclusion in
this study. However, it would have been beneficial to include these cells
These findings suggest caution should be used when interpreting inflammatory changes
observed in the brain and brain cells by different α-syn preparations and that when α-syn is free
of endotoxin, it is largely free of inflammatory actions on human brain microglia and pericytes.
Additionally, our findings suggest that PD pericytes may remain in a primed state with a basal
level of inflammation and have exaggerated inflammatory responses to inflammatory stimuli
in vitro.
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6 Uptake and degradation of α-synuclein in primary
human brain pericytes
6.1 Introduction
The excessive presence of accumulated α-syn in sporadic PD brings into question the
mechanisms that control levels of α-syn. The direct mechanism by which α-syn is degraded in
cells remains controversial. Initial reports suggested that the proteasome degrades α-syn
through the UPS (Bennett et al., 1999; Liu et al., 2002; George K Tofaris et al., 2001).
However, further investigation in neuronal cells revealed that the application of general
proteasome inhibitors did not result in the significant accumulation of α-syn (Rideout et al.,
2001, 2002). However, it was subsequently discovered that α-syn is degraded through the UPS
but only in the form of soluble oligomers of intermediate size (Emmanouilidou et al., 2010).
On the other hand, general lysosomal inhibitors led to the accumulation of α-syn in neuronal
cells (Cuervo et al., 2004). Additionally, inhibition of ALP through macroautophagy
significantly increased the levels of wild type α-syn (Cuervo et al., 2004; Webb et al., 2003).
In vivo results have suggested that the lysosomal degradation pathway of the CMA is important
for the degradation of α-syn (Vogiatzi et al., 2008). Therefore, both the CMA and
macroautophagy pathways of the ALP are important for the degradation of α-syn in neuronal
cells.
Recent evidence has suggested that α-syn is secreted from neuronal cells and therefore,
have pathological actions in the extracellular space. This could therefore, involve other nonneuronal cells in disease processes. Among neurons, astrocytes and microglia, microglia
exposed to extracellular α-syn were the most efficient at degrading α-syn (Lee et al., 2008),
therefore, microglia may be a scavenger of extracellular α-syn. A recent study demonstrated
that α-syn transfers from neuronal cells to astrocytes in vitro and that astrocytes play a role in
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the degradation of the protein (Loria et al., 2017). In astrocytes, α-syn was mainly found within
the lysosomal compartments, which efficiently degrade α-syn fibrils. Together these results
that non-neuronal cells may be important for the clearing of α-syn deposits in PD.
A cell type that has not been extensively studied in PD are pericytes. Pericytes are
efficient phagocytes and act as the last line of defense in the BBB (Rustenhoven et al., 2017;
Winkler et al., 2011). Therefore, pericytes play an important role in maintaining the integrity
of the BBB while maintaining the health of the brain (Sagare et al., 2013; Zlokovic, 2008).
Previous work has shown that α-syn in the human brain is found within pericytes (Chapter
4.3.2; Stevenson et al., 2020). Because of their unique location within the neurovascular unit
between endothelial cells of brain capillaries, astrocytes and neurons (Rustenhoven et al.,
2017), together with their phagocytic capabilities pericytes may be involved in the uptake and
degradation of α-syn in the PD brain. Pericytes have a significant number of lysosomes and
have UPS capabilities. These cells are also able to respond to cellular stressors and increase
their lysosome numbers in response to tissue injury, with age and in neurodegenerative diseases
(Thomas, 1999). Although the degradative capabilities of α-syn in pericytes are currently
unknown, it provides another cell type that may be involved in the pathogenesis of PD. As our
lab group has been able to show that pericytes are able to transfer α-syn from one pericyte to
the next (Dieriks et al., 2017), the possibility of enhancing degradation in pericytes may
become an important therapeutic strategy. If pericytes are able to degrade α-syn before the
protein is spread from one cell to the next then the progression of disease may be slowed.
In this present chapter, it is shown that pericytes derived from epileptic brain biopsies,
post-mortem control and post-mortem PD pericytes human brains are able to take up
extracellular α-syn in vitro. Additionally, it is shown that epilepsy pericytes are efficient at
degrading three different α-syn aggregates through the ALP. However, both control and PD

125

Chapter 6
post-mortem pericytes have poor lysosomal function and therefore are less efficient at
degrading the α-syn.
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6.2 Methods
6.2.1

Human brain tissue used for in vitro study of the uptake and degradation of α-syn
For post-mortem adult human brain cell cultures, tissue was obtained from

neurologically normal or clinically and pathologically confirmed PD cases from the
Neurological Foundation of New Zealand Human Brain Bank and the Hugh Green Foundation
BioBank. The normal cases used in this study had no clinical history of neurological disease
and no apparent pathological abnormalities upon post-mortem examination. Pathological
examination by a neuropathologist confirmed the clinical diagnosis of PD by observed
presence of Lewy bodies in the substantia nigra as well as pigment incontinence and cell loss
in the substantia nigra. No other neuropathological changes or clinical history of other
neurodegenerative diseases were present.
For post-mortem primary human cell cultures, brains were obtained with informed
consent from all donor families. All protocols used in this study were approved by the
University of Auckland Human Participants Ethics Committee (2014/011654 – New Zealand)
for post-mortem brain tissue. All methods were carried out in accordance within the approved
guidelines (Table 6-1).
The use of human tissue and collection procedures were approved by the Northern
Regional Ethics Committee (New Zealand) for biopsy tissue (AKL/88/025). Biopsy human
brain tissue was obtained with informed written consent from the patient and family members.
Tissue used in this study was taken from adult drug-refractive epilepsy (Table 6-1).

127

Chapter 6
Table 6-1: Biopsy and post-mortem control and Parkinson's disease cases used in this study

Biopsy cases
Case

Pathology

Region of
resected
specimen

Age

Sex

E213

Epilepsy, patchy
gliosis, no cortical
dysplasia, no
neoplasia, presumed

Left anterior
temporal lobe

23

M

E215

Epilepsy, Mesial
temporal sclerosis
(Grade 3)

Right anterior
and posterior
temporal lobe

29

F

E216

Epilepsy, Mesial
temporal sclerosis
(Grade 3)

Left temporal
lobe

38

M

E217

Epilepsy, Mesial
temporal sclerosis
(Grade 3)

Left anterior
temporal lobe

30

M

30
(Range:
23 – 38)

3:1
(M:F)

Average

Normal cases
Case

Cause of death

Post-mortem
delay (hours)

Age
(years)

Sex

H189

Asphyxia

16

41

M

H238

Dissecting aortic
aneurysm

16

63

F

H239

Ischemic heart disease

15.5

64

M

H244

Ischemic heart disease
– coronary
atherosclerosis

16

76

M

15.8 (Range:
15.5 16)

61
(Range:
41 – 76)

3:1
(M:F)

Post-mortem
delay (hours)

Age
(years)

Sex

Average

Parkinson’s
disease cases
Case

Cause of death
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PD52

Myocardial infarction

5

84

M

12

PD65

Parkinson’s disease
aspiration

2.25

67

M

9

PD71

Pneumonia

5.5

80

M

9

PD78

Parkinson’s disease

5.5

80

M

8

18.25 (Range:
2.25 – 5.5)

77.75
(Range:
67 – 84)

4:0
(M:F)

9.5 (Range:
8 – 12)

Average
6.2.2

Isolation of primary human brain pericytes
Pericytes from both biopsy epilepsy cases and autopsy post-mortem control and PD

cases were obtained as previously described (Chapter 3.2.1).
6.2.3

Immunocytochemistry
Cells were fixed using 4% paraformaldehyde (PFA) for 15 minutes at room temperature

and washed in phosphate buffered saline with 0.1% Triton X-100 (PBS-T). Cells were
incubated with primary antibodies – PDGFRβ (Y92) (Abcam, ab32570, 1:500), α-syn (Abcam,
ab1903), Lamp-1 (DHSB H4A3, 1:500) overnight at 4°C, diluted in PBS containing 1% normal
goat serum. Cells were washed in PBS-T and incubated with appropriate anti-species
fluorescently conjugated secondary antibodies for three hours at room temperature. The cells
were washed again with PBS-T and incubated with Hoechst 33342 (1:500, Molecular probes
# H1399) for 15 minutes at room temperature to counterstain cell nuclei. Images were acquired
using the automated fluorescence microscope ImageXpress® Micro XLS (Version 5.3.0.1,
Molecular Devices) using the 20 x (0.45 NA) CFI Super Plan Fluor ELWD ADM objective
lens and Lumencor Spectra X configurable light engine source. Quantitative analysis of several
measures including percentage positive cytoplasmic staining, cytoplasmic intensity measures
and granularity measurements were performed using the cell scoring, granularity and integrated
morphometry analysis modules on MetaXpress® software (Version 5.3.0.1, Molecular
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Devices). Roughly 500-1000 cells were scored per well with multiple wells (at least three)
analysed per sample.
6.2.4

Cell plating
Cells were plated as previously described (Chapter 3.2.3).

6.2.5

α-synuclein treatments and fluorescent beads
α-syn preparations of two fibrillar polymorphs with features that are similar to those

seen in two synucleinopathies - ribbons and fibrils (Bousset et al., 2013; Gath et al., 2014; Ghee
et al., 2005; Makky et al., 2016; Peelaerts et al., 2015; Verasdonck et al., 2016), pFF aggregates
(Proteos, MI, USA) or vehicle (PBS or 0.1% BSA in PBS) were added at a concentration of
100 nM to pericytes to access the uptake of α-syn. To access the degradation, the concentration
of 50 nM was added to the pericytes. Pericytes were also incubated with 1 µm FluoSpheres
Polystyrene Microspheres (Thermofisher Scientific; F13080) to assess uptake and degradation.
6.2.6

Fixed-flow cytometry
Pericytes were cultured in 24 well plates (Nunc) before treatment with α-syn (ribbons,

fibrils pFF aggregate) or vehicle (PBS). Following timed treatments, cultures were incubated
with Trypsin-1mM EDTA (Invitrogen) at 37°C for 5 minutes to harvest cells and placed in
FACS tubes (Falcon). Cells in suspension were incubated in 8% PFA for 10 minutes and then
centrifuged at 300 g for 5 minutes. Subsequently cells were washed twice with PBS-T for
permeabilization for 10 minutes each. Cells were incubated with primary antibodies at 1:500,
including a no-primary control overnight at 4 °C. The cells were pelleted and the primary
antibody removed and cells were washed before addition of secondary antibody including the
nuclear stain 7-Amino-Actinomcyin D (7-AAD) (BD Pharmingen; 559925, 1:100) for 3 hours
at room temperature. Samples were then run on Accuri C6 flow cytometer (BD Biosciences)
until 5000 cellular events had been recorded.
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Figure 6-1: Methodology for measurement of intracellular α-syn using flow cytometry
Flow cytometry methodology for gate selection and quantification of the amount of α-syn intracellular in
pericytes. (A) Cell selection and removal of debris using side scatter and forward scatter, (B) selection of
single cells and removal of doublets using forward scatter, (C) choosing only the cells that are positive for
the nuclear stain 7-AAD and lastly, (D) selection of cells that are positive for α-syn. (E) Graphic to
demonstrate differences after following the procedure between vehicle and α-syn treated pericytes.
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6.2.7

Measuring expelled α-syn and fluorescent beads
Pericytes were treated with fluorescently tagged ribbons (100 nM), fluorescently tagged

fibrils (100 nM) or 1 µm fluorescent beads (1:1000) for 8 hours and subsequently media
changed. Over the different timepoints (1 – 7 days), media was removed and the fluorescent
intensity of either α-syn or the fluorescent beads was measured using the CLARIOstar
microplate reader (BMG Labtech, Ortenberg, Germany) in the media.
6.2.8

Phagocytosis inhibitors
To inhibit the phagocytosis of α-syn pericytes were treated with 20 μM of the actin

polymerisation inhibitor - cytochalasin D (Sigma-Aldrich), 10 μM of the microtubule inhibitor
- colchicine (Sigma-Aldrich) or vehicle (0.2% DMSO) for 2 hours. To measure the effects,
cells were either imaged as in section (Chapter 6.2.3) or measured through flow cytometry as
in section (Chapter 6.2.6).
6.2.9

Degradation inhibitors
To inhibit the two degradation pathways in pericytes they were treated with either a

proteasome inhibitor MG132 (Abcam, ab141003, 5 µM) for 6-8 hours or a lysosomal inhibitor
bafilomycin A1, (V)-ATPase inhibitor (Abcam, ab120497, 200 nM) for 4-6 hours or vehicle
(DMSO). To measure the effects, cells were either imaged as in section (Chapter 6.2.3) or
measured through flow cytometry as in section (Chapter 6.2.6).
6.2.10 Lysosomal functionality assay
To assess the functionality of the lysosomal system in pericytes a lysosomal
intracellular activity assay kit (Abcam, ab234622) was used. Briefly, remove media and replace
with fresh complete medium containing vehicle, positive control (Bafilomcyin) and the test
compound at desired concentrations and incubate the cells for 1 hour at 37 °C with 5% CO2.
Next, the media was removed and replaced with complete fresh medium. Next, 15 µL of Self132
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Quenched substrate per 1 mL of media was added to each experimental and control well. Cells
were subsequently incubated for 1 hour at 37 °C with 5% CO2. To stop the reaction, the cells
were washed twice with 1 mL ice cold Assay Buffer and the cells were subsequently imaged
under a fluorescent microscope with 488 nm excitation filter. Images were acquired using the
automated fluorescence microscope ImageXpress® Micro XLS (Version 5.3.0.1, Molecular
Devices) using the 20 x (0.45 NA) CFI Super Plan Fluor ELWD ADM objective lens and
Lumencor Spectra X configurable light engine source. Quantitative analysis of several
measures including percentage positive cytoplasmic staining, cytoplasmic intensity measures
and granularity measurements were performed using the cell scoring, granularity and integrated
morphometry analysis modules on MetaXpress® software (Version 5.3.0.1, Molecular
Devices). Roughly 500-1000 cells were scored per well with multiple wells (at least three)
analysed per sample.
6.2.11 Statistical analysis
All experiments were performed in at least three independent cases. In general, data are
presented as mean ± SD from at least three independent experiments. Data visualization and
statistical hypothesis testing was performed using GraphPad Prism® Version 8.02. Two-way
analysis of variance (ANOVA) was used when comparing time across different α-syn
treatments with Tukey’s multiple comparisons adjustment. One-way ANOVA with Dunnett’s
multiple comparison adjustment was used when comparing responses between treatments.
Statistical significance was set as p < 0.05
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6.3 Results
6.3.1

Pericytes are efficient phagocytes of α-synuclein in vitro
To confirm that pericytes grown in our lab are able to phagocytose extracellular

components, pericytes were firstly incubated with 1 µm fluorescent beads as a positive control.
Following the incubation with fluorescent beads, pericytes efficiently phagocytosed the beads
within the first 2 hours of exposure (Figure 6-2). The maximal amount of uptake occurred after
24 hours of incubation where the mean fluorescent intensity (MFI) was the highest. The 24
hours of incubation was significantly different to 2, 4, and 6 hour incubations. Interestingly,
the 8 hour incubation was significantly different to the 2 and 4 hour incubations, whereas the
6 hour incubation was only significantly different to the 2 hour incubation (Figure 6-2). These
results suggest that pericytes are able to efficiently phagocytose fluorescent beads over a 24
hour incubation with continuous uptake over this time course.

Figure 6-2: Graph showing the uptake of 1µm fluorescent beads in primary human brain epilepsy pericytes
Primary human brain epilepsy pericytes were incubated with 1 µm fluorescent (1:1000) beads over a 24
hour incubation and MFI was measured using fixed flow cytometry. (Epilepsy pericytes, n = 4, mean ± SD).
* p < 0.05 compared to 2 hour treatment, + p < 0.05 compared to 4 hours treatment, ^ p < 0.05 compared to 6
hours treatment.
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Following the findings that pericytes were able to efficiently phagocytose the
fluorescent beads it was investigated whether they would be able to phagocytose α-syn
aggregates. Primary human brain pericytes isolated from three different groups of brains biopsy epilepsy, control post-mortem and PD post-mortem (Table 6-1), were treated with three
different α-syn preparations – ribbons, fibrils and pFF aggregates to investigate their ability to
phagocytose α-syn.
Initial qualitative analysis of the uptake of α-syn was carried out in human epilepsy
brain derived pericytes. There was no endogenous α-syn present in epilepsy pericytes (Figure
6-3 A) however, after treatment with α-syn fibrils, epilepsy pericytes began to take up the αsyn within 2 hours of treatment (Figure 6-3 B). Maximal uptake was seen at 24 hours after
treatment with the fibrils (Figure 6-3 E), similar to the fluorescent beads seen previously
(Figure 6-2). Additionally, confocal microscopy of a pericyte in vitro demonstrates that α-syn
is found within the cell using orthogonal views (Figure 6-3 F). These images demonstrate that
pericytes are able to efficiently phagocytose α-syn from the extracellular environment.
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Figure 6-3: Representative immunocytochemistry images of the uptake of α-syn fibrils in pericytes over 24
hours
Pericytes were incubated with α-syn fibrils (100nM) for 24 hours. Pericytes did not contain endogenous αsyn (A), however, pericytes efficiently phagocytose α-syn at (B) 2 hours, (C) 4 hours and (D) 8 hours and
(E) 24 hours. Orthogonal confocal microscopy reveals that α-syn is present within pericytes in vitro. Scale
bar, 100 µm (A – E), Scale bar 10 µm (F).

Next, the uptake of α-syn was quantified. To ensure that the α-syn was identified as
intracellular, fixed-flow cytometry was used. In the methodology of fixed flow cytometry, the
cells are trypsinized. This ensures that all of the protein that is on the surface of the pericytes
is cleaved, this would include any α-syn that would be tethered to the surface. Flow cytometry
was the main assay used for the results demonstrated in the remainder of the chapter.
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Following the findings that epilepsy pericytes were capable of efficiently
phagocytosing α-syn, this extended this to all three groups of pericytes – epilepsy, control postmortem and PD post-mortem. Pericytes were treated with 100 nM of either ribbons, fibrils or
pFF aggregates at the various timepoints (Figure 6-4). In all three groups, α-syn intensity was
lowest at 2 hours after treatment (Figure 6-4 A -C). The intensity of intracellular α-syn steadily
increased overtime, where the MFI was maximal after 24 hours after treatment with all three
α-syn aggregates in all three groups of cells (Figure 6-4 A - C). Additionally, in all three groups,
the α-syn intensity present at 24 hours was significantly different to their respective 4 hour and
2 hour treatments (Figure 6-4). Interestingly, the 24 hour treatments were significantly different
to the 8 hour treatments for the ribbons and fibrils but not for the pFF aggregates. This suggests
that the pFF aggregate may reach maximal uptake around the 8 hour timepoint. In all three
groups, there were significant differences between the 8 hour treatments and 4 and 2 hour
treatments (Figure 6-4). Interestingly, only the pFF aggregate had significant differences
between the 4 hour and 2 hour treatments in all three groups.
Next, the intracellular α-syn intensity was compared between the 3 groups after either
ribbons (Figure 6-5 A), fibrils (Figure 6-5 B) or pFF aggregate (Figure 6-5 C). These data show
that at each time point, there were no significant differences between the uptake of α-syn
between the three different groups of pericytes.
Overall, the results suggest that irrespective of disease state or type of α-syn aggregate
that there are no major differences between the amount of intracellular α-syn present in
pericytes over a 24 hour incubation.
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Figure 6-4: Uptake of three α-syn aggregates measured using fixed-flow cytometry in epilepsy, control and
Parkinson’s disease pericytes over 24 hours of incubation
α-syn MFI was measured using fixed-flow cytometry in (A) epilepsy, (B) control and (C) PD pericytes after
incubation with ribbons (100 nM), fibrils (100 nM) or pFF aggregates (100 nM) for 24 hours. (n = 4 in each
group, mean ± SD). * p < 0.05 compared to 2 hour treatment, ^ p < 0.05 compared to 4 hour treatment, ^ p <
0.05 compared to 8 hour treatment.
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Figure 6-5: Comparison between the three different α-syn aggregates and uptake of α-syn in epilepsy,
control and PD pericytes over 24 hours of treatment
Primary human brain pericytes were incubated with ribbons (100 nM), fibrils (100 nM) or pFF aggregates
(100 nM) over 24 hours and α-syn MFI was measured using fixed flow cytometry. Repeated measures
analysis was carried out between epilepsy, control and PD pericytes for either (A) ribbons, (B) fibrils and
(C) pFF aggregates. (n = 4 in each group, mean ± SD).

Following the findings that all three groups of pericytes are able to phagocytose the
ribbons, fibrils and pFF aggregates to a similar degree, it was investigated whether the main
mechanism of uptake was through phagocytosis. Phagocytosis is an active process which is
carried out by the reorganization of two cytoskeletal elements. Firstly, microtubules which are
comprised of α/β-tubulin monomers are involved in tethering particles to the cellular surface
and their subsequent intracellular trafficking. Secondly, actin filaments which are comprised
of actin monomers, extend the cell membranes around particles to allow phagocytosis (Aderem
et al., 1999). Therefore, to investigate whether α-syn was mainly being internalised through
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phagocytosis, pericytes were treated with inhibitors of filamentous (F-) actin assembly –
cytochalasin D or a microtubule formation inhibitor - colchicine prior to the addition of α-syn.
Both colchicine and cytochalasin D reduced the amount of uptake of all three α-syn
preparations (Figure 6-6). Significant differences were seen in the uptake of the fibrils and pFF
aggregates with both colchicine and cytochalasin D (Figure 6-6 B, C), however, only
significant differences were seen with cytochalasin D after treatment with the ribbons (Figure
6-6 A). Colchicine appeared to attenuate the amount of phagocytosis of the ribbons however,
it was not significant (Figure 6-6 A). Furthermore, representative images of confocal
microscopy, demonstrate that pericytes incubated with colchicine and α-syn fibrils attenuates
the amount of phagocytosis. These results suggest that phagocytosis inhibitors reduce the
amount of α-syn which is taken up in pericytes, however, there may be other mechanisms in
which α-syn is internalized.
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Figure 6-6: Inhibition of phagocytosis in primary human brain epilepsy pericytes
Primary human brain epilepsy pericytes were pre-treated with cytochalasin D (20 µM), colchicine (10 µM)
or vehicle (0.2% DMSO) for 30 minutes prior to a two hour incubation with ribbons (100 nM), fibrils (100
nM) or pFF aggregates (100 nM). α-syn phagocytosis was measured using fixed flow cytometry to measure
MFI after treatment with phagocytosis inhibitors with (A) ribbons, (B) fibrils and (C) pFF aggregates. (n
= 3, mean ± SD). Confocal microscopy with orthogonal views of pericytes treated with (D) fibrils alone
compared to (E) fibrils pretreated with colchicine. Scale bar = 10 µm. ** p < 0.001 when compared to the
respective α-syn treatment.

6.3.2

Pericytes degrade α-synuclein aggregates in vitro
As it was demonstrated that pericytes in vitro are able to efficiently phagocytose α-syn,

next it was investigated whether they are capable of degrading the α-syn protein from the cells.
Firstly, it was investigated whether pericytes were able to degrade the 1 µm fluorescent beads.
However, pericytes do not degrade the fluorescent beads and the fluorescent intensity remains
the same over 7 days (Figure 6-7). These data suggest that although the pericytes are able to
phagocytose particles in the media, they do not necessarily degrade it.
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Figure 6-7: Quantification of the degradation of 1 µm fluorescent beads in primary human brain epilepsy
pericytes
Flow cytometry quantification of the MFI of 1 µm fluorescent beads incubated with epilepsy pericytes over
7 days. (n = 4, mean ± SD).

Next, it was investigated whether pericytes were able to degrade the three different αsyn aggregates – ribbons, fibrils or pFF aggregates. Firstly, qualitative immunocytochemistry
reveals that epilepsy pericytes are able to efficiently degrade α-syn fibrils (Figure 6-8 A – E).
No endogenous α-syn was detected (Figure 6-8 A), however, after treatment with fibrils for 24
hours, a substantial amount of α-syn is present within the cells (Figure 6-8 B, D). Following 7
days of incubation, the majority of α-syn has been degraded (Figure 6-8 C, E). Interestingly,
the same is not seen in post-mortem control and PD pericytes. Control and PD pericytes did
not have endogenous α-syn (Figure 6-8 G, M), and uptake appears to be similar at 24 hours
(Figure 6-8 H, J; N, P) as noted in the previous section (Chapter 6.3.1). However, a significant
amount of α-syn has remained in the cells after 7 days of incubation (Figure 6-8 I, K; O, Q),
when compared to the epilepsy pericytes (Figure 6-8 C, E). Qualitative analysis suggests that
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neither the control nor PD pericytes are as efficient at removing α-syn compared to epilepsy
pericytes.

Figure 6-8: Representative immunocytochemistry images of degradation of α-syn in primary human brain
pericytes
Pericytes were incubated with α-syn fibrils (50 nM) for 7 days. Epilepsy pericytes were incubated with (A)
vehicle, (B) α-syn for 24 hours, (C) 7 days, control pericytes (G) vehicle, (H) α-syn for 24 hours, (I) 7 days
and PD pericytes (M) vehicle, (N) α-syn for 24 hours, (O) 7 days. Scale bar = 100 µm. Confocal microscopy
of epilepsy pericytes after incubation at (D) 24 hours, (E) 7 days, control pericytes after incubation at (J)
24 hours and (K) 7 days and PD pericytes after incubation at (P) 24 hours and (Q) 7 days. Scale bar 10 µm.

Next, the degradation of α-syn was quantified using fixed flow cytometry of the three
α-syn preparations – ribbons, fibrils and pFF aggregates in the three groups of pericytes –
epilepsy, control and PD. In the previous section, α-syn was treated at 100 nM concentrations
to measure the phagocytosis. However, to investigate the removal, 50 nM concentrations were
used as to not overload the pericytes with α-syn. Epilepsy pericytes were the most efficient at
removing α-syn where there were significant differences between the 1 day time point and all
other time points indicated for all three α-syn preparations (Figure 6-9 A). Interestingly, after
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day 3 there were no significant differences compared to day 5 and 7. This suggests that the
majority of the α-syn is degraded within the first 3 days in epilepsy pericytes. In the control
pericytes, there were only significant differences to the 5 day and 7 day incubations for the
ribbons and pFF aggregates when compared to the 1 day incubations. The fibrils only had
significant differences with the 7 day incubation compared to the 1 day incubation (Figure 6-9
B). In the PD pericytes group, the pFF aggregates had significant differences with day 5 and
day 7 incubations compared to the 1 day incubation. However, both the ribbons and fibrils only
had significant differences between the 1 day and 7 day incubations (Figure 6-9 C). These
results suggest that control and PD pericytes are less efficient at degrading α-syn compared to
epilepsy pericytes.
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Figure 6-9: Degradation of three α-syn aggregates measured using fixed-flow cytometry in epilepsy, control
and Parkinson’s disease pericytes over a 7 day incubation
α-syn MFI was measured using fixed-flow cytometry in (A) epilepsy, (B) control and (C) PD pericytes after
treatment with ribbons (50 nM), fibrils (50 nM) or pFF aggregates (50 nM) over 7 days. (n = 4 in each
group, mean ± SD). * p < 0.05 compared to 3 day treatment, # p < 0.05 compared to 5 day treatment, ^ p <
0.05 compared to 7 day treatment.

Comparison of the α-syn preparations revealed that epilepsy pericytes are more
efficient at removing α-syn compared to the PD pericytes with all three α-syn preparations at
3 day, 5 day and 7 day incubations (Figure 6-10 A – C). Epilepsy were only more efficient at
removing α-syn compared to control pericytes with the ribbons and fibrils at day 5 (Figure 6-10
A, B). Interestingly, there were no statistically significant differences between the removal of
α-syn between control and PD pericytes at any of the time points investigated. However,
control pericytes trended towards increased amount of removal. Confirming previous results,
there were no significant differences between the uptake of α-syn showing that there were no
significant differences at 1 day incubations (Chapter 6.3.1).
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Figure 6-10: Comparison between the three different α-syn aggregates and the degradation of α-syn in
epilepsy, control and PD pericytes after 7 day incubations
Primary human brain pericytes were incubated with ribbons (50 nM), fibrils (50 nM) or pFF aggregates
(50 nM) over 7 days and α-syn MFI was measured using fixed flow cytometry. Repeated measures analysis
was carried out between epilepsy, control and PD pericytes for either (A) ribbons, (B) fibrils and (C) pFF
aggregates. (n = 4 in each group, mean ± SD). * p < 0.05 compared to control pericytes ^ p < 0.05 compared
to PD pericytes

Following the findings that pericytes are capable of phagocytosing α-syn and
subsequently degrading it, the mechanisms by which pericytes degrade α-syn were investigated
next. Epilepsy pericytes were used to investigate this as they were the most efficient at
degrading α-syn, therefore, their degradation machinery remained functional compared to the
control and PD pericytes. One of the main pathways involved in the degradation of proteins is
the UPS system. MG132 is a potent UPS inhibitor that blocks the proteolytic activity of the
26S proteasome complex. Pericytes were pre-treated with MG132 for 6-8 hours before α-syn
was added to the culture medium. MG132 treatment for greater than 8 hours led to apoptosis.
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Following treatment with MG132, epilepsy pericytes were incubated with the three different
α-syn preparations – ribbons, fibrils and pFF preparations. However, no significant differences
were seen between the different time points after MG132 treatment with all three α-syn
preparations (Figure 6-11). These results suggest that these aggregates may not be degraded in
large quantities through the UPS system in primary human brain pericytes.

Figure 6-11: Inhibition of the UPS system using MG132 to block degradation of α-syn
Primary human brain pericytes were pre-treated with MG132 (5 µM) for 6 – 8 hours prior to a 7 day
incubation with α-syn. α-syn degradation was measured using fixed flow cytometry to measure the MFI
after MG132 and incubation with (A) ribbons (50 nM), (B) fibrils (50 nM) or (C) pFF aggregates (n = 4,
mean ± SD).

Next, it was investigated whether the ALP system may be involved in the degradation
of α-syn instead of the UPS. It has been shown that the ALP is involved in the degradation of
large aggregates and macromolecules. Bafilomycin inhibits the V-ATPase pump, inhibiting the
acidification of lysosomes and preventing degradation. Pericytes were pre-treated with
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bafilomycin for 4 – 6 hours before being incubated with α-syn. Interestingly, bafilomycin
effectively inhibited the degradation of α-syn in pericytes where a significant increase in α-syn
was measured after 3 days of α-syn incubation with all three α-syn preparations (Figure 6-12
A – C). Additionally, there were significant differences seen at 5 days of incubation between
fibril treatment alone and those pericytes treated with both fibrils and bafilomycin (Figure 6-12
B). There were no significant differences at the other time points investigated, however all of
the time points trended towards an increase in α-syn in the pericytes when treated with
bafilomycin. These results suggest that inhibition of the ALP system inhibits the removal of αsyn at least at the 3 day timepoint. These results suggest that the majority of α-syn removal is
through the ALP system in pericytes and not the UPS.

Figure 6-12: Inhibition of the ALP system using bafilomycin to block the degradation of α-syn
Primary human brain pericytes were pre-treated with bafilomycin (200 nM) for 4 – 6 hours prior to a 7
day incubation with α-syn. α-syn degradation was measured using fixed flow cytometry to measure the
MFI after treatment with bafilomycin and either (A) ribbons (50 nM), (B) fibrils (50 nM) or (C) pFF
aggregates (n = 4, mean ± SD). * p < 0.05 compared to α-syn treatment alone
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To further illustrate that bafilomycin effectively inhibited the degradation of α-syn,
immunocytochemistry revealed that a significant amount of α-syn fibrils were present when
pre-treated with bafilomycin (Figure 6-13 B), compared with α-syn fibrils treatment alone
(Figure 6-13 A). Additionally, confocal microscopy revealed that α-syn co-localises with lamp1 positive lysosomes in primary human brain pericytes (Figure 6-13 C). Therefore, these
results, together with the inhibition of the ALP system with bafilomycin that α-syn is mainly
degraded through the ALP system in pericytes.
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Figure 6-13: Representative immunocytochemistry images displaying bafilomycin inhibiting α-syn
degradation in pericytes
Primary human brain pericytes were pre-treated with bafilomycin (200 nM) for 4 – 6 hours prior to a 3
day incubation with α-syn. Immunocytochemistry images of (A) α-syn fibrils (50 nM) after 3 days and (B)
α-syn fibrils (50 nM) after pre-treatment with bafilomycin. Scale bar = 100 µm. (C) Confocal microscopy
with orthogonal views of α-syn co-localising with lamp-1 vesicles. Scale bar = 10 µm

Next, it was investigated whether the ALP pathway is altered in the post-mortem
pericytes. Representative immunocytochemistry images qualitatively reveal that the presence
of Lamp-1 positive lysosomes are increased in the control (Figure 6-14 B) and PD (Figure 6-14
C) post-mortem pericytes when compared to the biopsy epilepsy pericytes (Figure 6-14 A).
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This is further exaggerated in the PD pericytes compared to the control pericytes, where the
intensity and number of Lamp-1 vesicles appears to be significantly increased. Quantitively,
PD pericytes had a higher number of Lamp-1 positive granules per cell compared to both
control and epilepsy pericytes (Figure 6-15 A). The integrated intensity of the Lamp-1 staining
was significantly increased in the PD pericytes when compared to the control and epilepsy
pericytes (Figure 6-15 B). The control pericytes had both an increase in the number of Lamp1 granules (Figure 6-15 A) and an increase in the integrated intensity (Figure 6-15 B) compared
to the epilepsy pericytes. These results suggest that although the epilepsy pericytes have the
least number of Lamp-1 positive lysosomes, it appears as though they are the most functional.
This may suggest that the ALP pathway has potentially become dysfunctional in the PD and
control pericytes which may explain the results seen earlier in the chapter whereby they were
less efficient at degrading α-syn.
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Figure 6-14: Representative immunocytochemistry of Lamp-1 staining in primary human brain pericytes
Primary human brain pericytes were stained with the Lamp-1 lysosomal antibody to investigate differences
in (A, B) epilepsy, (C, D) control and (E, F) PD pericytes. Scale bar = 100 µm (A, C, E) and 40 µm (B, D,
F).
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Figure 6-15: Quantification of the number and intensity of lysosomes in primary human brain pericytes
Primary human brain pericytes were stained for Lamp-1 and quantified via immunocytochemistry. (A)
Number of Lamp-1 granules per cell were quantified in epilepsy, control and PD pericytes. (B) Lamp-1
integrated intensity per 10,000 cells was quantified in epilepsy, control and PD pericytes. (n = 4 in each
group, mean ± SD). * p < 0.05 compared to epilepsy, # p < 0.05 compared to control

Next, the functionality of lysosomes using the lysosomal intracellular activity assay kit
was investigated. A functional lysosome will take up the self-quenching substrate that has low
background fluorescence as part of the lysosomal intracellular activity assay kit. The substrate
is pH sensitive and therefore, the fluorescence signal increases as degradation occurs. The
fluorescent signal is proportional to the intracellular lysosomal activity. The greater the
fluorescent intensity the greater the function of lysosome. Bafilomycin was used as a positive
control and this prevents the acidification of lysosome and therefore renders it ineffective.
Basally, epilepsy pericytes have better functioning lysosomes compared to both the control and
PD pericytes (Figure 6-16). Additionally, this assay demonstrates that there are no significant
differences between control and PD pericytes basal lysosomal function (Figure 6-16). This may
suggest that although the number of lysosomes in PD pericytes are significantly increased, they
have reduced function and therefore cannot efficiently degrade α-syn. Interestingly, the
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positive controls of bafilomycin significantly decreases the function of lysosomes in all the
groups (Figure 6-16). Use of bafilomycin in the epilepsy pericytes reduced the functionality to
a similar level to that of the basal PD pericyte function. This suggests that there may be some
sort of malfunction in the ALP pathway in PD pericytes and control pericytes compared to
epilepsy pericytes.

Figure 6-16: Intracellular lysosomal assay for the function of lysosomes in primary human brain pericytes
Primary human brain pericytes were pre-treated with bafilomycin for 4 – 6 hours. Lysosome function was
measured using live flow cytometry to measure the MFI after treatment with vehicle or bafilomycin. (n =
4 in each group, mean ± SD). * p < 0.05 compared to vehicle and bafilomycin in their respective groups, # p <
0.05 vehicle epilepsy compared to vehicle control, ^ p < 0.05 vehicle epilepsy compared to vehicle

Another point to consider is the ability of pericytes to expel α-syn out of the cell and
into the culture media. This would mean that they do not necessarily degrade the protein
through the degradation pathways, but still remove it from the cell decreasing the protein
burden. Over the 7 day incubation, pericytes expel both ribbons and fibrils. There were
significant differences between day 1 and 3 incubations compared to day 7 incubations, and
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day 3 and 5 incubations compared to day 1 incubations for the fibrils. Ribbons had significant
differences between day 1 and 3 incubations compared to the day 7 incubations. However,
there were no significant differences between the amount of fluorescent beads expelled into the
media over the 7 day incubation (Figure 6-17). These results suggest that pericytes expel a
portion of α-syn aggregates into the media but not fluorescent beads.

Figure 6-17: Pericytes expel α-syn ribbons and fibrils into the media but not fluorescent beads
Primary human brain pericytes expel α-syn aggregates into the media over a 7 day incubation.α-syn MFI
was measured using a fluorescent plate reader after incubation with either fluorescently tagged ribbons
(100 nM), fibrils (100nM) and 1 µm fluorescent beads (1:1000). (n = 3 in each group, mean ± SD). * p < 0.05
compared to 1 day incubation, # p < 0.05 compared to 3 day incubation, ^ p < 0.05 compared to 5 day incubation
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Figure 6-18: Summary figure of major findings in chapter 6
Summary figure of major findings displaying that pericytes can efficiently take up α-syn from the
extracellular space, however, control and PD post-mortem pericytes are unable to efficiently degrade αsyn. (Created with biorender.com)
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6.4 Discussion
Pericytes are efficient phagocytes in vitro and are capable of phagocytosing fluorescent
beads as well α-syn aggregates. Pericytes take up α-syn through active phagocytosis and by
blocking phagocytosis through the inhibition of microtubule formation and actin assembly
leads to a decrease in the amount of α-syn phagocytosis (Figure 6-6). Interestingly, there were
no significant differences in the uptake of the three different α-syn aggregates between the
different pericyte groups – epilepsy, control and PD. This suggests that pericytes ability to
phagocytose is unaffected despite the disease state. It has been previously shown that pericytes
are able to clear soluble amyloid-beta from the brain parenchyma and perivascular plaque
deposition (Deane et al., 2008; Rustenhoven et al., 2017; Sagare et al., 2013; Shibata et al.,
2000; Zlokovic et al., 2010). Pericytes contain α-syn in the human olfactory bulb (Chapter
4.3.2; Stevenson et al., 2020), however, the exact mechanism for these cells obtaining α-syn is
unknown. Active phagocytosis might not be the only mechanism in which pericytes take up αsyn. It has been demonstrated that α-syn species released from cells in vitro can be internalised
through receptor-mediated endocytosis. Monomeric α-syn uptake is controlled through
unknown protein receptors and gangliosides dependent on lipid rafts (Choi et al., 2020).
However, oligomeric species have been shown to directly interact with the TLR2 receptor,
which becomes activated and is involved in the clearance of α-syn via the mTOR and AKT
pathway but is not directly linked to uptake (Choi et al., 2020; C. Kim et al., 2018). However,
connexin 32 (Cx32), binds to α-syn oligomers and mediates the selective uptake of oligomeric
forms of α-syn. α-syn fibrils have been shown to have an interaction with the Fc region of IgG
II B (FcγRIIB), lymphocyte-activation-gene 3 (LAG3) as well as heparan sulfate proteoglycans
(HSPGs) which mediate the uptake of α-syn into cells (Choi et al., 2018; Holmes et al., 2013;
Mao et al., 2016). Phagocytosis inhibitors alone were not able to completely block the
phagocytosis of α-syn in pericytes. Other mechanisms such as receptor mediated phagocytosis
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that were not investigated may play a role in pericytes. Therefore, further investigation is
required to understand the different mechanisms that pericytes use to phagocytose α-syn. The
findings in this chapter show that pericytes are capable of taking up α-syn from the extracellular
space and therefore, they could have the ability to phagocytose α-syn from the surrounding
brain parenchyma. These findings have important implications for the pathogenesis of PD
suggesting that pericytes may be actively involved in a number of disease processes.
Next, it was investigated whether primary human brain pericytes were capable of
degrading α-syn in vitro. Pericytes possess many lysosomal granules suggesting that they are
equipped to degrade components that are phagocytosed (Bell et al., 2010; Kristensson et al.,
1973; Schultz et al., 2017). Interestingly, pericytes derived from biopsy epilepsy surgeries were
significantly better at degrading α-syn than post-mortem control and PD pericytes (Figure
6-13). The main pathway responsible for the degradation of α-syn remains controversial. It has
been previously shown that both the UPS and ALP systems can degrade recombinant α-syn
(Cuervo et al., 2004; Liu et al., 2003). Some studies have shown that both the 20S and 26S
proteasomes degrade α-syn (Shabek et al., 2012; Stefanis et al., 2019). However, other studies
have demonstrated that no significant accumulation of either endogenous or over-expressed αsyn was seen following the pharmacological inhibition of the UPS (Rideout et al., 2002). It has
been suggested that the UPS system is able to only degrade very specific species of α-syn,
making up small monomers and soluble oligomers (Emmanouilidou et al., 2010; Stefanis et
al., 2019; Xilouri et al., 2013). These studies may explain the results seen in this chapter.
Inhibition of the UPS with MG132 does not impair the ability of pericytes to degrade α-syn
aggregates (Figure 6-11). Therefore, the aggregates used in our study may be too large for the
UPS system and therefore, can only be degraded through the ALP system. Indeed, it has been
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demonstrated that large oligomeric and fibrillar forms of α-syn can only be cleared through the
ALP system and not the UPS (Lee et al., 2004).
Interestingly, it has been demonstrated that a significant amount of degradation of αsyn is likely to occur through the lysosomal pathways of CMA and macroautophagy.
Dysfunction of these systems has been suggested to contribute to PD pathogenesis (Xilouri et
al., 2013). Interestingly, previous studies have demonstrated that lysosomal inhibition through
bafilomycin treatment led to the specific accumulation of soluble oligomeric α-syn (Lee et al.,
2004). Although oligomeric species were not used in this study, it was shown that bafilomycin
can cause the accumulation of α-syn aggregates in pericytes (Figure 6-12). These results
suggest that with the α-syn used in this present study, the likely pathway for α-syn degradation
is through the ALP system in primary human brain pericytes.
The number of lysosomes present in the different groups of pericytes provides evidence
that the degradation pathways may be altered. The epilepsy pericytes had the least amount of
Lamp-1 positive lysosomes than the control and PD pericytes (Figure 6-15 A). This had an
inverse relationship with the functionality of the lysosomes (Figure 6-16). This suggests that
epilepsy pericytes have fewer lysosomes comparatively, but in turn they are better functioning.
On the other hand, PD pericytes had the highest number of Lamp-1 positive lysosomes per cell
(Figure 6-15 A), however, poor functioning lysosomes (Figure 6-16). Interestingly, the control
pericytes fell in the middle, whereby they contained more Lamp-1 positive lysosome per cell
compared to epilepsy pericytes, but less than PD pericytes. However, they appeared to also
have poor functioning lysosomes that were similar to that of the PD pericytes. These results
may suggest that the lysosomal system is in an effort of compensation particularly in the PD
pericytes. Indeed, many mutations found in PD have been linked to the ALP pathway including
leucine-rich repeat kinase-2 (LRRK2), parkin and phosphatase and tensin homolog-induced
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putative kinase 1 (PINK1). Additionally, genes that are linked to lysosomal dysfunction have
also been linked to PD such as glucocerebrosidase (GBA) and lysosomal type 5 P-type ATPase
(ATP13A2) (Dehay et al., 2013). Therefore, extensive evidence suggests that lysosomal
dysfunction may lead to the subsequent accumulation of α-syn. Therefore, PD pericytes could
be producing a large number of lysosomes, however, many of them could be dysfunctional.
Although pericytes can degrade α-syn through the ALP pathway, another point to
consider is that pericytes can expel α-syn out of the cell. Indeed, neurons can expel α-syn in a
number of ways including unconventional endoplasmic reticulum/Golgi-independent
exocytosis, the misfolding-associated protein secretion pathway and within the extracellular
membrane vesicles that exhibit characteristics of exosomes (Choi et al., 2020; Emmanouilidou
et al., 2010; Fontaine et al., 2016; J. Kim et al., 2018; Ye, 2018). These different routes of
secreting α-syn from cells may be important in reducing protein load within the cells. The
physiological significance of α-syn release is not well understood, however, it is thought of as
a mechanism to alleviate stress. Unconventional protein secretion can be induced by various
forms of cellular stress such as inflammation, ER stress, nutrient starvation and mechanical
stress (Choi et al., 2020; J. Kim et al., 2018). It has been theorized that protein secretion is
activated to remove excess proteins that have accumulated when lysosomal or autophagic
pathways have become dysfunctional (Choi et al., 2020; Ejlerskov et al., 2013). Although the
secretion of α-syn has not been extensively studied as it is out of the scope of this thesis, it
demonstrates that this could be a possibility and further experiments need to be conducted to
understand the role of α-syn secretion has to play in pericytes.
The differences in the ability of pericytes to degrade α-syn may also be caused by a
number of factors including disease state, age of the cases and post-mortem delay. One of the
main contributing factors for the difference in the degradation ability of control and PD
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pericytes is that the activity of the UPS and ALP systems decrease with age (Xilouri et al.,
2013). On average, the epilepsy pericytes used in this chapter were 30 years old, whereas
control cases were 61 years old and PD cases 77.5 years old (Table 6-1). These differences can
be seen in both the rate at which they degrade α-syn (Figure 6-9 A) and the lysosomal
functionality (Figure 6-16). Another contributing factor could be the fact that the control and
PD pericytes are taken from post-mortem brains. In comparison the epilepsy pericytes are taken
from surgical biopsies. Therefore, there could be inherent differences between biopsy and postmortem grown cells. The PD pericytes had an average post-mortem delay of 4.5 hours whereas
the control pericytes had an average of 17.6 hours post-mortem delay. These delays in time of
culturing the cells could impact their function and could contribute to their decreased ability to
degrade α-syn.
When investigating the degradation pathways, there are few key points to keep in mind.
Knowledge of the pathways involved in the degradation of α-syn is formed from their genetic
or pharmacological manipulation. However, these produce apparent limitations (1) inhibition
of one proteolytic pathway leads to alterations in one or more of the other degradation pathways
(C. Park et al., 2013). This confounds the clearance of α-syn, which is often degraded by a
number of different pathways. (2) pharmacological inhibition is not selective, which can alter
the function of cells in vitro and subsequently alters the clearance of other proteins which are
independent of the target α-syn protein. (3) It is difficult to reproduce the physiological α-syn
and therefore over-expression models or models of extracellular addition of α-syn may alter
the subcellular localization and clearance pathways of α-syn, therefore, altering the perceived
outcome (Stefanis 2019).
Expanding on the first point, it known that by inhibiting the UPS, we subsequently
induce the ALP. Alternatively, when ALP is inhibited, the UPS is also inhibited (C. Park et al.,
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2013). Therefore, caution needs to be taken when interpreting the data in this chapter. It could
be that with MG132 inhibition we are indeed inhibiting the degradation of a certain portion of
the α-syn that was added to the pericytes, however, the ALP compensates and therefore, no
significant differences were seen in the amount of α-syn when the pericytes are treated with
MG132. Alternatively, the same could be true in the opposite situation. Here, it could be that
we are exaggerating the inhibition of degradation and therefore, significant differences were
seen when the pericytes were treated with the lysosomal inhibitor bafilomycin.
Interestingly, the induction of macroautophagy may have great therapeutic potential
against the accumulation of α-syn. Previous studies using an mTOR inhibitor and
macroautophagy enhancer – rapamycin demonstrated that both the wild-type and α-syn forms
could be degraded (Tofaris et al., 2011). Interestingly, it has been shown that α-syn is able to
move in both directions across the BBB from brain-to-blood and blood-to-brain (Sui et al.,
2014). With the findings that pericytes can actively phagocytose α-syn, and their unique
location at the BBB interface, may put them directly in a location that could control the load
of α-syn that enters and exits the brain. Therefore, if pericytes are able to efficiently take up αsyn and subsequently degrade the protein, they may be in a position to slow the transfer of αsyn in both directions. Understanding the relationship of pericytes and α-syn may be important
for further understanding disease progression in PD.
The findings in this chapter suggest that pericytes can efficiently take up α-syn from
the extracellular space. Additionally, there are no differences in the phagocytosis between the
different aggregates and between different groups of pericytes. Epilepsy pericytes are able to
efficiently degrade α-syn, whereas control and PD pericytes cannot. Our findings show that the
ALP is important for the degradation of α-syn in pericytes and that therapeutic approaches of
increasing degradation could be used to reduce the burden of α-syn in the brain.
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7 α-synuclein induced toxicity in primary human
brain pericytes
7.1 Introduction
The exact mechanism of α-syn cell toxicity remains unclear, however, at the cellular
level, it is related to the increased production of ROS, alterations in catecholamine metabolism
and modifications in the mitochondrial electron transport chain (Blesa et al., 2015).
Mitochondrial dysfunction, neuroinflammation and environmental factors are potentially key
factors in dopaminergic neuronal susceptibility in PD and are features of both the familial and
sporadic forms of the disease (Ryan et al., 2015). In both of these, oxidative stress and the
overproduction of ROS is thought to be a common underlying mechanism.
Mitochondria are important for providing energy in the cell in the form of ATP (Hall
et al., 2012). Although mitochondria are extremely important for cellular function, they are
also the main metabolic pathway for the production of superoxide and hydrogen peroxide,
leading to the propagation of free radicals, contributing to disease. Deficiencies in complex I
of the mitochondrial respiratory chain are the primary source of ROS in PD. The reduction in
complex I activity is evident in the substantia nigra of patients with sporadic PD (Blesa et al.,
2015; Hattingen et al., 2009; Hattori et al., 1991; A. H. V. Schapira et al., 1990). Additionally,
it has been suggested that a fraction of α-syn is associated with mitochondria that interacts with
the mitochondrial complex I, further exacerbating mitochondrial dysfunction (Ganjam et al.,
2019).
ROS influences the proteasomal and lysosomal systems, impairing their ability to
eliminate damaged proteins, this can ultimately lead to protein misfolding such as α-syn
(Schapira et al., 2014). Inhibitors of the UPS can induce apoptotic cell death through ROS
production and subsequent depletion of GSH, further leading to mitochondrial dysfunction
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(Park & Kim, 2012). Therefore, dysfunction in the UPS could promote the accumulation of
intracellular proteins (Lim, 2007). Consistent with a decrease in UPS function, a general
increase in oxidized proteins was observed in the brains of PD patients, suggesting poor
turnover rates of proteins. Direct evidence for UPS dysfunction in PD came from the
association of genetic mutations in the parkin gene, demonstrating that parkin functions as a
ubiquitin ligase associated with proteasomal degradation (Lim, 2007; Shimura et al., 2000).
In sporadic PD, the specific basis for UPS dysfunction is unclear. Age-related changes
likely play a major role in the brain, where a general increase in oxidative stress and energy
depletion is seen, contributing to UPS dysfunction. UPS impairments could also be caused by
environmental stressors, particularly those that alter mitochondrial function or produce ROS,
such as the pesticide – rotenone. Rotenone is an insecticide and pesticide that is a proven
complex I inhibitor of the electron transport chain in mitochondria (Heinz et al., 2017; Li et al.,
2003). Interestingly, rotenone can also inhibit the proteasomal system in vitro (Lim, 2007;
Wang et al., 2006). Additionally, rotenone has been shown to induce toxicity that involves
oxidative damage to proteins and can induce the aggregation of Lewy body-like inclusions
where it shows preferential cytotoxicity to dopaminergic neurons (Blesa et al., 2015; Sherer et
al., 2003; Sherer et al., 2003). This suggests that a complex interplay between the UPS system
and ROS production exists in PD pathogenesis.
Mitochondrial function and ROS production is also important in the pathogenesis of
PD as mutations in genes coding for proteins that are related to oxidative stress such as α-syn,
parkin, DJ-1 or PINK are found in familial forms of the disease. All of these genes relate to
mitochondrial dynamics, suggesting a common function in the mitochondrial stress response
and provides a potential basis for the pathology of PD (Norris et al., 2015; van der Merwe et
al., 2015).
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In this present chapter, α-syn alone does not induce ROS production or cellular toxicity
in primary human brain pericytes, however, in the presence of another stressor – particularly
UPS inhibitors, pericytes become severely compromised, leading to apoptosis. Here, pericytes
produce a significant amount of ROS when co-treated with UPS inhibitors and α-syn.
Treatment with a common antioxidant – Vitamin C, reverses cell death and ROS production.
This demonstrates that ROS and the proteasome system are important for pericyte survival in
culture when exposed to α-syn.
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7.2 Methods
7.2.1

Human brain tissue used for in vitro study of toxicity of α-syn
The use of human tissue and collection procedures were approved by the Northern

Regional Ethics Committee (New Zealand) for biopsy tissue (AKL/88/025). Biopsy human
brain tissue was obtained with informed written consent from the patient and family members.
Tissue used in this study was taken from adult drug-refractive epilepsy (Table 7-1).
Table 7-1: Biopsy epilepsy cases used in this study

Case

Pathology

Region of resected specimen

E201

Epilepsy, Mesial temporal sclerosis
(Grade 4)

Right temporal lobe

23

F

E206

Epilepsy, Mesial temporal sclerosis
(Grade 4)

Left temporal lobe

29

F

E215

Epilepsy, Mesial temporal sclerosis
(Grade 3)

Right anterior and posterior
temporal lobe

29

F

E217

Epilepsy, Mesial temporal sclerosis
(Grade 3)

Left anterior temporal lobe

30

M

7.2.2

Age Sex

Isolation of primary human brain pericytes
Pericytes from both biopsy epilepsy cases and autopsy post-mortem control and PD

cases were obtained as previously described (Chapter 3.2.1).
7.2.3

Immunocytochemistry
Cells were fixed using 4% paraformaldehyde (PFA) for 15 minutes at room temperature

and washed in phosphate buffered saline with 0.1% Triton X-100 (PBS-T). Cells were
incubated with primary antibodies – PDGFRβ (Y92) (Abcam, ab32570, 1:500), α-syn (Abcam,
ab1903, 1:3000), cleaved caspase-3 (Abcam, ab2302, 1:500) overnight at 4°C, diluted in PBS
containing 1% normal goat serum. Cells were washed in PBS-T and incubated with appropriate
anti-species fluorescently conjugated secondary antibodies for three hours at room
temperature. The cells were washed again with PBS-T and incubated with Hoechst 33342
(1:500, Molecular probes # H1399) for 15 minutes at room temperature to counterstain cell
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nuclei. Images were acquired using the automated fluorescence microscope ImageXpress®
Micro XLS (Version 5.3.0.1, Molecular Devices) using the 20 x (0.45 NA) CFI Super Plan
Fluor ELWD ADM objective lens and Lumencor Spectra X configurable light engine source.
Quantitative analysis of several measures including percentage positive cytoplasmic staining,
cytoplasmic intensity measures and granularity measurements were performed using the cell
scoring, granularity and integrated morphometry analysis modules on MetaXpress® software
(Version 5.3.0.1, Molecular Devices). Roughly 500-1000 cells were scored per well with
multiple wells (at least three) analysed per sample.
7.2.4

Cell plating
Cells were plated as previously described (Chapter 3.2.3).

7.2.5

α-synuclein treatments
α-syn preparations of two fibrillar polymorphs with features that are similar to those

seen in two synucleinopathies - ribbons and fibrils (Bousset et al., 2013; Gath et al., 2014; Ghee
et al., 2005; Makky et al., 2016; Peelaerts et al., 2015; Verasdonck et al., 2016) or vehicle (PBS
or 0.1% BSA in PBS) were added at a concentration of 100 nM to both pericytes.
7.2.6

Degradation inhibitors
To inhibit the two degradation pathways in pericytes they were treated with either a

proteasome inhibitor MG132 (Abcam, ab141003, 5 µM) for 6-8 hours or a lysosomal inhibitor
bafilomycin A1, (V)-ATPase inhibitor (Abcam, ab120497, 200 nM) for 4-6 hours or vehicle
(DMSO).
7.2.7

Rotenone treatment
Pericytes were treated with rotenone (Abcam, ab143145, 500 nM) for 6-8 hours or

vehicle (DMSO). To measure the effects, cells were either imaged as in section (Chapter 6.2.3)
or measured through flow cytometry as in section (Chapter 6.2.6).
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7.2.8

CellROX
Pericytes were either pre-treated with MG132 (5 µM), bafilomycin (200 nM) or

rotenone (500 nM) for 6 hours prior to incubation with α-syn ribbons or fibrils for 24 hours.
CellROX reagent was added to the cells at a final concentration of 5 µM. The cells were
subsequently incubated for 30 minutes at 37 °C. 5% CO2. To label cell nuclei, the NucBlue
Live Cell counterstain was added at the same time as the CellROX reagent. The cells were
subsequently imaged using the automated fluorescence microscope ImageXpress® Micro XLS
(Version 5.3.0.1, Molecular Devices) using the 20 x (0.45 NA) CFI Super Plan Fluor ELWD
ADM objective lens and Lumencor Spectra X configurable light engine source. Quantitative
analysis of several measures including percentage positive cytoplasmic staining, cytoplasmic
intensity measures and granularity measurements were performed using the cell scoring,
granularity and integrated morphometry analysis modules on MetaXpress® software (Version
5.3.0.1, Molecular Devices). Roughly 500-1000 cells were scored per well with multiple wells
(at least three) analysed per sample.
7.2.9

MitoSOX
Pericytes were either pre-treated with MG132 (5 µM), bafilomycin (200 nM) or

rotenone (500 nM) for 6 hours prior to incubation with α-syn ribbons or fibrils for 24 hours.
MitoSOX reagent was added to the cells at a final concentration of 5 µM. The cells were
subsequently incubated for 30 minutes at 37 °C. 5% CO2. To label cell nuclei, the NucBlue
Live Cell counterstain was added at the same time as the CellROX reagent. The cells were
subsequently imaged using the automated fluorescence microscope ImageXpress® Micro XLS
(Version 5.3.0.1, Molecular Devices) using the 20 x (0.45 NA) CFI Super Plan Fluor ELWD
ADM objective lens and Lumencor Spectra X configurable light engine source. Quantitative
analysis of several measures including percentage positive cytoplasmic staining, cytoplasmic
intensity measures and granularity measurements were performed using the cell scoring,
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granularity and integrated morphometry analysis modules on MetaXpress® software (Version
5.3.0.1, Molecular Devices). Roughly 500-1000 cells were scored per well with multiple wells
(at least three) analysed per sample.
7.2.10 Cell viability assay
To measure cell viability after cytokine and α-syn treatment, ReadyProbes® Cell
Viability Imaging Kit (Molecular Probes) was used. Two drops of both NucBlue® Live
Reagent and NucGreen® Dead reagent was added to 1mL of DMEM/F12, 10% FBS and
1%PSG and a complete media change was performed on the cells. After a 15 minute incubation
at 37 °C, live imaging of healthy or compromised cells were acquired using the automated
fluorescence microscope ImageXpress® Micro XLS (Version 5.3.0.1, Molecular Devices)
using the 20 x (0.45 NA) CFI Super Plan Fluor ELWD ADM objective lens and Lumencor
Spectra X configurable light engine source.
7.2.11 Statistical analysis
All experiments were performed in at least three independent cases. In general, data are
presented as mean ± SD from at least three independent experiments. Data visualization and
statistical hypothesis testing was performed using GraphPad Prism® Version 8.02. Two-way
analysis of variance (ANOVA) was used when comparing time across different α-syn
treatments with Tukey’s multiple comparisons adjustment. One-way ANOVA with Dunnett’s
multiple comparison adjustment was used when comparing responses between treatments.
Statistical significance was set as p < 0.05
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7.3 Results
7.3.1

α-synuclein and MG132
In the previous chapter, MG132 was used to determine which pathway α-syn was being

degraded through. α-syn by itself induced no cell toxicity nor inflammation as previously
shown (Chapter 5.3.2), however, when pre-treated with MG132, significant cell death was
seen. To investigate this further, a concentration response of MG132 across 24 hours was used
to determine the optimum concentration that would not induce significant cell death by itself.
MG132 causes apoptosis at high concentrations (Guo & Peng, 2013). MG132 induced
significant cell death in both a concentration and time dependent manner. Based on the
concentration response, 5 µM treated for 6 hours was used for the remainder of the experiments
in this chapter (Figure 7-1).

Figure 7-1: MG132 concentration response in primary human brain pericytes over 24 hours
Primary human brain pericytes were treated with MG132 (1.25 – 15 µM) or vehicle over a 24 hour
incubation. (n = 4, mean ± SD). ^ p < 0.05 5 µM compared to vehicle, * p < 0.05 10 µM compared to vehicle,
# p < 0.05 15 µM compared to vehicle
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Next, it was investigated at which concentrations α-syn would induce significant cell
death in pericytes pre-treated with MG132. Interestingly, cell death was induced in a
concentration dependent manner with α-syn. At 50 nM concentrations of either ribbons (Figure
7-2 A) or fibrils (Figure 7-2 B) pre-treated with MG132, there are significant differences
between vehicle and ribbons or fibrils alone, however, no significant differences to MG132
treatment alone. However, at concentrations of 100 nM and above, significant differences were
seen between the ribbons and fibrils pre-treated with MG132 compared to MG132, ribbons and
fibrils alone and vehicle (Figure 7-2 A, B). Therefore, 100 nM of α-syn was chosen for
subsequent experiments as this resulted in significant cell death in the presence of MG132 but
not too great that it cannot not be salvaged. This was also the concentration of α-syn used in
previous chapters (Chapter 5.3; 6.3.1) that resulted in no inflammation and no cell death.

Figure 7-2: α-syn concentration response measuring cell viability when pre-treated with MG132
Cell viability of primary human brain pericytes when pre-treated with 5 µM MG132 for 6 hours prior to
the incubation with either (A) ribbons (50 – 500 nM) or (B) fibrils (50 – 500 nM) for 24 hours. (n = 4, mean
± SD). * p < 0.05 compared to vehicle, # p < 0.05 compared to either ribbons or fibrils in the respective graph,
^ p < 0.05 compared to MG132 treatment alone

To determine the mechanism of the cell death in pericytes after exposure to MG132,
one of the outputs that was investigated was the production of ROS. CellROX is a fluorogenic
probe that measures cellular oxidative stress. Live cell imaging revealed that MG132 by itself
induces ROS production in pericytes compared to vehicle (Figure 7-3 A, C). Pre-treatment with
MG132 and subsequent incubation with either ribbons and fibrils significantly increased the
amount of ROS production in pericytes (Figure 7-3 E, H). Therefore, with an obvious induction
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in ROS production, pericytes were subsequently treated with 2 mM Vitamin C. Vitamin C is
an antioxidant that sequesters ROS in the cells. Following Vitamin C treatment, ROS
production was reduced in all conditions (Figure 7-3 B, D, F, I). Interestingly, Vitamin C
treatment not only reduced the production of ROS, but significantly improved cell survival
after MG132 treatment with either ribbons or fibrils (Figure 7-4 A, B). Vitamin C treatment
with MG132 and either ribbons or fibrils reduced the amount of cellROX intensity in primary
human brain pericytes when compared to MG132 and α-syn treatment (Figure 7-5 A, B). These
results suggest that a contributing factor of the cell death with MG132 pre-treatment and α-syn
is ROS production, and by sequestering the ROS with Vitamin C, a significant improvement
in cell viability was evident.
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Figure 7-3: Representative images of ROS production in primary human brain pericytes treated with
MG132, α-syn and Vitamin C
Representative immunocytochemistry images of the ROS production using cellROX in primary human
brain pericytes after treatment with (A) Vehicle, (B) Vehicle and Vitamin C, (C) MG132 (D), MG132 and
Vitamin C, (E) MG132 and ribbons, (F) MG132, ribbons and Vitamin C, (H) MG132 and fibrils and (I)
MG132, fibrils and Vitamin C. Scale bar = 50 µm
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Figure 7-4: Cell viability graphs of primary human brain pericytes treated with α-syn, MG132 and
Vitamin C
Graphs showing cell viability of primary human brain pericytes when pre-treated with 5 µM MG132 for 6
hours prior to co-incubation with Vitamin C (2 mM) and either (A) ribbons (100 nM) or (B) fibrils (100
nM) for 24 hours. (n = 4, mean ± SD). * p < 0.05 compared to vehicle, # p < 0.05 compared to MG132 treatment,
^ p < 0.05 compared to ribbons or fibrils in the respective graph, + p < 0.05 compared to MG132, Vitamin C or
ribbons and fibrils treatment in the respective graph

Figure 7-5: CellROX integrated intensity in primary human brain pericytes treated with α-syn, MG132
and Vitamin C
Graphs showing the amount of ROS produced using cellROX integrated intensity when normalized to
10,000 cells when pre-treated with 5 µM MG132 for 6 hours prior to co-incubation with Vitamin C (2 mM)
and either (A) ribbons (100 nM) or (B) fibrils (100 nM) for 24 hours. (n = 4, mean ± SD). * p < 0.05 compared
to vehicle, # p < 0.05 compared to MG132 treatment, ^ p < 0.05 compared to ribbons or fibrils in the respective
graph, + p < 0.05 compared to MG132 or ribbons and fibrils treatment in the respective graph
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To investigate the function of mitochondria further, MitoSOX fluorogenic dye was
used. MitoSOX is specifically designed to target superoxide in live mitochondria. The dye is
rapidly oxidized by superoxide but not other ROS. Therefore, when pericytes are treated with
fibrils or ribbons alone there are no significant differences in the production of superoxide
compared to vehicle (Figure 7-6 A, B, D). However, in the presence of MG132, significant
differences can be seen in superoxide production by mitochondria compared to α-syn or
MG132 alone (Figure 7-6 D). These results suggest that the mitochondria may be producing a
significant amount of the ROS.

Figure 7-6: Representative images integrated intensity of MitoSOX in primary human brain pericytes
treated with α-syn and MG132
Representative immunocytochemistry images of MitoSOX staining in primary human brain pericytes after
treatment with (A) vehicle, (B) α-syn fibrils (100 nM), (C) MG132 (5 µM) pre-treatment for 6 hours
following α-syn fibrils (100 nM) incubation and (D) graph showing the integrated intensity of MitoSOX
after MG132 (5 µM) pre-treatment for 6 hours following α-syn fibrils (100 nM) incubation. Scale bar = 50
µm. (n = 4 mean ± SD). * p < 0.05 compared to vehicle, ^ p < 0.05 compared to ribbons or fibrils, # p < 0.05
compared to MG132
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Next, it was investigated whether incubation with α-syn increased the amount of
apoptosis. From qualitative immunocytochemistry, pericytes that were pre-treated with
MG132 and α-syn had a significant increase in cleaved-caspase 3 positive staining compared
to vehicle (Figure 7-7 A – D). Immunocytochemical quantification further strengthened this
observation demonstrating that there are significant increases in the integrated intensity of
cleaved-caspase 3 staining in pericytes that were treated with MG132 and either ribbons or
fibrils compared to vehicle and MG132 treatment alone (Figure 7-8). Following the treatment
of Vitamin C, there was reduced staining of cleaved-caspase 3 (Figure 7-7 E, F) as well as
decreased intensity of cleaved-caspase 3 present in the pericytes (Figure 7-8). Therefore, this
suggests that α-syn incubation with MG132 induces apoptotic cell death and that it can be
rescued to some degree with Vitamin C treatment.
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Figure 7-7: MG132 and α-syn incubation leads to cleaved-caspase 3 induction
Representative immunocytochemistry images of primary human brain pericytes pretreated with 5 µM
MG132 for 6 hours prior to incubation with α-syn fibrils (100 nM) and 2 mM Vitamin C. (A) Vehicle, (B)
MG132 and fibrils, (C) MG132, fibrils and Vitamin C treatment. (A, C, E) Scale bar = 100 µm, (B, D, F)
Scale bar = 50 µM
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Figure 7-8: Cleaved caspase 3 integrated intensity following treatment with MG132, α-syn and Vitamin C
Graphs showing cleaved-caspase 3 integrated intensity after pericytes were pre-treated with 5 µM MG132
prior to co-incubation with Vitamin C (2 mM) and either ribbons (100 nM) or fibrils (100 nM). (n =4, mean
± SD). * p < 0.05 compared to vehicle, # p < 0.05 compared to MG132 treatment, ^ p < 0.05 compared to either
ribbon or fibrils, + p < 0.05 compared to MG132, ribbons or fibrils and Vitamin C treatment

7.3.2

α-synuclein and bafilomycin
Next, it was investigated whether a different degradation inhibitor induced cell death in

the pericytes. Bafilomycin in the previous chapter inhibited the degradation of the α-syn
(Chapter 6.3.2) when treated at 200 nM. Therefore, concentrations higher than 200 nM were
not investigated. After 24 hours of treatment with 200 nM bafilomycin there is significant cell
death compared to vehicle (Figure 7-9). However, the treatment paradigm that was used in the
previous chapter was pre-treatment of bafilomycin at 200 nM for 4-6 hours. This produced
minimal cell death in the pericytes (Figure 7-9) and therefore, was maintained for the remainder
of these experiments.
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Figure 7-9: Bafilomycin concentration response in primary human brain pericytes over 24 hours
Primary human brain pericytes were treated with bafilomycin (10 – 200 nM) or vehicle over a 24 hour
incubation. (n = 4, mean ± SD). ^ p < 0.05 200 nM compared to vehicle

Interestingly, there is no induction of ROS or a decrease in cell viability when the cells
are pre-treated with bafilomycin and subsequently incubated with α-syn ribbons or fibrils
(Figure 7-10 A – D; Figure 7-11 A, B). These results suggest that bafilomycin is able to
efficiently inhibit the degradation of α-syn (Chapter 6.3.2), however, it does not result in cell
death or the production of ROS.
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Figure 7-10: Immunocytochemistry images of ROS production in primary human brain pericytes after
pre-treatment with bafilomycin and α-syn
Representative immunocytochemistry images of ROS production measured with cellROX in primary
human brain pericytes. Pericytes were treated with (A) Vehicle, (B) pre-treated with 200 nM bafilomycin
for 8 hours (C) pre-treated with 200 nM bafilomycin prior to incubation with ribbons (100 nM) or (D)
fibrils (100 nM). Scale bar = 100 µm
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Figure 7-11: Cell viability and cellROX integrated intensity of primary human brain pericytes when
treated with α-syn and bafilomycin
Graphs showing (A) cell viability and (B) amount of ROS production using cellROX when normalized to
10,000 cells when pericytes were pre-treated with 200 nM bafilomycin for 8 hours prior to incubation with
either ribbons (100 nM) or fibrils (100 nM). (n = 4 mean ± SD).

7.3.3

α-synuclein and rotenone
Rotenone was used to further investigate the effects of the induction of ROS and

whether this is the main contributing factor in the increased cell toxicity with α-syn treatment.
Firstly, a concentration response of rotenone across 24 hours was used to determine the
optimum concentration that would not induce significant cell death by itself. Rotenone is
known to be toxic to cells at high concentrations and is implicated in PD (Wang et al., 2006).
Therefore, 500 nM of rotenone treated for 6 hours was used for the remainder of the
experiments in this chapter (Figure 7-12). This results in similar amount of cell death as MG132
in the previous section (Figure 7-1). As it was determined that 100 nM of either ribbons and
fibrils was the ideal concentration for experiments with MG132, this was maintained for the
experiments with rotenone.
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Figure 7-12: Rotenone concentration response in primary human brain pericytes over 24 hours
Primary human brain pericytes were treated with Rotenone (50 – 1000 nM) or vehicle over a 24 hour
incubation. (n = 4, mean ± SD). ^ p < 0.05 5 µM compared to vehicle, * p < 0.05 1000 nM compared to vehicle,
# p < 0.05 500 nM compared to vehicle, ^ p < 0.05 200 nM compared to vehicle, + p < 0.05 50 nM compared to
vehicle

Next, it was investigated whether exposure to rotenone would induce the production of
ROS in pericytes using cellROX. Similar to the MG132 treated pericytes, live cell imaging
revealed that rotenone by itself induces ROS production in pericytes compared to vehicle
(Figure 7-13 A, C). However, pre-treatment with rotenone and subsequent incubation with
either ribbons or fibrils significantly increases the amount of ROS production in pericytes
(Figure 7-13 E, H). Following Vitamin C treatment, ROS production was reduced in all
conditions (Figure 7-13 B, D, F, I). Interestingly, Vitamin C treatment not only reduced the
production of ROS, but significantly improved cell survival after rotenone treatment with either
ribbons or fibrils (Figure 7-14 A, B). Additionally, Vitamin C treatment with rotenone and
either ribbons or fibrils reduced the amount of cellROX intensity in primary human brain
pericytes when compared to rotenone and α-syn alone (Figure 7-15 A, B). The amount of ROS
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production was comparatively higher in the rotenone (Figure 7-15) compared to the MG132
treated cells (Figure 7-5). Additionally, the variability with ribbons treatment was large and did
not result in significant differences between ribbons pre-treated with rotenone and rotenone
alone (Figure 7-15 B) These results suggest that a contributing factor to the cell death is ROS
production, and sequestering the ROS in the cells with Vitamin C, significantly improves cell
viability.
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Figure 7-13: Representative images of ROS production in primary human brain pericytes treated with
rotenone, α-syn Vitamin C
Representative immunocytochemistry images of the ROS production using cellROX in primary human
brain pericytes after treatment with (A) Vehicle, (B) Vehicle and Vitamin C, (C) rotenone (D), roteone and
Vitamin C, (E) rotenone and ribbons, (F) rotenone, ribbons and Vitamin C, (H) rotenone and fibrils and
(I) rotenone, fibrils and Vitamin C. Scale bar = 50 µm
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Figure 7-14: Cell viability graphs of primary human brain pericytes treated with α-syn, rotenone and
Vitamin C
Graphs showing cell viability of primary human brain pericytes when pre-treated with 500 nM rotenone
for 6 hours prior to co-incubation with Vitamin C (2 mM) and either (A) ribbons (100 nM) or (B) fibrils
(100 nM) for 24 hours. (n = 4, mean ± SD). * p < 0.05 compared to vehicle, # p < 0.05 compared to rotenone
treatment, ^ p < 0.05 compared to ribbons or fibrils in the respective graph, + p < 0.05 compared to rotenone
and fibril treatment
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Figure 7-15: CellROX integrated intensity in primary human brain pericytes treated with α-syn,
rotenone and Vitamin C
Graphs showing the amount of ROS produced using cellROX integrated intensity when normalized to
10,000 cells when pre-treated with 500 nM rotenone for 6 hours prior to co-incubation with Vitamin C (2
mM) and either (A) ribbons (100 nM) or (B) fibrils (100 nM) for 24 hours. (n = 4, mean ± SD). * p < 0.05
compared to vehicle, # p < 0.05 compared to rotenone treatment, ^ p < 0.05 compared to ribbons or fibrils in
the respective graph, + p < 0.05 compared to rotenone or ribbons and fibrils treatment in the respective graph

To investigate the function of mitochondria further after treatment with rotenone the
MitoSOX fluorogenic dye was used. Similar to MG132 treated pericytes, when pericytes are
treated with fibrils or ribbons alone there are no significant differences in the production of
superoxide compared to vehicle (Figure 7-16 A, B, D). However, in the presence of rotenone,
significant differences can be seen in superoxide production by mitochondria compared to αsyn or rotenone alone (Figure 7-16 D). These results suggest that the mitochondria may be
producing a significant amount of the ROS.
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Figure 7-16: Representative images integrated intensity of MitoSOX in primary human brain pericytes
treated with α-syn and rotenone
Representative immunocytochemistry images of MitoSOX staining in primary human brain pericytes after
treatment with (A) vehicle, (B) α-syn fibrils (100 nM), (C) rotenone (500 nM) pre-treatment for 6 hours
following α-syn fibrils (100 nM) incubation and (D) graph showing the integrated intensity of MitoSOX
after rotenone (500 nM) pre-treatment for 6 hours following α-syn fibrils (100 nM) incubation. Scale bar =
50 µm. (n = 4 mean ± SD). * p < 0.05 compared to vehicle, ^ p < 0.05 compared to ribbons or fibrils, # p < 0.05
compared to MG132

Similar to the MG132 treated pericytes, rotenone also induced apoptosis. Pericytes that
were co-treated with rotenone and α-syn had a significant increase in cleaved-caspase 3
positive staining compared to vehicle, rotenone and α-syn alone (Figure 7-17). Following the
treatment of Vitamin C, there is reduced intensity of cleaved-caspase 3 (Figure 7-17 E, F).
Therefore, α-syn incubation with MG132 induces apoptotic cell death, however, the cell death
can be reduced with Vitamin C treatment.
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Figure 7-17: Cleaved caspase 3 integrated intensity following treatment with rotenone, α-syn and Vitamin
C
Graphs showing cleaved-caspase 3 integrated intensity after pericytes were pre-treated with 500 nM of
rotenone prior to co-incubation with Vitamin C (2 mM) and either ribbons (100 nM) or fibrils (100 nM).
(n =4, mean ± SD). * p < 0.05 compared to vehicle, # p < 0.05 compared to rotenone treatment, ^ p < 0.05
compared to either ribbon or fibrils, + p < 0.05 compared to rotenone, ribbons or fibrils and Vitamin C
treatment
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Figure 7-18: Summary figure of major findings in chapter 7
Summary figure of major findings displaying that α-syn incubation alone with primary human brain
pericytes does not induce cell death. However, in the presence of an additional stressor, cell death and an
increase in ROS is generated, this can be rescued by treatment with Vitamin C. (Created with
biorender.com)
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7.4 Discussion
Primary human brain pericytes pre-treated with either MG132 or rotenone are
susceptible to cell death when incubated with α-syn ribbons or fibrils. Additionally, these cells
exhibit an increase in ROS production where most of the cell death occurs through apoptosis.
MG132 is a potent inhibitor of the 26S proteasome complex, which leads to inhibition
of protein degradation (Dennis et al., 2005). Additionally, MG132 causes apoptosis at high
concentrations (Guo & Peng, 2013). However, the findings that MG132 induces significant
cell death in pericytes when incubated with α-syn raises interesting possibilities. α-syn by itself
does not induce inflammation (Chapter 5.3) or cell toxicity (Figure 7-4), however, in the
presence of another stressor, significant cell death is seen. The double hit hypothesis in
neurodegenerative diseases suggests that two insults are required to cause disease (Zhu et al.,
2004, 2007). A similar idea has been suggested in PD whereby a neurogenic pathogen may
enter the brain, which could alter the functioning of neurons and contribute to α-syn
aggregation and subsequent cell death (Hawkes et al., 2007). The results in this chapter suggest
that a double hit is required for cell toxicity to be seen in pericytes. This may suggest that alone,
α-syn does not induce cell death in primary human brain pericytes. Together with the treatment
of a UPS inhibitor, these effects are much more catastrophic leading to cell death.
The presence of ROS further exacerbates the cell death seen in these pericytes.
Interestingly, α-syn alone does not induce the production of ROS in pericytes. Similar to the
effect on cell viability, when the pericytes were pre-treated with MG132 and subsequently
incubated with α-syn, there is a significant increase in ROS (Figure 7-3; Figure 7-5).
Interestingly, pericytes may be particularly susceptible to ROS production as it has been
previously shown that MG132 can induce ROS and cell death in human pulmonary fibroblast
cells (Park & Kim, 2012). It was also demonstrated that MG132 decreased GSH in human
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pulmonary fibroblasts, exacerbating the effects of ROS. Treatment with Vitamin C, a common
antioxidant that decreases ROS production in primary human brain pericytes and reduces the
amount of cell death (Figure 7-4; Figure 7-5). This suggests that the reduction of ROS in
pericytes is vital for their survival.
The cell death seen in these pericytes may in part relate to their ability to cope with the
α-syn protein. In transformed cells including cancer cells, which accumulate misfolded,
mutated or damaged proteins, these cells are much more susceptible to proteasome inhibition
than normal cells (Drexler, 1997; Park & Kim, 2012; Shah et al., 2001). Adding extracellular
α-syn protein to primary human pericytes may be overloading the misfolded protein coping
mechanisms. This is further demonstrated with the concentration responses of α-syn pre-treated
with MG132 (Figure 7-2). As the concentration of α-syn increases, so does cell death,
suggesting that cell survival decreases as the protein burden increases. Additionally, it has been
demonstrated that various proteasome inhibitors including MG132, can initiate apoptotic cell
death through the induction of ROS (Park & Kim, 2012; Wu et al., 2002). ROS formation and
subsequent GSH depletion by proteasome inhibitors may also trigger mitochondrial
dysfunction leading to programmed apoptotic cell death (Ling et al., 2003; Qiu et al., 2000).
Indeed, pre-treatment with MG132 and α-syn ribbons and fibrils leads to an increase in
apoptotic cell death through the increased staining of cleaved-caspase 3 (Figure 7-7; Figure
7-8).
Interestingly, other studies have demonstrated that aggregated α-syn induces ROS
production by inhibiting the mitochondrial complex I in differentiated neurons (Reeve et al.,
2015). Mitochondrial dysfunction has been heavily implicated in the pathogenesis of PD. A
decrease in mitochondrial complex I in the substantia nigra of PD patients occurs and
replicating the inhibition of this complex mirros many of the features of the disease in vitro
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and in vivo (Bender et al., 2006; Kraytsberg et al., 2006; Reeve et al., 2015). Therefore, MG132
induces ROS production and α-syn can inhibit the complex I of the mitochondria, suggesting
that a synergistic effect may be occurring in the pericytes. This may explain our results, in
which α-syn may be disrupting mitochondrial function, together with an increase in ROS
production from MG132 treatment that inevitably leads to cell death. Mitochondrial function
is in fact altered when the pericytes are pre-treated with MG132 and subsequently incubated
with α-syn ribbons and fibrils. A significant amount of superoxide is released from the
mitochondria in these pericytes (Figure 7-6). Superoxide is mainly released from complexes I
and III of the electron transport chain, suggesting that under these conditions, a significant
amount of cellular oxidative stress occurs (Brand et al., 2004).
Most interestingly, inhibiting a different degradation pathway in pericytes, the ALP
with bafilomycin, cell death and increased ROS production does not occur (Figure 7-10; Figure
7-11). Other studies have demonstrated that bafilomycin induces ROS in a macrophage cell
line RAW 264 cells (Yokomakura et al., 2012). Also, fibroblasts that are glucose deprived
produce significant amounts of ROS, which in turn inhibits the activity of lysosomes (Song et
al., 2020). However, under our conditions, the pericytes are not glucose deprived and therefore,
no ROS is generated. These results suggest that cell death is not dependent on blocking the
degradation of the protein, but instead that the cell death could be directly linked to proteasomal
dysfunction.
Rotenone is a common pesticide that has been shown to inhibit mitochondrial complex
I and can induce the loss of nigral dopaminergic neurons (Henchcliffe et al., 2008; Tanner et
al., 2011). Rodent models of PD using rotenone have demonstrated that rotenone can produce
substantial inhibition of complex I in the mitochondria following chronic systemic inhibition
led to the death of the substantia nigra dopamine neurons. Additionally, many of the dying
neurons displayed cytoplasmic inclusions containing α-syn (Greenamyre et al., 2003). The
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main mechanism in which rotenone may induce cell death of the dopaminergic neurons is
through ROS production (Radad et al., 2006). Following pre-treatment with rotenone and
subsequent incubation with α-syn, a significant increase in cell death and induction of ROS
species similar to that seen in MG132 treated cells (Figure 7-13; Figure 7-14; Figure 7-15).
Most interestingly, rotenone also acts as a UPS inhibitor, inhibiting the 26S proteasome (Chou
et al., 2010). Therefore, it likely has a similar action to MG132 in which it is able to induce a
significant amount of ROS, induce UPS dysfunction and therefore, in the presence of misfolded
α-syn leads to significant cell death.
A caveat present in the current chapter is that the cellROX fluorogenic dye cannot
distinguish between different ROS. Using MitoSOX reveals that the pericytes produce a
significant amount of superoxide when pre-treated with either MG132 or rotenone followed by
incubations with α-syn. However, it is unknown what other species of ROS are being produced.
We can speculate that it is likely mitochondrial in origin, suggesting that the majority of ROS
produced is superoxide directly from the mitochondria and subsequently hydrogen peroxide
from the dismutation of superoxide (Murphy, 2009). Therefore, further work needs to be
carried out to isolate specific ROS that may be produced under these conditions.
Lastly, PD is a disease that progresses over years to decades. However, the experiments
carried out in this chapter were acute, and did not extend past 24 hours. This should be taken
into consideration and is likely due to the extreme stressors added to these cells at high
concentrations. MG132 and rotenone can inhibit the UPS system, however, in the normal
progression of PD, it is unlikely all the cells in the human brain would lose UPS function
simultaneously. Therefore, the effects of MG132 and rotenone on a monolayer single cell type
culture, in comparison to an in vivo brain, is likely to be exaggerated. In future experiments, it
would be valuable to reduce the concentrations of these stressors and increase the incubation
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times to mimic the prolonged stress seen in the PD brain. This would also require further
validation in an in vivo model to recapitulate the chronic nature of this disease.
In this present chapter, both rotenone and MG132 pre-treated in pericytes following
incubation with α-syn is able to induce the production of ROS and leads to significant cell
death, which is closely linked to the inhibition of the UPS. Additionally, treatment with a
different degradation inhibitor, bafilomycin does not lead to the induction of ROS or cell death,
suggesting that the UPS is important for cell survival when exposed to α-syn.
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8 General discussion
8.1 Summary of major findings
The main aim of this work was to study how non-neuronal cells, particularly pericytes,
are involved in PD and how they interact with the α-syn protein. Only recently, it has been
discovered that pericytes have a major role in inflammation in the brain and are important in
both health and disease. Pericytes can secrete several cytokines and chemokines, express a
variety of adhesion molecules, are involved in ROS production, antigen presentation and are
able to phagocytose waste material (Jansson et al., 2014; Rustenhoven et al., 2017). However,
it is unclear how these functions are altered in the PD brain. Therefore, this thesis investigated
firstly, whether the α-syn protein was present in non-neuronal cells including pericytes,
astrocytes and microglia, whether α-syn induces inflammation in primary human brain
pericytes or microglia, whether pericytes are able to phagocytose and subsequently degrade αsyn and lastly, whether α-syn is toxic to primary human brain pericytes.
The involvement of non-neuronal cells in PD, particularly in the OFB is not well
understood. This thesis, demonstrated that a number of non-neuronal cells – pericytes,
astrocytes and microglia contain α-syn (Chapter 4.3.2; Stevenson et al., 2020). This has
important implications for the pathogenesis of the disease as non-neuronal cells may be directly
involved in disease related processes. As non-neuronal cells contained α-syn in similar
proportions to neuronal cells, at least in the OFB, there could be equal contributions to disease
pathology that has not been investigated. The findings from this chapter provides the backbone
for new areas of research into PD and understanding the complex interplay between α-syn and
all of the cells within the brain.
Following the tissue analysis, the remaining parts of the thesis focused on in vitro work
to further understand the mechanisms of how pericytes interact with α-syn. Next, it was
195

Chapter 8
investigated whether recombinant α-syn preparations could induce inflammation in primary
human brain pericytes and microglia. In rodent models, it had been demonstrated that α-syn
induces a significant inflammatory response (Table 5-1; Rey et al., 2013, 2016). Ten different
α-syn preparations – control monomer, control aggregate, active monomer, active aggregate,
r-Peptide monomer, r-Peptide aggregate, pFF monomer, pFF aggregate, fibrils and ribbons
were used to investigate whether they would induce inflammation in pericytes and microglia
isolated from human brains. The majority of the α-syn preparations did not induce
inflammation, and when they did, they were heavily contaminated with bacterial endotoxins
(Chapter 5.3.6). This goes against the current dogma that α-syn is a potent inflammatory
stimulus. α-syn treatments were also tested under a number of different conditions including
co-treatment with TLR ligands and LPS however, they did not induce an inflammatory
response. It was also investigated whether post-mortem control and PD pericytes would
respond to endotoxin-free α-syn, however, similar to the epilepsy pericytes, α-syn did not
induce inflammation (Chapter 5.3.9). These results are important for the field of PD research
investigating inflammation. This calls for consistent characterisation of these aggregates and
in depth quality control to ensure that bacterial endotoxins do not confound experiments. This
also brings into question the use of rodent models for the study of inflammation induced by αsyn and whether there may be species differences.
Following the findings that pericytes contained α-syn in the OFB, it was investigated
whether primary human brain pericytes could phagocytose α-syn. Pericytes are known to be
active phagocytes (Rustenhoven et al., 2017). Primary human brain pericytes isolated from
biopsy epilepsy pericytes, post-mortem control and post-mortem PD pericytes can phagocytose
α-syn from the extracellular space (Chapter 6.3.1). Interestingly, no significant differences
were seen between the three different groups of pericytes nor a difference in the three different
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types of α-syn. This could be a possible mechanism through which α-syn could be present in
non-neuronal cells and transfer throughout the brain. Our lab has previously shown that
primary human brain pericytes are able to transfer overexpressed α-syn from one cell to the
next (Dieriks et al., 2017). Additionally, it has been shown that α-syn is detected in extracellular
compartments in the brain and body including the cerebrospinal fluid, plasma, saliva, tears and
urine (Choi et al., 2020). It has been suggested that α-syn can be released from cells through a
number of mechanisms including unconventional endoplasmic reticulum/Golgi-independent
exocytosis, the misfolding-associated protein secretion pathway and within extracellular
membrane vesicles that exhibit characteristics of exosomes (Choi et al., 2020; Emmanouilidou
et al., 2010; Fontaine et al., 2016; J. Kim et al., 2018; Ye, 2018). These secretory mechanisms
all provide opportunities for pericytes and other non-neuronal cells to phagocytose α-syn and
may be important in cleaning up the extracellular space.
Following the findings that pericytes were able to efficiently phagocytose α-syn in vitro
from the extracellular space and were found to contain α-syn in the human OFB, it was
investigated whether they were important in subsequently degrading the α-syn protein. Indeed,
many speculate that a therapeutic opportunity presents itself by increasing the degradation of
α-syn, thereby, decreasing the protein burden in the brain. Epilepsy pericytes efficiently
degrade α-syn over a 7 day incubation compared to both post-mortem control and PD pericytes
(Chapter 6.3.2). Age presents itself as a major factor when it comes to the degradation of
proteins. The ability of cells to maintain a functional UPS or ALP decreases with age (Vilchez
et al., 2014). Disruption of these systems ultimately leads to a vicious cycle of protein build
up. Damaged and misfolded proteins accumulate with age, in turn impairing cellular function
and tissue homeostasis. However, with age and disruption of the UPS and ALP, it further
exacerbates these problems and is thought to be related to a number of age-related diseases

197

Chapter 8
such as Alzheimer’s disease, PD and Huntington’s disease (Barbosa et al., 2019; López-Otín
et al., 2013; Vilchez et al., 2014). Therefore, it is likely that the differences seen between
epilepsy, control and PD pericytes are likely due to the age of the patients that they were
isolated from. Epilepsy pericytes have the least amount of Lamp-1 positive lysosomes,
however, they were the most functional. On the contrary, both control and PD pericytes
contained significantly more Lamp-1 positive lysosomes, however, they have reduced
functionality compared to epilepsy pericytes. Interestingly, pericytes mainly degrade
aggregated α-syn through the ALP pathway. By blocking the acidification of lysosomes
pharmacologically with bafilomycin, this efficiently inhibited the degradation of α-syn. It has
been previously shown that pericytes contain a large number of lysosomes and are equipped to
degrade internalised materials (Bell et al., 2010; Kristensson & Olsson, 1973; Rustenhoven et
al., 2017). Interestingly, there was no inhibition of degradation when using the UPS inhibitor
– MG132. Therefore, these results suggest that the ALP is important for the degradation of αsyn and that disruption pharmacologically or physiologically with age reduces the ability of
pericytes to degrade α-syn. These findings have important implications in the field of PD as it
suggests that pericytes are involved in removing α-syn. This provides a potential therapeutic
target. If it is possible to increase the phagocytosis and degradation of α-syn in non-neuronal
cells, the protein burden could be reduced in the brain, which would ultimately slow the
progression of the disease.
Interestingly, disruption of the UPS using a 26S proteasome inhibitor – MG132
incubated with α-syn leads to significant cell death and induction of ROS (Chapter 7.3.1).
These results lead to the idea of a double-hit or multiple hit hypothesis (Hawkes et al., 2007;
Zhu et al., 2004, 2007). In our present model, α-syn did not induce inflammation or cellular
death when incubated with α-syn alone (Chapter 5.3.2; 5.3.4; 7.3.1), however, in the presence
of an additional stressor, then cell viability was compromised. These results suggest that
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multiple stressors are needed to reduce pericyte viability when incubated with α-syn.
Additionally, a potent ROS generator and proteasome inhibitor – rotenone exhibits similar
effects to MG132 when pre-treated in primary human brain pericytes and subsequently
incubated with α-syn (Chapter 7.3.3). Many of these effects could be attenuated by using a
common antioxidant Vitamin C. Most interestingly, inhibition of the ALP pathway did not lead
to cell death or induction of ROS in primary human brain pericytes in vitro (Chapter 7.3.2).
These results suggest that the proteasome system is particularly important for this mechanism
of cell death. We speculate that it is involved in the ability of pericytes to cope with protein
turnover. Previous studies have demonstrated that cells that contain high numbers of misfolded
proteins are much more susceptible to proteasomal disruption, leading to an increase in ROS
and subsequent apoptotic cell death (Drexler, 1997; Park & Kim, 2012; Shah et al., 2001; Ling
et al., 2003; Qiu et al., 2000). Therefore, in the PD brain, it could be possible that UPS
dysfunction and the presence of α-syn leads to cell death, which is further exacerbated by
dysfunction in the degradation pathways through age. This could develop a vicious cycle of
degradation dysfunction, leading to increased protein burden and in the presence of UPS
inhibition, cell death. Therefore, it will be important to investigate therapeutic approaches that
may counteract this form of cellular death if it were to occur in the PD brain.
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Figure 8-1: Schematic of the major findings in this thesis
As it was discovered that non-neuronal cells – pericytes, astrocytes and microglia contained α-syn in the
human OFB, the next question was whether these cells were involved in disease processes. The majority of
α-syn preparations from four independent sources were contaminated with bacterial endotoxins and that
endotoxin-free α-syn did not induce inflammation. Secondly, pericytes were able to take up α-syn from the
extracellular space, however, control and PD post-mortem pericytes were not able to efficiently degrade it,
suggesting that there may be impairment in the degradation processes. Lastly, it was discovered that α-syn
alone did not induce cell death in pericytes, however, with the treatment of another stressor, significant
ROS production and cell death followed. These results suggest that pericytes may be involved in central
disease processes such as uptake and degradation of the protein and cell death.
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8.2 Considerations and caveats
One of the major considerations that needs to be accounted for in this thesis is the use
of in vitro models. In vitro studies have accepted limitations. One of the main points to consider
is whether cells isolated from the human brain represent the structure and function of the same
cells found in vivo. In vivo, the functions of cells are linked to their anatomical location and
have a number of secreted factors that alter function through paracrine signaling. However,
these conditions are unlikely to be replicated in vitro, where cells are grown in a single celltype monolayer culture. Therefore, careful consideration needs to be taken when observing
cytokine and chemokine secretion, ROS production, α-syn phagocytosis and degradation.
Therefore, a possible workaround to mitigate some of these issues is the use of mixed cultures.
Many studies investigating human brain pericyte and microglial functions have been performed
in mixed glial cultures, which contain a mixture of microglia, astrocytes and pericytes (Jansson
et al., 2014; Smith et al., 2013). These culture conditions may better recreate the brain
microenvironment, however, these cultures still have other drawbacks including cell-specific
effects are difficult to isolate and therefore, many of the techniques investigating cell-specific
secretions are rendered useless.
Another major factor to consider is that the use of primary human brain cell cultures
creates a greater potential for variability. Unlike primary rodent cultures, humans have an
uncontrolled range of hereditary genetic factors and have been exposed to different
environmental conditions. To counteract this variability, larger sample sizes could be used
however, we are restricted by the limited supply and uncertainty in obtaining primary human
brain tissue. Therefore, throughout the thesis, a small sample size, n = three – five independent
tissue donors were used per experiment, therefore, in some experiments, there may not be
enough statistical power. Although the sample size was relatively small, respectable
consistency was displayed between cases. A drawback of using smaller sample sizes, is the
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inability to carry out comprehensive correlation analysis against age, sex and years diagnosed
with PD. Additionally, post-mortem delay had an impact on the functionality of pericytes. With
longer post-mortem delays, the yield of pericytes was lower, which resulted in them reaching
senescence at earlier passages. Therefore, to reduce this effect, cultures were only used between
passages 4 – 9 for post-mortem pericytes. It was noted that past passage 9, the pericytes
displayed a more differentiated phenotype by increasing α-SMA expression. In vitro cells do
not provide the perfect model, however, precautions were taken to reduce variability.
A wider consideration for the field of PD has presented itself in this thesis. α-syn is
thought to be integral for disease progression and has become the neuropathological hallmark
for identifying the disease post-mortem (Braak et al., 2003). Naturally, this led many
researchers to investigate the effects of α-syn in in vitro and in vivo models. However, the
production of recombinant α-syn is not standardized across different lab groups or within
commercial companies. All the human α-syn preparations used in this thesis were recombinant
proteins produced in E. coli. However, the manner in which the α-syn is extracted can alter the
purity of the protein and ultimately lead to contaminants of bacterial fractions that remain.
These bacterial fractions then go on to induce inflammation in cells, confounding the results.
Indeed, only α-syn that is contaminated with bacterial endotoxins induced inflammation in
primary human brain pericytes and microglia (Chapter 5.3.3; 5.3.6). Therefore, careful
consideration needs to be taken when using recombinant α-syn proteins and we urge the use of
stringent quality control practices before using recombinant α-syn proteins for in vitro and in
vivo experiments relating to inflammation.
Additionally, this study largely focused on the effects of α-syn on non-neuronal cells
(Chapter 5 – Chapter 7) without investigating the effects on neurons. Primary neurons have
been cultured in our lab, however, the scarcity of primary human neurons was a limiting factor
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and played a part in the exclusion in this study (Park et al., 2020). Although α-syn was relatively
benign when added to non-neuronal cells, it is unknown how the ten different α-syn
preparations would alter neurons through inflammation, uptake and degradation or toxicity.
Previous studies demonstrated α-syn toxicity in cultured neurons (Desplats et al., 2009;
Ganjam et al., 2019; Volpicelli-Daley et al., 2011), however, a limitation of this was the lack
of primary human neurons used. This would be a valuable future experiment, however, more
work needs to be completed in order to consistently generate viable primary human neurons
(Park et al., 2020) to investigate the effects of α-syn.
The final consideration that has arisen from this thesis is the use of the common
antioxidant – Vitamin C for rescuing cells from cell death and overexpression of ROS in the
final chapter – α-syn induced toxicity (Chapter 7.3.1; 7.3.3). Multiple lines of evidence suggest
that mitochondrial oxidative stress may play a role in the pathogenesis of PD. There have been
clinical trials that have investigated whether antioxidants would slow the progression of PD,
however, these have resulted in mixed outcomes with some showing little to no effect (Snow
et al., 2010), while others show that administration of antioxidants may slow the progression
of PD (Fahn, 1991; Fahn, 1992). More recently, studies have demonstrated that antioxidants
do not reduce the risk of developing PD (Hughes et al., 2016), while another shows that dietary
antioxidants do reduce the risk (Yang et al., 2017). It is uncertain whether antioxidants do play
a role in the pathogenesis of PD in humans. Vitamin C can rescue primary human brain
pericytes from MG132, rotenone and α-syn induced cell death (Chapter 7.3.1; 7.3.3). However,
in vitro conditions can often be exaggerated and responses of cells may not be the same as
those seen in vivo. PD is known to be a multifactorial disease, therefore, it likely that under in
vitro conditions in a single cell monolayer culture, antioxidants are able to have a large effect,
however, in the PD brain, this may not be the case. These results need to be further validated.
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8.3 Future directions
The work in this present thesis has furthered our understanding of how non-neuronal
cells, particularly pericytes, respond to the α-syn protein. However, several areas remain
unanswered. Further work is still required to understand the complex role that non-neuronal
cells play in the progression and pathogenesis of PD.
Additional work is required to investigate other areas of the brain and quantify the
proportions of non-neuronal cells that contain α-syn and compare this to the OFB. As the OFB
may be one of the first areas of the brain that is affected by α-syn pathology, the proportions
of cells that are affected may differ compared to central brain regions such as the basal ganglia
structures and cortical regions. An area of particular interest would be the dorsal motor nucleus
of the vagus nerve, as this is thought to be the other point of entry of α-syn into the brain
through the gut axis (Figure 2-2). This would create a powerful study to look at the proportion
of cells affected by α-syn in the same cases to determine if these proportions are only found in
early sites of PD pathology or whether it is a brain wide phenomenon.
In this thesis, the investigation of the BBB and leakage in the PD OFB yielded no
significant results, however, this may be due to the study being significantly underpowered.
Ideally, we would want to increase the number of cases and the number of sections within in
each case for future experiments. This would help to reduce the large amount of variability that
is often seen with human tissue. In addition, it would be interesting to investigate whether the
BBB is altered within the same cases in different brain regions, particularly in areas such as
the substantia nigra. This may give us more information to determine whether the OFB is less
susceptible to leakage compared to other more central brain regions.
As α-syn does not induce inflammation in primary human brain pericytes or microglia,
the next step would be to conduct these experiments in primary rodent pericytes and microglia
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cultures. The majority of studies of inflammation from α-syn have been completed in rodent
cells and of the studies which have used human cells, none have been primary human brain
cells. Therefore, using endotoxin-free α-syn preparations on rodent cells would answer many
of the outstanding questions. This would address whether there are any species differences
between how rodent cells respond to α-syn compared to human cells. Additionally, the use of
mixed glial cultures could be useful for understanding the inflammatory responses. Having
other cells present, which are found within the brain microenvironment could change how
pericytes or microglia respond to α-syn compared to when they are cultured alone. In the
presence of other cells, secreted factors may alter how these cells respond to inflammatory
stimuli. Instead of using a single cell type culture, using a mixed glia culture will improve our
understanding of how pericytes and microglia respond to endotoxin-free α-syn.
As pericytes can efficiently phagocytose and subsequently degrade α-syn, it would be
interesting to use this potential for therapeutic purposes. The next steps would be to investigate
potential pharmacological degradation activators as this would be an effective way of
potentially removing α-syn and reducing the protein burden within the brain.
Post-mortem control and PD pericytes were not able to efficiently degrade α-syn
compared to epilepsy pericytes, therefore, it would be interesting to confirm that changes are
seen in these pathways in the human brain and whether the UPS and ALP pathway have become
dysfunctional by using immunohistochemistry. Another approach could be to alter the function
of the ALP and UPS through genetic modifications in pericytes in vitro. This can be done by
either knocking out or overexpressing genes important for each step in the UPS and ALP
pathways and would allow for greater insight into how these may contribute to α-syn
degradation. Additionally, it would be useful to identify cases in the Hugh Green BioBank that
have known mutations linked to PD that may alter the degradation pathways. This would
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provide a positive control and could be used to benchmark the ability of pericytes to degrade
α-syn.
To further build upon this, rodent models of UPS and ALP inhibition could be used.
These could include pharmacological inhibition of the degradation pathways or transgenic
models of degradation inhibition. Previous studies have demonstrated that inhibition of the
26/20S proteasome using MG132 through microinjection in the nigro-striatal pathway leads to
the accumulation of α-syn. These rodents also display the progressive and pathological changes
of PD (Vernon et al., 2010; Xie et al., 2010). Therefore, to study the early stages of PD, it could
be possible to inject both α-syn and MG132 into different brain regions of rodents and thereby
track the progression of α-syn through non-neuronal cells and determine whether the disruption
of the degradation pathways alters cell viability. Altering the degradation pathways would
further our understanding of whether this would accelerate the PD phenotype in these models
compared to rodents with functional degradation pathways. This would provide information on
whether disruption of degradation pathways is important for PD pathogenesis.
When primary human brain pericytes were exposed to UPS inhibitors, MG132 and
rotenone, this led to significant cell death and ROS production. However, it would be
interesting to investigate whether other stressors may induce cell death when exposed to α-syn.
Further work would need to be done to understand whether this is also specific to UPS
inhibition. The majority of the ROS produced in pericytes in this thesis was thought to originate
from UPS inhibition. However, it would be interesting to understand whether the presence of
ROS with α-syn leads to cellular death irrespective of UPS inhibition. This would provide
therapeutic opportunities to target the dysfunctional UPS pathway.
It has been suggested that seeding of α-syn can induce cellular toxicity, where the slow
progression from monomeric to aggregated α-syn is toxic to cells. In this current thesis, only
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monomers or aggregates were added by themselves to pericytes. Conducting an experiment
with the co-treatment of monomers and aggregates, would create a more physiological model
whereby the cells would be exposed to all forms of α-syn throughout the aggregation process.
Therefore, we would investigate whether this induced inflammation or cellular toxicity. To
further speculate, using real-time quaking-induced conversion (RT-QuIC) to isolate misfolded
α-syn from brain fractions of patients with PD could be used to investigate the inflammatory
effects in primary human brain pericytes (Candelise et al., 2019). It has been suggested that αsyn from different brain regions have an altered propensity to seed different structures.
Therefore, it would be interesting to investigate the effects of α-syn seeded from the human
brain on human brain cells, instead of using recombinant α-syn proteins.

8.4 Concluding remarks
This thesis significantly expands on our current understanding of how non-neuronal
cells, particularly pericytes, are involved in the pathogenesis of PD. Pericytes, astrocytes and
microglia were shown to contain α-syn in the human OFB, suggesting that they are directly
involved with the α-syn protein and PD pathogenesis. Following the important finding that
these cells contained α-syn, it was demonstrated that pericytes and microglia do not have an
inflammatory response to α-syn unless it is contaminated with bacterial endotoxins. These
present important implications for the field of PD and further work needs to be completed to
understand if α-syn can cause a direct inflammatory response in the human PD brain. Primary
human brain pericytes are able to efficiently phagocytose α-syn and subsequently degrade αsyn. These findings provide a potential therapeutic target that could be exploited further to
decrease the α-syn protein burden in the brain. Furthermore, α-syn alone does not induce
inflammation or cell death, however, with the co-treatment with an additional stressor, a
significant amount of ROS is produced and cell death occurs. These again have important
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implications in the field of PD suggesting that a double hit may be required to induce pericyte
cell death in the brain. Overall, the data presented in this thesis have contributed to the current
knowledge of non-neuronal cells and their involvement in the human PD brain.
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