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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder. Disease
progression is mirrored by the appearance of Lewy pathology (LP) in the brain,
which contains misfolded a-synuclein (aSYN). Transmission of misfolded a-
synuclein between neurons is key to LP spread. Determinants of neuronal
vulnerability to aSYN transmission have been investigated but factors of
neuronal resistance have not. One potential factor is the presence of a
perineuronal net (PNN). The PNN is a condensed form of extracellular matrix
(ECM) that enwraps specific populations of neurons and regulates plasticity. It
is an aggregated structure formed of protein and glycosaminoglycans. The PNN
forms and condenses on neuronal membranes, creating a dense and
polyanionic structure with a reticular morphology, which could block aSYN
transmission. The aim of this thesis is to establish whether the PNN is a
neuroprotective barrier conferring resistance to neurons against aSYN seeding
and pathology in PD.

To investigate whether the PNN blocks aSYN uptake an in vitro neuronal PNN
culture model was established. This model accurately replicated mature cortical
PNNs, both in terms of the heterogeneity in PNN composition and its
maturation. PNNs transitioned from an immature punctate morphology to the
reticular morphology as observed in the mature CNS. We also observed a small
population of PNNs that were mature at an earlier time point and a distinct
composition, highlighting further heterogeneity. We have established a primary
culture model of PNN of use to the PNN field.

To investigate the barrier function of PNNs to aSYN, we first purified aSYN and
created two, distinct aggregated aSYN species: oligomers and preformed fibrils
(PFFs). DIV56 neuronal cultures, containing mature PNNs, were treated with
either with 7 uM Alexa 488 labelled oligomer and uptake measured 24 hours
later by immunofluorescence or with PFFs and cultured for a further 21 days.
The presence of a PNN reduced the uptake of aSYN oligomer in neurons by
two thirds (Oligomer positive: PNN positive 15.8 + 2.52% versus PNN negative:
49.9 £ 2.95%, one-way ANOVA, p<0.05). PNN removal by chondroitinase ABC
(ChABC) abolished resistance, significantly increasing oligomer positive
neurons (PNN intact: 53.4 £ 2.54% vs degraded: 67.1%, two sample t Test,
p<0.05). 70 nM PFF treatment caused progressive accumulation of
phosphorylated-aSYN staining over 21 days of treatment, reminiscent of aSYN
pathology. Enzymatic removal of the PNN before PFF treatment significantly
increased p-aSYN intensity (D21: PNN intact: 0.00231 + 0.00047 RFU vs
degraded 0.00141 + 0.00047, one-way ANOVA, p<0.05). Using surface
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plasmon resonance, we have highlighted a potential mechanism for the
neuroprotection: aSYN species were found to bind to PNN glycosaminoglycans-
chondroitin sulphate E and heparin sulphate. We investigated whether PNN
populations were spared in PD brains to establish the relevance of the
neuroprotection mechanism. In all brain regions, PNN densities in PD brains
were not significantly different compared to non-demented controls (t test,
p>0.05). Furthermore, no LP bearing PNN neurons were observed. Together
this indicates that PNN populations are unaffected in PD brains, demonstrating
that PNN-mediated neuroprotection is relevant in PD. This thesis has
established that the PNN is a neuroprotective barrier in PD and protects
neurons from developing aSYN pathology in vitro and in PD brains. This opens
a new research avenue in pursuit of disease halting therapies in PD.
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Chapter 1 Parkinson’s disease
1.1 Epidemiology

Parkinson’s disease (PD) is the 2" most common neurodegenerative disorder
globally. In the UK, there is a 2.7% lifetime risk of being diagnosed, equivalent
to 1in 37 people being diagnosed with Parkinson’s (Parkinson’s UK, 2018). Age
is the largest risk factor as PD is most prevalent in those over 65, affecting 6%
of the demographic. The incidence risk almost doubles every 5 years starting
from 45 years of age and peaks at 80 years of age (Parkinson’s UK, 2018). This
is a cause for concern as in the UK due to our ageing population.

Currently, over 65s are a larger demographic than those under 18 (Office for
National Statistics, 2014). By 2039, over 65s are estimated to account for nearly
a quarter of the UK population (Storey, 2018). The burden of ageing is set to
worsen as by 2050 it is estimated that those over 60 will account for 21% of the
world’s population (Storey, 2018). The reason for this increase is declining
mortality rates (Office for National Statistics, 2014). While this is to be
celebrated it should cause concern for governments and health services as
currently neurological disorders are the leading cause of disability world-wide. In
the UK the cost of PD for a household is estimated at £16,582 per year, with an
average loss of income of £10,731 and an average health and social care cost
of £5,851 (Parkinson’s UK, 2017). Furthermore, PD patients are more likely to
go into care homes, further placing emotional and financial strain on loved ones
(Parashos, et al., 2002). In 2016 they accounted for 276 million disability-
adjusted life years (DALYS). The DALY is a metric which accounts for overall
disease burden, incorporating years lived with the disability and years of life
lost. PD accounted for 4 million DALY's (Feigin, et al., 2019). The prevalence of
PD has increased dramatically with a 144% gross increase from 1990. Even
when standardised for age it had still increased by 22% (Feigin, et al., 2019).

While PD is not a direct cause of death, PD patients have a higher risk of
emergency hospital admission and are 2-3 x more likely to die in hospital
(Parashos, et al., 2002; Low, et al., 2015). The cost in the UK of the non-
elective admissions was £777 million in 2015. Compared to non-PD patients,
PD patients are twice as likely to extend their hospital stay to over three months
(Low, et al., 2015). The World Health Organisation has warned that we are
heading towards a crisis with PD and other age-related disorders placing
unbearable strain on health care and social institutions across the world (WHO,
2011; Alamri, 2015).



1.1.1 Symptoms and variability in progression

It was the resting tremor, rigid stoop and slow movement (bradykinesia) that
was first identified by James Parkinson in 1817 (Goetz, 2011). In the 200 years
since its discovery, these symptoms still form the largest part of the public’s
image of a Parkinson’s patient. However, by themselves these symptoms are
not indicative of Parkinson’s disease but of a Parkinsonian syndrome.
According to the criteria of the UK PD brain bank, diagnosis of this syndrome
requires the bradykinesia and at least either: tremor, muscle rigidity or postural
instability. For a diagnosis of PD, other causes must then be ruled out e.g.,
history of repeated head injury or stroke. Step 3 is the identification of at least 3
supportive conditions, these include: unilateral onset of tremor and L-dopa
responsiveness (Hughes, et al., 1992). However it has become apparent that
these symptoms only comprise a part of an ensemble of symptoms that PD
patients present with (Kalia and Lang, 2015). These symptoms can be divided
into motor and non-motor symptoms and their progression is summarised in
figure 1.
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Figure 1: Symptom progression of Parkinson's disease

As seen above the non-motor symptoms precede the motor symptoms by 20 years. Current
diagnosis rests on the appearance of the motor symptoms, which may prove too late to reverse
the disease. As the disease progresses the deficits grow more pronounced and other symptoms

appear. Modified from (Kalia and Long, 2015).

As mentioned, the classic motor symptom seen in PD patients is the ‘pill rolling’
tremor seen in patient’s hands. 80% of patients present with tremor, most
commonly in the upper limb (Jankovic, 2008). Several years after onset 25-60%
patients often exhibit movement freezing (Virmani, et al., 2015). Postural
instability leads to falls, a leading cause of hospital admissions in PD patients
(Sveinbjornsddéttir, 2016; Low, et al., 2015). Patients often exhibit with dystonia
which can precede PD diagnosis by several years or be brought on by the
treatment L-DOPA itself (Fahn, 2008; Sveinbjornsdéttir, 2016). Oral motor
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symptoms, such as drooling, are also a component of PD and can have major
impact of quality of life indicators (Rajiah, et al., 2017).

The non-motor symptoms are varied and have received growing attention in the
last 20 years as they can precede the onset of the motor symptoms by several
decades (Schrag, et al., 2015; Hickey, et al., 2007; Pont-Sunyer, et al., 2015).
The non-motor component encompasses gastrointestinal dysfunction, mental
health, sensory and psychiatric problems and can become more troublesome
than the motor (Sveinbjornsdéttir, 2016). 80% of PD patients present with
anosmia, which can precede motor symptom onset by 5 years (Doty, et al.,
1988; Schrag, et al., 2015). Constipation is also highly prevalent in PD, with
80% of patients exhibiting symptoms (Jost and Eckardt, 2003). Constipation is
also the earliest presenting symptom prior to diagnosis, having a higher
prevalence in PD patients from 10 years prior to motor symptom onset (Schrag,
et al., 2015). Sleep disorders, in particular REM sleep behaviour disorder
(RSBD), are also prevalent in PD patients (Sveinbjérnsdottir, 2016). Patients
with RSBD act out in their sleep, lashing out with limbs, it has been reported to
present in around a third of cases and can precede motor symptoms (Monderer
and Thorpy, 2009). The acknowledgement of the non-motor symptoms and a
growing understanding of a pre-motor aspect of the disease has led to the
staging of early PD (PD prior to onset of repeated falls and hallucinations) by
the international Parkinson and Movement Disorder Society. They divided early
PD into three stages: preclinical PD, where the neurodegenerative processes
are at work but yet to result in symptoms; prodromal PD, symptoms have
developed (often non-motor) but they are insufficient for a diagnosis; and
clinical PD, where symptoms are sufficient to meet the diagnosis criteria (Kalia
and Lang, 2016). While this is important in changing our understanding of the
disease it remains an academic distinction due to the lack of established
biomarkers and tests that would be able to identify patients in the preclinical
phase. There are promising results from measuring the aggregation potential of
a-synuclein (aSYN) derived from cerebral spinal fluid which shows specificity for
PD and RSBD compared to controls. In two studies aggregation of aSYN was
only detected in the PD and RSBD cohort, showing >98% specificity compared
to healthy controls (Fairfoul, et al., 2016; Rossi, et al., 2020). However, only
37.4% of RSBD patients go on to develop a synucleinopathy (Iranzo, et al.,
2014). Therefore, it must be determined whether the aggregation propensity of
aSYN is a specific feature of RSBD cases fated to develop a synucleinopathy or
of RSBD generally. A larger, longitudinal study of RSBD patients could answer
this.



PD is a variable disease, in part due to the wide variety of symptoms patients
present with and the incomplete penetrance of these symptoms. PD can be
sub-divided into tremor-dominant PD and non-tremor dominant (postural
instability and bradykinesia are principal symptoms) (Kalia and Lang, 2015). A
third, rapid progression, sub-group can be identified. These patients have older
disease onset and faster disease course, with worse motor and cognitive
deficits (Graham and Sagar, 1999; Halliday, et al., 2008; Howlett, et al., 2015;
Van de Berg, et al., 2012; Lewis, et al., 2005). Idiopathic patients can be
diagnosed anywhere between 24 and 80 years of age. Typically, in idiopathic
cases the earlier the onset the slower the progression (Jankovic, et al., 1990;
Kempster, et al., 2010). The passing of several key PD milestones (e.g.
frequent falling, cognitive impairment) doesn’t vary with age of onset or death
but usually precedes death by 5 years (Kempster, et al., 2010). Genetic
mutations in PD have helped shed light on the underlying pathophysiology of
PD and can be directly causative or increase risk (Koros, et al., 2017). For an
overview of the genetics of PD please refer to Lill (2016). However, even within
monogenic autosomal dominant forms there is variability and incomplete
penetrance, even within families (Markopoulou, et al., 2008; Koros, et al., 2017).
This shows that environmental, epigenetic and genetic variability can influence
PD progression.

1.2 Pathophysiology of Parkinson’s disease

For a definitive diagnosis of PD, rather than parkinsonism, a post-mortem
pathology must be confirmed. The pathology criteria are the loss of
pigmentation in the Substantia Nigra pars Compacta (SNc) and the appearance
of protein plagques, called Lewy bodies (LBs), in neuronal cell bodies (Poewe, et
al., 2017). Both criteria must be fulfilled for a PD diagnosis. LBs are
eosinophilic, concentrically ringed inclusions and were first described by Dr.
Frederic Lewy in 1912. He first identified them within the dorsal vagal nucleus of
a PD patient. They have since been found in various nuclei throughout the
brain, with a preference for monoamine nuclei (Ohama and lkuta, 1976; Adler,
et al., 2019). They are intracellular inclusions found in neurons and vary
between 4-20 um in diameter (Kuusisto, et al., 2003). The classic LB is
spherical, but this varies upon brain region and whether the cell contains
melanin (Fig. 2). Cortical LBs have less defined edges and are less circular
(Wakabayashi, et al., 2007). The LB is not the only protein inclusion found
within PD. Lewy neurites and pale bodies are also seen, depending on the stain
used. Lewy neurites are extrasomal and appear in proximal dendrites (Fig. 2).
They are elongated structures which can measure up to 300 um in length. Pale
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bodies are also eosinophilic structures, but they lack the defined, concentric
staining of the LB. Together these have been identified as earlier stages in LB
development (Fig.2). In culture models of PD, Lewy neurites occur before somal
inclusions (Volpicelli-Daley, et al., 2011; Mahul-Mellier, et al., 2020). Pale
bodies have been suggested to be an intermediate inclusion which condense
into LBs (Kuusisto, et al., 2003).

A. B. C.
Lewy Pale Lewy

Neurite Body Body

50 ym

Figure 2: Subtypes of Lewy pathology

aSYN immunostaining (blue) from PD post-mortem brain. Brown pigment is neuromelanin. A.
Lewy neurite, long elongated structures that localise to neuronal projections. B. Pale body,
diffuse somatic inclusion. C. Lewy body (arrowhead), dense circular core surrounded by a
diffuse halo (arrow). The halo is not always seen and some LBs have a concentric appearance

with a lighter staining in the centre. Images taken from (Braak et al. 2004).

LBs contain a large number of different proteins, lipids and organelles, many of
which are ubiquitinated (Roy and Wolman, 1969; Kuzuhara, et al., 1988;
Wakabayashi, et al., 2007; Shahmoradian, et al., 2019). The core component of
the LB is the misfolded aSYN protein. aSYN was purified from amyloid plaques
from patient brains diagnosed with Alzheimer’s disease (AD) and named as the
non-amyloid component protein (NACP) (Ueda, et al., 1993; Wakabayashi, et
al., 1997). This was then identified as aSYN, a synaptic protein first isolated
from the electric organ of the Torpedo ray-fish (Maroteaux, et al., 1988; Jakes,
et al., 1994, Spillantini, et al., 1997). aSYN antibodies detect more Lewy
pathology (LP) than other immunohistochemical stains (eosin, ubiquitin or p62
stains). Eosin staining only detected a third of aSYN-positive LBs and a sixth of
pale bodies (Kuusisto, et al., 2003). Lewy neurites can only be detected by
aSYN antibody staining. aSYN is the essential component of LBs as all
alternative LB stains are also positive for aSYN (Wakabayashi, et al., 1997,
Kuusisto, et al., 2003).



There are three members of the synuclein family: alpha, beta and gamma
(Surguchov, 2008). Only aSYN is found in LBs (Spillantini, et al., 1997; Baba, et
al., 1998). aSYN in LBs comes in various forms: full-length, truncated and
aggregated forms have all been isolated from patient samples (Baba, et al.,
1998; Campbell, et al., 2001). The aggregated aSYN appears as filaments
(Crowther, et al., 2000; Spillantini, et al., 1998b). aSYN in LBs can also be post-
translationally modified. aSYN can be directly ubiquitinated. This is a
pathological phenomenon rather than a queuing up of aSYN labelled for
proteasomal degradation as unmodified aSYN can be directly degraded by the
proteasome (Tofaris, et al., 2001). The predominant pathological aSYN
modification is phosphorylation at serine residue 129 (p- aSYN) (Fujiwara, et al.,
2002; Hasegawa, et al., 2002; Anderson, et al., 2006). This modification is
specific to LBs and p-aSYN antibodies are used by pathologists in post-mortem
diagnosis of synucleinopathies (Adler, et al., 2019).

As mentioned, the LB is made up of a variety of components. In 2007, over 70
different protein components had been isolated from LBs (Wakabayashi, et al.,
2007). Neurofilaments are another key LB component and are present with a
disorganised phenotype within inclusions (Shahmoradian, et al., 2019; Mahul-
Mellier, et al., 2020). Together, with the accumulation of lipids and organelles,
the Lewy body could be best understood as a cellular traffic jam around an
aggregated aSYN core (Roy and Wolman, 1969; Shahmoradian, et al., 2019).

1.2.1 Understanding Lewy pathology in synucleinopathies

The LB is a cardinal and essential hallmark of PD. However, it is not unique to
PD. aSYN inclusions are also hallmark for several disorders, collectively called
synucleinopathies. A sub-group of these are LB diseases. They are incidental
LB disease (iLBD), PD, PD with dementia (PDD), dementia with Lewy bodies
(DLB), multiple systems atrophy (MSA) and pure autonomic failure (PAF). iLBD
is diagnosed when LBs are found in non-symptomatic patient brains. MSA and
PAF are distinct from the others as the inclusions are found in different cell
types other than neurons. In PAF, the LBs are found in peripheral neurons
rather the central nervous system (CNS) (Brown, 2017). The key pathological
hallmark of MSA are glial cytoplasmic inclusions (GCIs) rather than LBs. They
are aSYN containing inclusions but are found in glia rather than neurons
(Spillantini, et al., 1998). The other 4 synucleinopathies can be interpreted as a
spectrum of disease (Walker, et al., 2019).

There is a question as to whether PDD and DLB are distinct diseases or
different presentations of the same disease as there is very little to differentiate
them neuropathologically (Jellinger, 2018; Tsuboi, et al., 2007). Clinically the
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different diagnoses are determined by the timing of dementia onset. If it is in an
established PD setting (PD for at least one year prior), then it is PDD. If the
dementia precedes the motor symptoms by at least a year or occurs within the
same year as motor symptom onset, then it is DLB. This ‘1 year rule’ has been
criticised as arbitrary but is useful clinically as it recognises that DLB generally
follows a more severe and aggressive time course than PDD. The LB disease
spectrum (iLBD<PD<PDD<DLB) traverses a symptomatic axis, with cognitive
symptoms becoming more prevalent the further along the axis. As discussed,
while PD patients exhibit cognitive impairment; it is the degree of the
impairment that would distinguish between PDD and PD. Halliday and
colleagues followed a PD cohort longitudinally and found that after 20 years of
PD all patients had dementia (2008). PD and DLB can be differentiated
pathologically by the degree of striatal loss and neocortical LB load. PD shows
greater striatal loss and DLB higher cortical LB load. PDD bridges both
phenotypes (Jellinger, 2018; Walker, et al., 2019). These correlations can be
drawn together to link symptoms to LP load in brain regions. For example, a
higher cortical LP load would increase the probability of psychiatric symptoms
while LP in the olfactory bulb (OB) would increase the likelihood of anosmia. It
should be noted that while LB diseases are distinct clinically the picture is often
murkier pathologically. Other neurodegenerative disease pathology can often
occur concurrently with LP. For example, in LB diseases with more cognitive
impairment (i.e. PDD and DLB) amyloid plaques are often found. The load of
mixed pathologies is a good indicator for rate of disease progression, with a
higher load predicting a faster progression (Howlett, et al., 2015). Reconciling
the synucleinopathies into a spectrum is intellectually appealing but the
complexity of pathological evidence so far stops us short of proving this
assertion (Halliday, et al., 2008; Beach, et al., 2009). However, the spectrum
framework of synucleinopathies is useful in understanding them and
demonstrates the importance of understanding LP development and spread.

1.3 Treatment of Parkinson’s disease

There is no disease-modifying treatment for PD. The current treatments
available can only relieve symptoms and are not without side-effects (Dexter
and Jenner, 2013). The treatments can be divided into drug-based or device-
based. The drug-based treatments are used early in early PD while the device-
based treatments are used later in the disease course after the drugs have lost
efficacy (Dietrichs and Odin, 2017).



1.3.1 Pharmacological treatment

The drug-based treatments aim to relieve the motor symptoms by replacing the
lost dopamine. This can be done by inhibiting dopamine breakdown, directly
replacing the dopamine or by using dopamine agonists. Monoamine oxidase
(MAO) inhibitors, specifically MAO-B inhibitors, are often prescribed first as they
avoid the side-effects of L-DOPA treatment. They raise striatal dopamine (DA)
by inhibiting DA breakdown. Furthermore, they have been posited to slow
disease progression as they can reduce oxidative stress in DA neurons but a
meta-analysis found no strong association between MAO administration and
disease progression (Olanow, 1996; Turnbull, et al., 2005).

L-DOPA, commonly known as levodopa, is a precursor of dopamine. It is the
mainstay of PD pharmacological treatment (Fahn, 2008). The advantage of (-
DOPA over dopamine is that it can cross the blood-brain barrier while dopamine
cannot. It is given orally in high doses and is given concurrently with a
peripheral DOPA-decarboxylase inhibitor, such as carbidopa or benserazide, to
block peripheral conversion of .-DOPA. Remission of akinesia and postural
rigidity are well-documented in PD patients after L-DOPA treatment (Fahn,
2008). More variable is the effect on tremor, with some patients seeing some
effect while in others the tremor was resistant to treatment (Dietrichs and Odin,
2017).

1.3.2 Deep brain stimulation in PD

As PD advances pharmacological treatments lose efficacy or treatment-related
side-effects worsen to the point where they can no longer be tolerated. Deep
brain stimulation (DBS) has been used in PD for the past 30 years and shows
great efficacy in targeting motor and non-motor symptoms (Kalia and Lang,
2015; Zahed, et al., 2021). DBS treatment has been shown to reduce unified
Parkinson's disease rating scale (UDPRS) score by an average of 45%,
significantly improving patient symptoms. For example, DBS reduced the mean
UDPRS tremor score from 4.61, indicating a marked tremor present for the
majority of the time, to 1.22, a slight tremor which is only infrequently present
(Gervais-Bernard, et al., 2009). A bilateral electrode is implanted into the
subthalamic nucleus (STN) or the globus pallidus interna (GPi) and stimulates
the region. Current evidence indicates STN implantation results in the best
treatment outcomes (Odekerken, et al., 2013). The pattern of stimulation can be
tailored to the patient to ensure the best reduction of symptoms, though the
precise mechanism for improvement is poorly understood (Kalia and Lang,
2015). DBS shows higher improvement on quality of life and daily living scores
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than late-stage pharmacological treatments but has a 4 times higher risk of
adverse events. This arises from the requirement of surgery for DBS
implementation (Nijhuis, et al., 2021). As with pharmacological treatments, DBS
does not alter disease progression and loses efficacy over time (Poewe, et al.,
2017).

1.4 Braak Staging in Parkinson’s Disease

LP is found throughout the brain, affecting higher and lower brain regions as
well as being detected in the spinal cord and peripheral nervous system (Rajput
and Rozdilsky, 1976; Parkkinen, et al., 2008). Braak and colleagues
investigated how this pathology appears. Does it develop simultaneously in all
regions, or does it appear in some brain regions before others? They stained 41
PD patients and 61 asymptomatic, LP positive patients and found a hierarchical
spread of pathology. This hierarchy could be divided into 6 stages in which
stage built on the last, these are summarised in table 1.

The mildest affected cases (stage I) only exhibited LP in the dorsal motor
nucleus (DMV) and OB. In their cohort the DMV was always affected. In the 2"
stage pathology is noted in the raphe nuclei and locus coeruleus. The 3™ stage
is when pathology is first noted in the midbrain, most notably the substantia
nigra pars compacta (SNc). Stage 4 presents with limbic (amygdala), trans
entorhinal, and allocortex (CA2) involvement. The pathology begins to appear in
the neocortex at stage 5 and progresses into the higher regions of the
neocortex (primary and first order areas) in stage 6. A clinical PD diagnosis did
not appear in the cohort until stages 3/4. This follows the appearance of SNc
pathology and strengthens the case that the motor symptoms are Lewy-related
(Braak, et al., 2003).

Based on the staging they split the stages into presymptomatic (1-3) and
symptomatic (4-6). According to these stages the pathology ascended through
the brain in a caudorostral manner (Fig. 3). Due to the 100% involvement of the
DMV in all cases they suggested it as an induction site (Braak, et al., 2006).
The LP severity varied between individuals and areas. However it did correlate
with the stage, with higher pathology load associating with later stages (Braak,
et al., 2003). The key finding was the sequential anatomical progression of the
pathology. In a follow-up paper they linked the disease stage to cognitive
impairment, showing a negative correlation of cognitive faculties and PD stage
(Braak, et al., 2005).



Table 1 Criteria for neuropathological staging of Parkinson’s Disease according to Braak
and unified staging system for Lewy body disorders.

. Unified Staging System for Lewy Bod
Braak Staging 9 I%isirders wy v
Regions Involved

Pathology Pathology
1 Olfactory bulb and tract or dorsal Olfactory bulb 1
motor vagal nucleus
2 Locus coeruleus, raphe nuclei Brainstem predominant 22
e.g. dorsal motor vagal nucleus, locus
coeruleus, substantia nigra,
Pedunculopontine nucleus, o )
3 substantia nigra, amygdala Limbic predominant
(central subnucleus) Amygdala & cingulate cortex 2b
4 Further amygdala involvement, Strong involvement of both brainstem 3
hippocampus, temporal cortex and Limbic regions
Limbic system, CA2 region of
5 hippocampus, further amygdala middle temporal and frontal gyri and 4
involvement inferior parietal lobule
6 Multiple cortical regions
Stage 1/2 Stage 3/4

NN

—

LP severity and clinical progression

Figure 3: Schematic study of Braak staging

Lewy pathology generally ascends through the brain in a caudal-rostral manner. Severity of LP
in an area is signified by the darkening hue. Braak staging correlates with clinical progression
and LP severity. Abbreviations: AM, amygdala; BF, mangnocellular nuclei of the basal forebrain;
CL, claustrum; DMV, dorsal motor vagal nucleus; DRN, dorsal raphe nucleus; FCtx, frontal
cortex; 1Z, intermediate reticular zone; IL, intralaminar nuclei of the thalamus; LC, locus
coeruleus; LCtx, limbic cortex; LH, lateral hypothalamus; MRN, median raphe nucleus; OB,
olfactory bulb; PGRN/GRN, paragigantocellular and gigantocellular reticular nucleus; PPN
pedunculopontine nucleus; RM, raphe mangus; Se, septum; SO, superior olive; VTA, ventral

tegmental area. Image taken from (Surmeier et al. 2017).
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1.4.1 Criticisms of Braak Staging

It has been nearly twenty years since the Braak PD staging has been proposed
and criticisms have arisen during this time. Criticism has condensed around
several points: the DMV as the induction point, the caudorostral progression
and the correlation of pathology and symptom severity.

The DMV was posited as an induction point because it was the lowest brain
region investigated and provided the first step for misfolded aSYN to enter from
the periphery e.g., from the gut. Investigation of PD gut samples found p-aSYN
positive inclusions, reminiscent of Lewy neurites, in gastric neurons (Lebouvier,
et al., 2008). These p-aSYN inclusions can be detected in gastric biopsy’s from
PD patients up to 20 years before disease onset and strengthens the case
aSYN aggregation originates in the periphery and is linked to an environmental
trigger (Stokholm, et al., 2016). Two groups have both found a proportion of PD
cases (7% and 8.3%) that showed no LP in the DMV despite significant
pathology elsewhere (Kalaitzakis, et al., 2008; Attems and Jellinger, 2008). Both
groups state that the neuronal population was well-preserved, and that
extensive neuronal death was not the reason for lack of LP. In DMV negative
cases pathology was detected in the OB, indicating this could be another
induction site (Van de Berg, et al., 2012). The OB transmitted pathogenic aSYN
to PD-related areas in a mouse model, demonstrating proof of principle (Rey, et
al., 2016; Rey, et al., 2019; Bantle, et al., 2019). The original Braak cohort did
not contain olfactory only cases, demonstrating the need for large cohorts
examining multiple brain regions (Adler, et al., 2019).

The Braak staging hypothesis predicts that as the disease worsens and the
pathology spreads, earlier brain regions will exhibit higher LP loads. This trend
can be observed in the 2003 cohort (Braak, et al., 2003). However this trend did
not hold up to testing as no significant correlation between brainstem pathology
and cortical pathology severity has been found, i.e. it was not unusual to see
higher levels of pathology in cortical areas than in lower brain regions
(Kingsbury, et al., 2010; Dickson, et al., 2010). LP may also be found in non-
symptomatic elderly patients, designated as iLBD (Parkkinen, et al., 2005;
Zaccai, et al., 2008). A comparison between iLBD and PD, found non-
symptomatic iLBD patients with equal pathology loads to PD patients (Zaccali, et
al., 2008). So while a link between pathology load and disease duration is
apparent in some individuals it is not universally true for PD indicating other
factors are at play (Kalaitzakis, et al., 2008). Also, the Braak staging procedure
cannot answer this question as it merely judges whether a region has pathology
rather than the degree of pathology, so instead groups have taken a semi-

guantitative approach. There was a significant correlation between pathology
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severity and the severity of motor symptoms and dementia (Wakisaka, et al.,
2003; Parkkinen, et al., 2005). While a link between pathology load and
symptom severity has been found, a correlation between pathology load and
Braak staging has not been established.

Braak staging is suited to classifying idiopathic PD but is poor at classifying LP
in other contexts (Braak, et al., 2003; Dickson, et al., 2010; Kingsbury, et al.,
2010; Geut, et al., 2020). However there are a significant number of PD cases
that do not follow the caudorostral pattern and instead pass over some brain
regions and so cannot be classified (Van de Berg, et al., 2012; Adler, et al.,
2019). Also, it does not account for pathology severity and is an imperfect
predictor of symptoms (Dickson, et al., 2010; Kingsbury, et al., 2010; Parkkinen,
et al., 2008). Therefore, a second pathological staging system was developed
that would unify synucleinopathies- the Unified Staging System for LB disorders
(USSLB) (Beach, et al., 2009). This system adapted both the DLB consortium
criteria and the Braak staging to create the following staging method set out in
table 1. Stage 1 has LP in the OB only as it is the most frequently affected area
in iLBD and Alzheimer’s with LB (Beach, et al., 2009). Stage Il is when the
pathology is found in the brainstem and limbic system, it is split into lla and IlIb
according to which area is dominant. llb recognises the vulnerability of the
amygdala to LP (Parkkinen, et al., 2003; Zaccali, et al., 2008; Van de Berg, et
al., 2012). When both areas are affected equally it is classified as stage IlI.
Once moderate pathology is detected in the neocortical regions then it is
classified as stage IV. If no LP is detected, then it is classified as USSLB stage
0. Using the USSLB 100% of a mixed cohort of iLBD, AD with LB, PD, PDD and
DLB (280 cases) could be classified, whereas 25% were unclassifiable using
Braak staging (Adler, et al., 2019). This system shows that synucleinopathies
follow conserved spreading patterns with some variation between diseases (PD
vs DLB).

PD is one of several synucleinopathies in which aSYN positive inclusions
develop and spread through the CNS in a conserved and sequential manner. In
PD the spread is from lower brain regions to upper and is caudorostral in
manner. The appearance of LP is correlated with neuronal death and symptom
progression. It is a complex disease arising from the interaction of many factors
and variables such as genetics, age and environment (Surmeier, et al., 2017a).
It is these interactions that contribute to the heterogeneity of the disease
phenotype and progression, such that it can be classified into several sub-
types. However, despite this one factor is preeminent. Mutations and
multiplications of the aSYN gene (SNCA) causes early onset PD and its protein
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product is the key component of LP. This factor is the aSYN protein. In the next
section, | will discuss the physiology of aSYN.

1.5 a-synuclein- the major player in PD

1.5.1 Synucleins and structure

The synucleins are a three-member family of proteins that are highly dynamic,
with no fixed secondary structure (Weinreb, et al., 1996; Jain, et al., 2018).
aSYN was the first member discovered and was found to localise to the nuclear
envelope and pre-synaptic terminals of neurons, leading to the name synuclein
(Maroteaux, et al., 1988). Originally found in the Torpedo ray, it was then found
to have a homologous gene family (>50%) in rat, songbird and human
(Maroteaux and Scheller, 1991, Jakes, et al., 1994; George, et al., 1995).
Interestingly it is only expressed in vertebrates (Sulzer and Edwards, 2019).
aSYN is the largest member (140aa, 14.46 kDa), then BSYN (134aa) and ySYN
(127aa) (Surguchov, 2008). All members are highly expressed in the brain
(Maroteaux and Scheller, 1991; Jakes, et al., 1994; Ninkina, et al., 2003;
Robertson, et al., 2004). There are family-member specific expression
differences though. BSYN is expressed solely in the brain (Human protein
atlas). aSYN is also expressed in erythrocytes and bone marrow (Fauvet, et al.,
2012). ySYN was isolated independently by several groups working on breast
cancer. It is expressed in the brain, but similar levels of expression are found in
adipose and adrenal tissue (Human protein atlas).

The synucleins are well-conserved in evolution, there is above 60% homology
between family members (Surguchov, 2008). Phylogenetic analysis shows
aSYN and BSYN are more closely related than ySYN (Yang, et al., 1999).
Interestingly, the Torpedo synuclein is more closely related to ySYN than the
other synucleins (Yang, et al., 1999). The synuclein sequence can be divided
into three domains: an amphipathic, basic N-terminal (1-60 aa), the non-amyloid
component (61-95aa) and an acidic C terminal domain (95-140 aa), the amino
acid numbers refer to the aSYN sequence. The greatest degree of homology is
in the N-terminal region (aSYN 1-60), which has >80% homology between
aSYN and BSYN (Jakes, et al., 1994). The synuclein family contain seven
degenerate 11 aa repeats located in the N terminal and NAC domains. The
repeats are reminiscent of the a-helical sequences in apolipoproteins. These
repeats are conserved in all family members, although BSYN lacks the last
repeat. The 11 aa periodicity is only broken once in all species and is broken at
the same point by the same linker, between the 4" and 5" sequence by a 4
uncharged amino acid sequence (George, et al., 1995). These repeats are
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conserved throughout the phyla. Together this points to a key functional role of
the synucleins. Within this 11 aa repeat is a semi-conserved 6aa sequence,
KTKEGV. The sequence degenerates as it progresses through the sequence.
The 11 aa sequences allow the synucleins to form a-helices. Only a small
proportion (3%) exist with a-helices in isolation. This proportion is dramatically
increased (80%) when synucleins are exposed to vesicles (Davidson, et al.,
1998). The N-terminal domain is highly conserved and amphipathic. It is within
this region that all PD disease mutations occur (Lill, 2016). Five of the seven 11
aa repeats are in the N terminal domain (Ueda, et al., 1993). It is also the site of
aSYN acetylation (Duce, et al., 2017).

The NAC domain is responsible for the ability of aSYN and ySYN to aggregate
(Jain, et al., 2018). When purified alone it shows faster aggregation kinetics and
forms a B-sheet (Han, et al., 1995). Its importance in aSYN aggregation is
underscored by its presence in the fibril core in all isolated fibril polymorphs
(Guerrero-Ferreira, et al., 2019). The presence of NAC aggregates can seed
the aggregation of monomeric aSYN and halves their nucleation time (Han, et
al., 1995). The pro-aggregation properties of the NAC domain stem from a 17
aa stretch of hydrophobic residues (66-82 aa) in aSYN and ySYN. The precise
sequence is not conserved between the two synucleins, with the ySYN being
less hydrophobic due to a basic aa in the sequence (Jain, et al., 2018). This
leads to a lower aggregation propensity of yYSYN compared to aSYN and an
inability to form fibrils (Du, et al., 2003). This segment is deleted in BSYN, which
cannot aggregate as a result (Giasson, et al., 2001). Disruption of this
hydrophobic stretch by the addition a hydrophilic residue reduces aSYNs
aggregation propensity (Giasson, et al., 2001). Part of this sequence is
conserved (>60%) between other aggregating proteins, amyloid- (AB) and
prion protein (residues 66-73) (Han, et al., 1995). Due to this conservation
aSYN can also seed the aggregation of these proteins as well as naive aSYN
(Yoshimoto, et al., 1995; Han, et al., 1995).

The acidic C-terminal domain of the synucleins is the least conserved (Yang, et
al., 1999). The acidic nature of the domain is the main determinant for the low
isoelectric point of aSYN (pl 4.1). It is also the location of two phosphorylation
sites (Y125 and S129). As previously mentioned, p129 is of pathological
significance as it is a sensitive marker for LP. Structurally the C-terminal is more
disordered than the rest of the protein (Jain, et al., 2018). The domain is
sensitive to divalent cations and has a putative metal binding site
(Lautenschlager, et al., 2018; Gonzalez, et al., 2019). The C-terminal inhibits
aggregation as deletion enhances aggregation propensity (Crowther, et al.,
1998; Sorrentino, et al., 2018). This is underscored by the isolation of C-
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terminal truncated forms of aSYN from LBs (Baba, et al., 1998; Campbell, et al.,
2001).

1.5.2 The pathway of aggregation

Aggregation is the process by which misfolded or intrinsically disordered
proteins cluster together to form multimers. Aggregated aSYN is the essential
constituent of LB, where they exist as fibrils (Shahmoradian, et al., 2019; Roy
and Wolman, 1969). This places aggregation at the heart of PD. aSYN is an
intrinsically disordered protein and therefore prone to aggregation; aggregates
form spontaneously when the purified protein is left at high concentration for
any length of time (Jain, et al., 2018; Ray, et al., 2020). However, the pathway
from monomer to fibril is not linear or direct, instead aSYN can aggregate into
many distinct structural species by aggregating along several different
aggregation pathways (Alam, et al., 2019). Some intermediate species can
interconvert while others are stable. aSYN can be pictured as a marble at the
top of an undulating hill with many different routes down. The altitude
represents the aggregation potential. At the top of the hill (the monomeric state),
aSYN has the highest aggregation potential and has the lowest stability. As the
marble rolls down the hill it can come to rest at local plateaus (which represent
different species) or change paths at certain points (interconversion) (Danzer, et
al., 2009; Lorenzen, et al., 2014). As it travels down some paths it will no longer
be able to access other routes (some species preclude the creation of other
species). The lowest elevation is the fibrillar state of aSYN. It is the most stable
species, so over time aSYN will tend towards fibril creation, but there are some
dead-end intermediates that preclude the formation of fibrils (Smith, et al.,
2008).

aSYN aggregates can be broadly defined as either fibrils or oligomers. Fibrils
are highly organised around a rich 3-sheet core (Guerrero-Ferreira, et al.,
2018). Fibrils are the largest aSYN aggregates, consisting of hundreds of
individual monomers and measuring several hundred nanometres in length
(Bousset, et al., 2013). They are linear and composed of two protofilaments
running in a parallel orientation (Guerrero-Ferreira, et al., 2018; Guerrero-
Ferreira, et al., 2019). The individual monomers are stacked on top of one
another, with the topmost molecule acting as a recruiting interface for fibrillar
growth (Spillantini, et al., 1998; Buell et al., 2014). Several different fibrillar
isoforms have been identified, differing in which residues form the -sheet core
(Guerrero-Ferreira, et al., 2018; Guerrero-Ferreira, et al., 2019). Oligomers are
a heterogeneous class, comprised of smaller aggregates with a generally ill-
defined structure. They can be (3-sheet rich or contain a-helices (Pieri, et al.,
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2016; Cappai, et al., 2005). Oligomers vary in structure from amorphous
aggregates to annular structures (Lashuel, et al., 2002; Danzer, et al., 2007).
Oligomers can be sub-divided into on or off-pathway oligomers, depending on
whether they are intermediates on route to fibril creation (Lashuel and Grillo-
Bosch, 2005; Celej, et al., 2012; Pieri, et al., 2016). Their structure remains ill-
defined because they are often structurally unstable and transient. Different
aggregation conditions can favour different oligomer creation, which begs the
guestion as to which condition is most physiologically relevant in disease.

1.5.3 Factors governing aggregation

A wide variety of aSYN species have been characterised, the majority of these
isolated under in vitro conditions. This shows that aSYN is an aggregation-
prone protein, with the precise aggregation pathway taken is determined by
external factors. However, a high concentration of aSYN is necessary for
aggregation, as it increases the likelihood of intramolecular interactions. No
aggregation is seen at concentrations below 0.5 uM (lljina, et al., 2016; Afitska,
et al., 2019). Analysis of the composition of rat synapses estimated endogenous
a/B-synuclein concentration at 44 uM, indicating aggregation could occur
intracellularly (Wilhelm, et al., 2014). Generally in producing aSYN aggregates,
a concentration between 300-800 uM is used, though aggregation at a lower
concentration can be achieved through the addition of dehydrating agents such
as ethanol (Danzer, et al., 2007; Jain, et al., 2018). High concentrations result in
B-sheet rich oligomers which have a higher membrane permeability (Fusco, et
al., 2017). High temperature and agitation enhance the rate of aggregation by
increasing the energy of the molecules (Ikenoue, et al., 2014; Jain, et al., 2018).
The composition of the aggregation buffer also plays a role as pH and salt
concentration will favour some aSYN conformations over others- creating
different aggregate species (Bousset, et al., 2013; Makky, et al., 2016). Lower
salt concentrations lead to wide, flat ‘ribbon’ fibrils rather than the classic,
narrow, ‘rod’ fibril (Bousset, et al., 2013). Raising or increasing the pH change
fibril leads to a twisted periodicity in the fibril chain that is not seen at
physiological pH (Makky, et al., 2016). Acidic conditions increases the
frequency of secondary nucleation events as the monomer uses the fibril as a
surface on which to aggregate (Buell, et al., 2014; Gaspar, et al., 2017). This
indicates that aggregation could occur in low pH environments in the cell, e.g.,
the endo-lysosomal compartment. Both endo-lysosomal associated and
cytoplasmic aggregation are observed when cells are challenged with fibrils,
indicating that there are several locations for aSYN aggregation inside the cell
(Jiang, et al., 2017). The flatter ribbon species have been amplified from PD

patient brains (Van der Perren, et al., 2020)
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The presence of other buffer components can also affect the rate of aggregation
and the type of aggregates produced. The addition of metal ions dramatically
enhances fibril creation, reducing the lag time from 2 weeks to 1 day (Uversky,
et al., 2001). At the high concentrations, the metals used can directly interact
with aSYN, biasing it toward fibrillar conformations (Binolfi, et al., 2006). The
presence of lipid vesicles might be expected to reduce aggregation as they
engender an a-helical conformation of aSYN rather than a 3-sheet (Davidson,
et al., 1998). However, results conflict on this point. The addition of lipid vesicles
enhanced aggregation as the vesicles provided a platform on which aSYN can
build to high concentrations, inducing aggregation (Perrin, et al., 2001,
Galvagnion, et al., 2015; Ray, et al., 2020). Lipid-dependent aggregation results
in a distinct strain of annular protofibrils that are not seen in LB, indicating this
might be a minor aggregation pathway (Ding, et al., 2002; Shahmoradian, et al.,
2019).

Modification of aSYN also alters the resultant aggregates. Dopamine can auto-
oxidise and the resulting DA-quinone can form adducts with aSYN. The
presence of dopamine creates distinct non-amyloidogenic oligomers, that are
SDS-stable (Cappai, et al., 2005). These oligomers are small, amorphous
species which can be categorised as off-pathway as dopamine addition
precludes fibril formation (Cappai, et al., 2005; Pieri, et al., 2016). DA is a
dominant regulator of aggregation as its presence inhibits iron-induced fibrillar
species production (Cappai, et al., 2005). 4-hydroxy-2-nonenal (HNE)
modification of aSYN also produces distinct oligomeric species (Nasstrom, et
al., 2011). Not all modification favours off-pathway aggregation. The PD disease
mutants and p129 modification all accelerate the production of on-pathway
fibrils (Conway, et al., 1998; Wood, et al., 1999; Conway, et al., 2000; Filsy, et
al., 2016). The nature of the PD mutation will also affect the nature of the
oligomers produced; A30P favoured the creation of annular over tubular species
while A53T aSYN produced both (Lashuel, et al., 2002). C-terminal truncation, a
physiological form of aSYN also favours fibril production (Crowther, et al., 1998;
Li, et al., 2005).

The presence of an initial aggregate has a dominant effect on aSYN
aggregation. The initial aggregate not only accelerates aggregation by reducing
the lag period, but it can also form a template for the monomeric protein (Wood,
et al., 1999; Van der Perren, et al., 2020). This process is called seeding. The
presence of a seed eliminates the requirement for primary nucleation. The
presence of a fibril accelerates aggregation as the fibril directly recruits
monomers into the fibril, elongating the fibril (Buell, et al., 2014). The fibril can
also act as a surface for the monomer to aggregate- a process called secondary
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nucleation (Gaspar, et al., 2017). aSYN aggregates extracted from PD brains
can also seed recombinant aSYN (Van der Perren, et al., 2020). This provides
the mechanism by which LP can progress through the CNS in a sequential
manner as transmission of aggregated aSYN seeds further aggregation,
resulting in pathology. However, as discussed there is wide heterogeneity in
aSYN aggregates. Which species are relevant to PD pathophysiology and
which ones are responsible for seeding pathology progression?

1.6 PD as a prion-like disease

Both USSLB and Braak staging indicate that Lewy pathology spreads through
the brain via conserved pathways in a sequential manner. Lower brain regions
are affected before higher brain regions with the initial areas having connections
to the periphery. This implies the transmission of a pathogenic agent through
the brain areas. One example of this is the progressive development of LBs
within embryonic neural tissue transplanted in PD patients. PD patients can
undergo surgery to transplant embryonic mesencephalic tissue into the
midbrain, leading to significant, but temporary, motor symptom improvement.
For example, one patient needed less PD medication to control her symptoms
after surgery. However the symptoms worsened at 10 years post-
transplantation (Kordower, et al., 2008). Post-mortem analysis has discovered
these grafts present with LP, with the degree of pathology correlating with time
after transplantation with a 4 year old transplant showing occasional aSYN
positive inclusions while older transplants (12-16 years) showed numerous LBs
(Li, et al., 2008; Kordower, et al., 2008). This provided the first evidence that PD
pathology could propagate to new brain areas, even those with a different
genetic background and age. While this implied the pathology spread between
areas rather than arising from independent aggregation events it was not direct
proof. Desplats et al. (2009) addressed this in a mouse model. GFP labelled
mouse cortical neuronal stem cells (GFP-MCNSCs) were implanted into the
hippocampus of an overexpressing human aSYN mouse. After 1 week the
GFP-MCNSCs showed human aSYN immunoreactivity. After 4 weeks a
proportion of the cells presented with spherical inclusion bodies positive for
human aSYN. This highlighted was the first in vivo evidence that aSYN could
transmit between neurons and cause inclusions. This demonstrated that LP is
more likely to arise through the spreading of an agent rather than independent
aggregation events. Since this initial study, a large body of confirmatory
evidence has accumulated (Shimozawa, et al., 2017; Sacino, et al., 2014;
Volpicelli-Daley, et al., 2011; Taylor-Whiteley, et al., 2019; Peelaerts, et al.,
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2015; Gribaudo, et al., 2019; Luk, et al., 2012; Rey, et al., 2016; Lohmann, et
al., 2019; Thakur, et al., 2017).

Misfolded aSYN fits the role of the pathogenic agent in PD: it is the main
constituent of LP; it induces aggregation of endogenous aSYN and can be
released and internalised by neurons (Wakabayashi, et al., 1997; Conway, et
al., 2000; Lee, et al., 2005; Lee, et al., 2008a). Several mechanisms for aSYN
transmission between cells have been established. aSYN is secreted by
neurons and cells as a free protein or in exosomes (Lee, et al., 2005; Delenclos,
et al., 2017). Misfolded aSYN can then be internalised by neurons through a
receptor mediated process. It should be noted that the use of the receptor is not
meant to imply a physiological process rather the misfolded aSYN is
promiscuously binding to a membrane protein that is then internalised; the
protein is acting as a receptor. Several receptors have been identified for
misfolded aSYN, which will be expanded upon in chapter 4 (Mao, et al., 2016;
Hudak, et al., 2019; Stopschinski, et al., 2018a; Auli¢, et al., 2017). aSYN
species can be transported both retrogradely and anterogradely in neurons
(Bieri, et al., 2017). Once inside the cell the pathogenic aSYN can seed
cytoplasmic inclusions by recruiting endogenous aSYN (Danzer, et al., 2007).

The transmissibility of aSYN has been established in vivo. Injection of
pathogenic aSYN into rodent brains leads to development of Lewy-like
pathology at the injection site and in connected areas (Peelaerts, et al., 2015).
The location of the injection site dictates the spread of the pathology (Luk, et al.,
2012; Masuda-Suzukake, et al., 2014; Henderson, et al., 2019). This is further
evidence that misfolded aSYN is the agent rather than independent, sequential
aggregation events in linked brain areas and instead shows that spread is
dictated by anatomical connections and vulnerability. Injection of aSYN fibrils
leads to LP and dopaminergic cell death, causing a DA deficit reminiscent of
that seen in PD patients (Thakur, et al., 2017). This ability is not just an artefact
of administration as BSA injection failed to spread beyond the site of
administration and only showed diffuse staining (Rey, et al., 2013).

As mentioned, the injection location dictates which brain regions are affected.
Braak staging and USSLB of PD patients shows that lower brain regions (i.e.
the DMV and OB) are affected first in prodromal patients (Braak and Del
Tredici, 2017; Adler, et al., 2019). This has led several groups to model this
through peripheral administration of fibrillar aSYN. Injection into the gut of an
aSYN over-expressing mouse leads to lower brain regions being affected, in
accord with Braak staging, the DMV and locus coeruleus are heavily affected
(Van Den Berge, et al., 2019). Braak staging can also be recreated in non-

transgenic (nTg) animals. Injection into the OB leads to pathology (p129
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immunoreactivity) in several connected brain areas that are all affected in PD
patients, such as the anterior olfactory nucleus (AON), amygdala and entorhinal
cortex, (Rey, et al., 2019). Misfolded aSYN species can cross the blood brain
barrier (BBB) and be internalised by spinal cord and cortical neurons (Peelaerts,
et al., 2015). BBB permeability can be enhanced by co-administration of fibrillar
aSYN with a modified rabies virus glycoprotein (RVG9R). A one-off tail vein
injection of fibrillar aSYN:RVG9R complex led to neuronal loss in the DMV, SNc
and LC, all areas affected in early Braak staging (Kuan, et al., 2019). p-aSYN
was detected in the duodenum but not the OB, indicating that there are specific
routes aSYN can spread along in the CNS.

1.7 Function of aSYN

1.7.1 aSYN, a sensor of high membrane curvature

It is well established that aSYN binds to small, negatively charged vesicles and
has been labelled as a curvature sensing protein (Pranke, et al., 2011). It can
bind to vesicles through its positive N-terminus (Zarbiv, et al., 2014). Upon
binding the 11 aa imperfect repeats in the N-terminal domain form extended a-
helices. The positively charged lysine residues are arranged on the outside of
the helix and bind to the anionic lipids (Pranke, et al., 2011). Around 20 surface
accessible lipids form the binding site (~40 lipids in the bilayer), this is
consistent with the theoretical minimum number needed for binding to an
extended a-helix (Middleton and Rhoades, 2010). Disruption of the helices
reduce synaptic vesicle (SV) binding (Busch, et al., 2014). Due to the small
linker region between the a-helical stretches, one aSYN molecule can bind two
vesicles independently, in a double-anchor mechanism (Fusco, et al., 2016).
aSYN preferentially binds to highly curved, small vesicles, such as SV and at
packing defects in the lipid bilayer (Middleton and Rhoades, 2010). Packing
defects are where there is space between the lipids, due to poor fitting between
lipid tails, , a kinked unsaturated tail poorly fits in with surrounding saturated
lipid tails, creating space in the lipid bilayer. Packing defects occur in lipid raft
domains and in highly curved vesicles. aSYN interdigitates into the head-group
layer, causing lipid lateral expansion and membrane thinning (Ouberai, et al.,
2013; Braun, et al., 2012). aSYN binding to highly curved lipids therefore
deforms highly curved vesicles. This reduces stress arising from high curvature
and modulates the fusion propensity of SV (Ulmer, et al., 2005; Ouberai, et al.,
2013). aSYN can also induce membrane curvature, leading some to call it a
curvature creating protein (Braun, et al., 2012).
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The ability of aSYN to preferentially bind to highly curved, small vesicles arises
from the poor hydrophobicity on the non-polar face of its a-helices. Increasing
the hydrophobicity through amino acid substitution allows aSYN to bind to all
vesicles, regardless of size and negative charge (Pranke, et al., 2011). Although
size, anionic charge and packing defects are semi-interdependent factors they
can be arranged in degree of importance. Curvature is the main determinant of
aSYN binding, followed by anionic charge and packing defects, as the
requirement of anionic lipids decreases dramatically when the radii of the
vesicles are reduced (Pranke, et al., 2011; Middleton and Rhoades, 2010).

The post-translational modification can affect aSYN lipid binding. Physiological
aSYN is constitutively acetylated at its N-terminal (Duce, et al., 2017). The
introduction of an acetyl group doubles the vesicle binding affinity of the protein
(Maltsev, et al., 2012; Kang, et al., 2012). It does this through enhancing the
propensity to form a-helical structures, this acts to prime aSYN for vesicle
binding by creating a docking motif. Once attached to the membrane the other
a-helices then form (Maltsev, et al., 2012; Runfola, et al., 2020).
Phosphorylation at aa 129 has also been investigated. It did not affect vesicle
affinity of the wild-type protein but did alter mutant affinities. Interestingly p129
led to greater permeabilization and rupture of membranes by aSYN fibrils (Filsy,
et al., 2016). Why phosphorylation leads to greater penetration of lipid bilayers
by fibrils has not yet been elucidated. The presence of calcium can also affect
lipid binding by masking the acidic residues in the C-terminal. The calcium-
dependent lipid binding occurs at physiologically relevant Ca?* concentrations
for neurons at rest (Kp=21 uM), as neuronal Ca?* concentrations can reach up
to hundreds of micromolar. This can enable to aSYN to bind up to three
different lipid membranes, which could tether up to two SV to the plasma
membrane (Lautenschlager, et al., 2018).

aSYN is intrinsically a membrane binding protein, with a preference for high
curvature and can induce curvature on membranes (Braun, et al., 2014). The
physiological role of aSYN in the cell is less well-defined. In part this is due to a
lack of research, as most of the literature has focussed upon aSYN’s
pathological function, as is the case for other neurodegenerative prion-like
proteins. The investigation is made more difficult by the presence of the
synuclein isoforms, beta and gamma, which can perform redundant and
compensatory functions. Also, the classical way of investigating protein function
via over-expression of the protein of interest is fraught with difficulty as it can
induce a gain of function effect rather than replicate a physiological role for
aSYN. This gain of function can manifest through aSYN aggregation or aberrant
membrane binding. Therefore, in order to determine a physiological role for
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aSYN there must be continuity between aSYN expression level and the
function. In the next section this criterion will be employed as a role for aSYN in
synaptic transmission is discussed.

1.7.2 aSYN-dependent regulation of synaptic transmission

Synaptic transmission is the means by which neurons communicate. For the
majority of synapses, the electrical signal coming from presynaptic neuron is
converted into a chemical signal in order to cross the synaptic cleft and so
communicate with the other cell. The wave of electrical depolarisation enters
the pre-synaptic bouton causing an influx of calcium ions. This mobilises SV,
driving their fusion with the plasma membrane. There are two types of SV that
can be differentiated by morphology, small clear-core vesicles, which contain
small-molecule neurotransmitters such as glutamate, and large dense core-
vesicles, which contain larger molecules such as brain-derived neurotrophic
factor (BDNF).

From the cellular localisation of aSYN in nerve terminals and in vitro evidence
that aSYN preferentially binds to small vesicles it could be hypothesised that
aSYN binds to SV, and therefore has a role in synaptic transmission
(Maroteaux, et al., 1988). However initial attempts at isolating SV bound aSYN
by differential centrifugation or gradient fractionation met with failure. This is
because aSYN dissociates from vesicles in low ionic strength conditions (Sulzer
and Edwards, 2019). Electron microscopy of pre-synaptic terminals have
demonstrated a predominantly SV localisation for aSYN in non-transgenic
animals. 74% of aSYN localised to SV in the pre-synapse and 11.6% on the
plasma membrane. This is comparable to the SV protein synaptobrevin-2
(VAMP2) which had 82% SV localisation/12% plasma membrane (Vargas, et
al., 2017). As aSYN can bind to VAMP2 it could be that this high proportion of
SV localisation in the pre-synapse is due to protein-protein binding rather than
direct SV membrane binding (Burré, et al., 2010). In agreement with its affinity
for packing defects aSYN can be found associated with lipid rafts when isolated
from mouse brain (Fortin, et al., 2004). Furthermore, the A30P mutant, which
has disrupted a-helices, cannot be isolated from lipid rafts, indicating this is a
direct interaction of aSYN with membranes in vivo (Fortin, et al., 2004). One
group have found that aSYN is preferentially bound to SV that are docked to the
plasma membrane rather than the free synaptic pool (Burré, et al., 2014). aSYN
is likely acting as a negative regulator of SV docking as triple knock out of the
synucleins increased SV docking to the PM (Vargas, et al., 2017).

The precise physiological role of aSYN in synaptic transmission is unclear.
Several different functions have been proposed and will be discussed in this
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section (Burré, et al., 2010; Vargas, et al., 2014; Logan, et al., 2017). The
reason for this murkiness is because of the potentially confounding gain of
function effects caused by aSYN overexpression. Overexpression alters aSYN
intracellular dynamics, pushing it towards a diffuse cytoplasmic staining rather
than vesicular, pre-synaptic localisation (Fortin, et al., 2004; Sulzer and
Edwards, 2019). This can lead to aggregation, sequestration of molecular
partners, cellular toxicity, and aberrant membrane binding, all of which will mask
aSYNs physiological function (Busch, et al., 2014). To validate a proposed
aSYN physiological function there should be a correlation between aSYN
expression and magnitude of function. Therefore, it should be tested in a knock-
out, endogenous and overexpression conditions. If the results are consistent
with expression level, then the function can be acknowledged as a physiological
function rather than an artefact of expression.

While several distinct functions in synaptic transmission have been proposed for
aSYN, these roles are not unique to aSYN as deficits observed under aSYN
knock-out conditions can be rescued by the over-expression of the other
synuclein family members (Vargas, et al., 2014; Logan, et al., 2017; Vargas, et
al., 2017). aSYN has been proposed to have a roles in: SV organisation,
exocytosis and endocytosis (Lautenschlager, et al., 2017; Huang, et al., 2019).
These roles can be classified as requiring both lipid and protein binding (SV
organisation), and as lipid independent (exocytosis and endocytosis). As
mentioned, there is little agreement within this field and much controversy. The
aim of this section is not to give a definitive role to aSYN but to give an overview
of the literature.

1.7.2.1 aSYN: restricting SV motility

SVs are organised into three distinct pools in the presynaptic terminal. Those
that are docked on the membrane, and thus primed for subsequent release, are
dubbed the rapid releasable pool (RRP). This pool is replenished by those SV in
the recycling pool. These SV are located between 45-250 nm from the PM,
though in some neurons they are closer to membrane. The third pool, the
reserve pool, is not thought to be involved in basal synaptic transmission but
can be mobilised for release upon high frequency or prolonged stimulation.
Knock-out of aSYN leads to a reduction in the reserve pool in hippocampal
neurons, indicating a role of aSYN as regulator of SV clustering (Murphy, et al.,
2000; Cabin, et al., 2002). However conflicting results were found in a triple
knock out (TKO) animal where an increase in distal pool clustering was noted.
This is likely a compensation effect driven by upregulation of synapsin when all
synuclein expression is ablated (Vargas, et al., 2017). Over-expression of aSYN
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in yeast induces clustering of trans-golgi vesicles (Pranke, et al., 2011). Over-
expression in neurons resulted in an increased distal pool, and reduced motility
of the pool (Nemani, et al., 2010; Wang, et al., 2014; Scott and Roy, 2012).
Together this shows continuity with expression level and as a positive regulator
of distal pool size.

In vitro experiments have demonstrated that aSYN can cluster SV through
directly binding separate SVs via its broken a-helix or through its C-terminal in a
calcium dependent mechanism (Fusco, et al., 2016; Lautenschlager, et al.,
2018). It can also cluster SV through binding to the proteins associated with SV
e.g. VAMP2 (Diao, et al., 2013). The question remains if both mechanisms of
vesicle interaction are physiologically relevant. Clustering in the distal pool is
dependent on aSYN directly interacting with SV lipids as a-helix impaired
mutants were unable to induce clustering (Wang et al., 2014). It has yet to be
established if aSYN does this as a monomer or multimer. Other interacting
partners have been identified for aSYN that could help mediate SV clustering.
VAMP2 and the synapsins. aSYN interacts with VAMP2 through a 15aa
sequence (96-110 aa) in the C terminal domain inducing SV clustering (Diao, et
al., 2013). Mutation of this sequence prevents aSYN from interacting with
VAMP2 and prevented distal pool clustering in vitro (Sun, et al., 2019). The
synapsins are a class of proteins with established roles in SV clustering and
mobilisation. Silencing of the synapsins prevents aSYN induced clustering and
can restore it upon synapsin addition (Atias, et al., 2019). This indicates that
while aSYN has a role in SV clustering it is dependent on synapsin (Hoffmann,
et al., 2021).

SV mobility is negatively correlated with aSYN expression level as it leads to
higher clustering in the distal pool, preventing mobilisation (Scott and Roy,
2012). Reduced SV mobility leads to slower recycling and RRP replenishment,
resulting in a reduction in exocytosis events (Nemani, et al., 2010). This can be
reversed through removal of VAMP2 or synapsin (Atias et al., 2019, Sun et al.,
2019). The enhanced clustering and reduced mobility of distal pool leads to a
reduction in exocytosis upon aSYN over-expression (Cabin, et al., 2002;
Larsen, et al., 2006; Nemani, et al., 2010; Wang, et al., 2014, Logan, et al.,
2017). Upon knock-out of aSYN the cell compensates via upregulation of
synapsins, which can control distal pool clustering (Vargas, et al., 2017).
Synapsin-mediated distal pool clustering can be overcome through high
intracellular calcium. In aSYN knock-out cultures there is a shift to a lower
calcium sensitivity, most likely due to the higher dependence on synapsin-
mediated clustering (Cabin, et al., 2002).
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Together this places aSYN as a coordinator of SV clustering, interacting both
directly with SV and via SV related proteins. aSYN can directly cluster SV
through either a protein dependent mechanism, via VAMP2, or by directly
binding lipids of different SV. This ability could be enhanced by the formation of
aSYN multimers (Wang, et al., 2014; Burré, et al., 2014). aSYN requires
synapsin for clustering. Together this allows aSYN to cluster SV in the distal
pool and reduce their motility.

1.7.2.2 aSYN as a regulator of exocytosis

Exocytosis is the process of SV fusion to the plasma membrane to enable
neurotransmitter release and neuronal communication. It is triggered by
depolarisation of the presynaptic terminal, causing a calcium influx which
triggers soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex to fully assemble and the SV to fuse with the plasma
membrane, releasing its contents into the synaptic cleft, enabling synaptic
transmission. Not all SV fully fuse into the plasma membrane instead some
reclose and detach, in what is called a ‘kiss-and-run’ event (Alabi and Tsien,
2013). The synucleins have been proposed to modulate exocytosis in several
distinct mechanisms: reduction in the number of exocytotic events (as
discussed); enhancement of SNARE complex assembly and plasma membrane
docking; and promotion of full SV fusion (Larsen, et al., 2006; Burré, et al.,
2010; Logan, et al., 2017). The literature behind these roles will be explained.

Overexpression of aSYN causes a reduction in the total number of exocytotic
events. This has been shown in adrenal chromaffin cells and primary neurons
(Larsen, et al., 2006; Nemani, et al., 2010; Logan, et al., 2017; Sun, et al., 2019;
Atias, et al., 2019). The quanta size per release event remained unchanged,
ruling out an effect on SV loading. The decrease is not due to alteration in
fusion dynamics as the phenotype could not be replicated by slowing down SV
fusion (Nemani, et al., 2010). Instead aSYN diminishes the rapid releasable
pool by reduction of the parent recycling pool (Nemani, et al., 2010). aSYN
over-expression increases the distal pool, and attenuates its cycling (Nemani, et
al., 2010; Wang, et al., 2014). Anchoring of SV in the distal pool ultimately then
leads to a reduction in the number of exocytosis events.

aSYN can interact with the N-terminal of VAMP2 through its C-terminus. This
interaction facilitates SNARE formation in a aSYN concentration dependent
manner, acting as a catalyst (Burré, et al., 2010). A follow-up study suggested
that this function may be driven by aSYN membrane bound multimers (Burré, et
al., 2014). Removal of the synucleins reduces the rate of SNARE complex
formation, leading to a deficit in SV release upon prolonged stimulation (Burré,
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et al., 2010). aSYN is thought to act as a non-classical chaperone of SNARE
assembly. Knock-out of the SNARE chaperone cysteine string protein-a (CSPa)
and the SNARE formation deficit can be rescued by aSYN over-expression,
indicating an overlapping role (Chandra, et al., 2005; Sharma, et al., 2011).
However, its role as a SNARE chaperone is controversial, as one group found
that aSYN inhibited SNARE complex formation in a dose dependent manner
(Darios, et al., 2010). This discrepancy may have been the lack of liposomes in
their conditions, which is a necessary component for aSYN-mediated SNARE
assembly (Burré, et al., 2014).

As mentioned, not all SV fusion events result in complete fusion. These ‘kiss
and run’ events are transient and only allow release of smaller cargo, such as
glutamate, while retaining larger cargo, e.g. peptides such as BDNF (Jackson,
et al., 2015). Synucleins inhibit kiss-and-run events, preventing pore closure
and enhancing dilation, leading to full vesicular fusion and accelerated release
of larger cargo (Logan, et al., 2017). While other groups have failed to show a
clear effect of aSYN in exocytosis this is most likely to differences in the tools
used (Vargas, et al., 2014; Xu, et al., 2016). Logan et al. (2017) only
investigated peptide transmission using BDNF-pHIluorin while other groups
measured quenching of vGlut-pHluorin (Vargas, et al., 2014; Alabi and Tsien,
2013).

1.7.2.3 aSYN as a regulator of endocytosis

Sustaining high rates of neurotransmission necessitate high rates of
endocytosis or else the synapse will be depleted. Endocytosis and recovery of
synaptic vesicles can occur through several distinct mechanisms which can be
categorised by time frame. The slowest is bulk endocytosis (5s<) where large
portions of the PM are internalised as endosomes. Next is the poorly defined
ultrafast endocytosis (Lautenschlager, et al., 2017). Clathrin mediated
endocytosis (10-20s) is the best characterised process. ‘Kiss and run’
endocytosis occurs <1s and is when the SV fails to fully fuse with the PM but
instead reseals and stays in the cytoplasm. It is thought that a mixture of these
endocytic processes are at play in neurons with the precise ratios varying
between neuron sub-types (Alabi and Tsien, 2013).

As a membrane curvature creating/sensing protein it is feasible that aSYN may
have a role in endocytosis through aiding SV invagination and budding.
Synuclein knock-out results in a reduction in the rate of endocytosis, implicating
aSYN in clathrin-mediated endocytosis (Vargas et al., 2014). However, there is
no clear expression-function relationship as overexpression models also slow
clathrin-mediated endocytosis (Xu et al., 2016; Busch et al., 2014; Medeiros et
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al., 2017). Electron microscopy reveals that over-expression of aSYN into the
synapse results in a build-up of chaperone mediated endocytosis (CME)
intermediates and large invaginations of the membrane (Busch, et al., 2014).
This is likely an aberrant phenotype rather than an amplification of a
physiological role, as it can result from promiscuous binding of overexpressed
aSYN to the membrane, obstructing normal CME. Therefore, a lipid dependent
role for aSYN in endocytosis that is consistent with expression level cannot yet
be established.

A negative regulatory role in ‘kiss and run’ endocytosis was first hypothesised
by Lautenschlager et al., (2017). aSYN was posited to promote ‘kiss and run’ by
stabilising the SV curvature during a fusion event, making full fusion less likely.
Logan et al., (2017) investigated this. Single synaptic fusion events are difficult
to detect via imaging, so they instead opted to measure large dense core
vesicles (LDCVs) instead due to their larger size (70-200nm). ‘Kiss and run’
events were measured through dispersion of large LDCV cargo (BDNF, and
neuropeptide Y). Contrary to the hypothesis, aSYN expression level negatively
correlated with ‘kiss and run’ fusion. TKO increased the number of closure
events in neurons while overexpression reduced it. Inhibition of ‘kiss and run’
events directly enhanced release of large cargo. aSYN enhanced pore dilation,
promoting full membrane fusion and slowing endocytosis by preventing kiss and
run fusion events. However, LDCV ‘kiss and run’ events only account for a
small amount (<10%) of hippocampal neuron transmission giving aSYN a
limited role in endocytosis (Logan, et al., 2017). Two outstanding questions
need to be answered to determine the degree of physiological relevance. Is
‘kiss and run’ endocytosis relevant for SV fusion in dopaminergic neurons? And
does aSYN also promote pore dilation of dopaminergic neuron SV? ‘Kiss and
run’ endocytosis has been observed for dopamine release from midbrain
neurons (Staal, et al., 2004). The later question has not been directly
addressed. SNCA”- neurons do not show any difference in the amount of
extracellular DA released but did show reduced paired pulse depression. This is
partially consistent with a role for aSYN in ‘kiss and run’ endocytosis as in
knock-out conditions higher levels of ‘kiss and run’ endocytosis would result in
less paired pulse depression (Abeliovich, et al., 2000). However, with this a
lower extracellular DA release would also be expected. To resolve the question
DA release should be investigated in TKO neurons to remove any confounding
compensation effect of other synucleins.
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1.7.3 aSYN in metal ion binding and mitochondrial dynamics

Roles in the nucleus, mitochondria and metal binding have been posited for
aSYN. Over-expression of aSYN leads to mitochondrial and nuclear
localisation. This leads to mitochondrial fission through a dynamin-related
protein 1 independent mechanism and aberrant gene transcription (Nakamura,
et al., 2011). Both phenotypes can be exacerbated when tested on a
background of cellular stress. These studies rely on overexpression of aSYN,
which can reveal a pathological function but is limited in establishing a
physiological role. Many of these studies falil to investigate whether there is a
corresponding effect upon aSYN KO. Nakamura et al. (2011) found that there
was no corresponding effect on mitochondria morphology in TKO midbrain
neurons. The effect on mitochondria was only present in an overexpression
conditions, indicating an aberrant gain of function rather than a physiological
role.

aSYN has been shown to interact with divalent ions. Interactions between
aSYN and iron, magnesium, copper, calcium, zinc, cobalt and nickel have been
described, with a focus on their effects on aggregation propensity (Gonzélez, et
al., 2019). However these initial studies used millimolar concentrations of the
ions, far in excess of physiological tissue concentrations (Uversky, et al., 2001).
When tested at physiologically relevant concentrations only calcium and copper
have been found to interact with aSYN (Binolfi, et al., 2006; Lautenschlager, et
al., 2018). Some have suggested a physiological role for copper in modulating
aSYN/lipid binding. Copper interacts with aSYN at two binding sites; a high
affinity site in the N-terminus and a low affinity binding site at histidine 50, an
important residue as H50Q is a PD causing mutation (Mason, et al., 2016). Both
copper redox states enhance the a-helical content of both acetylated and non-
acetylated aSYN, enhancing lipid binding (Miotto, et al., 2015; Miotto, et al.,
2017; Lucas and Lee, 2011). It can also bind to membrane bound aSYN. This
interaction is conserved between synucleins as Cu'* also promoted a-helical
content in BSYN (Miotto, et al., 2017). Cu'* is the predominant ion and is
particularly enriched in SV, where it reached 290 yM compared to 16 yM in the
cytoplasm (Scheiber, et al., 2014). This indicates a functional relevance of
aSYN copper binding.
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1.8 Neuronal susceptibility as a factor governing seeding and

LP development

1.8.1 Synaptic and local spread of aSYN is not sufficient for

pathology development

Prion-like spreading conjures a picture of an indiscriminate wave of seeding and
propagation, infecting all cells, causing a tsunami of cell dysfunction and death.
This does not align with the picture of PD neuropathologically; LP appearance is
discrete and patchy. Braak staging itself demonstrates the selectivity of spread
with specific nuclei and regions being affected. Prion-like spreading can occur
through the connectome, via synaptic connections, and through local diffusion.
aSYN can be transported both retrogradely and anterogradely in neurons but
aSYN transmission favours anterograde transport, in agreement with the
caudorostral spread of LP (Mezias, et al., 2020). The strength of connections
does not predict spread as linked regions do always develop pathology
proportionate to the strength of the connections (Henrich, et al., 2020). This
demonstrates while the connectome is necessary for aSYN spread it is not
sufficient and other factors regulate pathology development (Oliveira, et al.,
2019; Henderson, et al., 2019).

Mechanisms for connectome-independent, local aSYN spread have been
demonstrated in vitro. aSYN can be transferred between neurons via tunnelling
nanotubes, an overflow mechanism to reduce aSYN load on the neurons
degradation machinery (Lee, et al., 2013; Abounit, et al., 2016). Similarly, aSYN
can be released and transmitted via exosomes, another mechanism for local
transmission (Lee, et al., 2005; Emmanouilidou, et al., 2010; Danzer, et al.,
2012; Gustafsson, et al., 2018). Free aSYN can also be internalised by cells
through endocytosis or through direct membrane penetration. Pathogenic aSYN
can rupture membranes, this ability not only potentiates its seeding capacity,
allowing escape from the endo-lysosomal compartment, but also allows it to
escape apoptotic bodies and directly penetrate the plasma membrane (Jiang, et
al., 2017). However, despite the plethora of mechanisms for local aSYN
transmission only a subset of neurons within a nuclei develop pathology
(Kingsbury, et al., 2010; Henrich, et al., 2020). The mechanisms for synaptic
spread and local spread of aSYN exist but evidence for their widespread
implementation in post-mortem patient brains is lacking, indicating other factors
must regulate aSYN spread.
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1.8.2 Selective neuronal susceptibility in PD

The selectivity of aSYN seeding and LP development in PD depends on the
neuron phenotype. Different neuronal sub-types have differing susceptibilities to
aSYN seeding. DA neurons are particularly vulnerable in PD but there is even
variability between DA neuron sub-types (Anderegg, et al., 2015; Pacelli, et al.,
2015). GABAergic neurons in the DMV and pedunculopontine nucleus (PPN)
never develop LP while this resistance is not seen for striatal GABAergic
neurons (Mori, et al., 2008). The lack of a conserved susceptibility among
neuronal sub-types indicates that neuronal susceptibility to LP is determined by
a constellation of factors not neurotransmitter expression alone. Factors
identified are: aSYN expression, neurotransmitter expression, autophagic
capacity, calcium binding protein expression (CaBP), arborisation, neuronal
firing, reliance on oxidative phosphorylation and amount of mitochondrial DNA
deletions (Mosharov, et al., 2009; Elstner, et al., 2011; Pacelli, et al., 2015;
Flores-Cuadrado, et al., 2016; Renddn-Ochoa, et al., 2018; Erskine, et al.,
2018; Courte, et al., 2020). These will be expanded on in chapter 5. These cell-
autonomous factors improve our understanding of neuron susceptibility but are
only one part of the equation, that of neuronal vulnerability. Factors of neuronal
resistance must also be considered if we are to fully understand neuronal
susceptibility and how it relates to the selective spread of LP.

1.8.3 Neuronal resistance in another prion-like disease context

Like PD, AD is a neurodegenerative disease with prion like components and
selective neuronal susceptibility. In AD, the prion-like agents are amyloid- (AB)
and hyperphosphorylated tau. The extracellular matrix (ECM) is an overlooked
factor in neurodegenerative disease. The ECM occupies the space between
cells and plays an essential role in many CNS functions, e.g. neuronal migration
and synaptic signalling (Dityatev and Rusakov, 2011; El Ayachi, et al., 2011). It
is formed of glycosaminoglycans (GAGs) and proteins and alters the diffusion of
molecules through it (Sykova, et al., 2005; Zamecnik, et al., 2012; Soria, et al.,
2020). There is a specialised form of the ECM, called the perineuronal net
(PNN) that enwraps specific neurons, creating a dense pericellular coat
(Fawcett, et al., 2019). The PNN has been established as a neuroprotective
factor against oxidative stress and prion-like seeding (Suttkus, et al., 2016a).

Investigation of PNN neurons in AD has discovered that the numbers of PNN
neurons are unchanged between AD patients and age-matched controls
(Morawski, et al., 2010a). Neurofibrillary tangles (intraneuronal plaques of
hyperphosphorylated tau) were never found in PNN-bearing neurons, except in
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rare circumstances (3 out 700 PNN positive neurons) (Brickner, et al., 1999).
This effect was conserved between cortical and sub-cortical regions and
between PNN positive neuron sub-types (pyramidal and non-pyramidal)
(Bruckner, et al., 1999; Morawski, et al., 2010a). Gross examination found a
segregation between tangle rich and PNN rich areas, indicating a resistance
phenotype (Bruckner et al., 1999). In an oligomeric-tau transmission model,
around 40% of PNN-negative neurons internalised tau-oligomers compared to
10% of PNN neurons (Suttkus, et al., 2016b). This demonstrates that PNN
neurons were 4 times less likely to internalise extracellular pathogenic seeds,
leading to PNN rich areas showing little tangle presence. There was partial
overlap between PNN areas and those containing AB plaques, with PNN
neurons co-existing in plaque heavy regions (Yasuhara, et al., 1994; Bruckner,
et al., 1999). Quantification of PNN neurons in an AD mouse model
demonstrated that the PNN population was unaffected by AB plaque
development (Morawski, et al., 2010b). Neurons with an extracellular CSPG-
coat were fourfold less vulnerable to AB-induced toxicity than those without.
This protection was dependent on the PNN-like coat as its digestion ablated the
resistance phenotype (Miyata, et al., 2007). Together this establishes that the
PNN is a neuroprotective structure in AD. As PD and AD both share a prion-like
component it can be hypothesised that the PNN is also a neuroprotective
structure in PD. The testing of this hypothesis is the aim of this thesis.

1.9 The Perineuronal Net (PNN)

A subset of neurons in the CNS are enwrapped by a specialised structure called
the PNN, a compound structure of protein and sugar. The PNN coats the soma
and the proximal dendrites of neurons and has a reticular morphology. It coats a
variety of different neuron subtypes. The largest subgroup is the parvalbumin
(PV) positive interneurons. 40-80% of PV neurons are enwrapped by PNNs
(Ueno, et al., 2017a; Yamada and Jinno, 2017; Ueno, et al., 2018a). Excitatory
and motor neurons also express PNNs. PNNs are highly expressed in multiple
brain regions. Further notable populations are: the CA2 region of the
hippocampus; Golgi and large excitatory deep cerebellar neurons in the
cerebellum and around motoneurons in the spinal cord (Yamada and Jinno,
2017; Carulli, et al., 2006; Carulli, et al., 2007; Galtrey and Fawcett, 2007; Irvine
and Kwok, 2018). The PNN primarily functions as a restrictor of plasticity and
regulator of synapse stabilisation (Frischknecht, et al., 2009; Schweitzer, et al.,
2017; Favuzzi, et al., 2017; Fawcett, et al., 2019). Its removal re-opens plasticity
and alters the excitatory: inhibitory synapse input onto PNN neurons (Geissler,
et al., 2013; Donato, et al., 2013; Favuzzi, et al., 2017; Edamatsu, et al., 2018;
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Gottschling, et al., 2019). It is highly negatively charged which allows it to act as
an ion sink (Morawski, et al., 2015). This enables PNN neurons to sustain long
trains of action potentials (Balmer, 2016). The classic mature PNN morphology,
found on cortical PV neurons, is a honey-comb structure that extends over the
cell body and the proximal dendrites. The holes are filled by synapses, which
are stabilised by the PNN (Dityatev, et al., 2007; Carulli, et al., 2020). Other
PNN morphologies exist, i.e. motoneurons present with a thick perisomatic PNN
as shown by CSPG staining (Smith, et al., 2015). The reason for this structural
variety is unknown but most arises from a different component composition.
PNN development and maturation will be expanded on in chapter 3.

1.9.1 PNN composition

The PNN is an assembly of protein and sugar wrapping around a neuron (Fig.
4). PNN components can be broken down into 4 categories: the hyaluronan
(HA) scaffold, the HA and proteoglycan link proteins (hapln); proteoglycans; and
crosslinkers and signalling molecules (Sorg, et al., 2016). Each class comprises
of several different members. The reasons for this variety and apparent
redundancy are currently unresolved. All PNN components associate onto a
megadalton hyaluronan scaffold. The HA backbone is synthesised by the PNN
bearing neurons (Carulli, et al., 2007; Kwok, et al., 2010). The proteoglycans
bind to the HA and the binding is stabilised by the addition of a hapln (Kwok, et
al., 2010). The cross-linkers and signalling molecules either bind to the HA
backbone or the proteoglycan. The addition of hapln proteins and cross-linking
molecules condense the PNN structure, creating a dense barrier (Kwok, et al.,
2010; Morawski, et al., 2014).

The PNN is a negatively charged structure which allows it to repel negatively
charged reactive oxygen species (ROS) (Cabungcal, et al., 2013). Its
polyanionic nature arise from the high density of negatively charged GAGs
located within it. The GAGs are: HA, chondroitin sulphate (CS), dermatan
sulphate (DS) and heparin sulphate (HS). Of the sulphated GAGs, CS and HS
are the most abundant within the PNN and both can be differentially sulphated
(Deepa, et al., 2006). Except for HA, these GAGs are conjugated on
proteoglycans anchored to the PNN. A proteoglycan is a protein with multiple
GAG chains covalently attached to the protein core. They can be further
categorised depending on the underlying protein structure and the type of
GAGs attached. The CS proteoglycans (CSPGs) are the most well studied in
the PNN compared to HS proteoglycans (HSPGs). Five PNN CSPGs have
been identified: phosphacan (pcan) and the four members of the lectican family,
aggrecan (acan), brevican (bcan), neurocan (ncan) and versican (vcan). Pcan is

32



the soluble form of receptor protein tyrosine phosphatase zeta (RPTPQ). The
number of glycosylation sites differs between the CSPGs. Aggrecan is the most
glycosylated (~120) and brevican is the least (~3) (Yamaguchi, 2000). On
lecticans, the predominant PNN CSPGs, the CS chains are tens of kilodaltons
long and are bound to the middle domain of the elongated CSPG, creating a
bottlebrush-like structure. There may also be heterogeneity in the degree of
glycosylation and the GAG composition of the PNN but this has not yet been
directly investigated.
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«Figure 4 The perineuronal net

A-C. Mature cortical PNN as stained by Wisteria floribunda agglutinin (WFA, red) surrounding a
parvalbumin positive interneuron (PV, green). The reticular morphology extends around the
soma and cortical dendrites. Images are adapted from (Vo et al. 2013). D Hyaluronan (HA)
synthases on the cell membrane extrude HA into the extracellular matrix. They act as both a
receptor and an enzyme. A variety of chondroitin sulphate proteoglycans (CSPGSs), the
bottlebrush structures, bind the HA. This interaction is stabilised by link proteins (hapins).
Tenascin R can interact with up to three C-terminals of CSPGs and may act as a cross linker
between them. Together the link proteins and the tenascins condense the PNN into a dense
structure. The chondroitin sulphate (CS), shown in green on the CSPGs, are highly negative
and contribute to the polyanionic environment of the PNN which allows the sequestration of

ions. Image taken from (Warren et al. 2018).

1.9.2 PNN as a neuroprotective barrier in PD

Based on this evidence, it is feasible that the PNN is a factor of neuronal
resistance in PD. The case is strengthened by comparing PNN populations to
the pattern of LP spread. Areas of high PNN density, e.g. the red nucleus and
substantia nigra pars reticulata (SNr) both fail to develop LP and are spared
from neuronal loss (Hardman, et al., 1996; Brtickner, et al., 2008; Racz, et al.,
2016; Surmeier, et al., 2017b). Both mechanisms of neuroprotection could play
a role in PD, by denying aSYN membrane access and protecting the neurons
from ROS produced by microglia. Therefore, the aim of this thesis will be to
investigate if the PNN plays a neuroprotective role in PD

1.10 Objectives of this thesis

In this chapter we have introduced PD and the key role of aSYN seeding in
driving LP spread. We have shown that LP spread is selective and specific,
following a conserved pathway through the brain. This pattern cannot be solely
explained by the connectome, selective neuronal susceptibility also plays a role
in dictating LP spread. Previous work examining neuronal susceptibility in PD
has focussed on factors underlying neuronal vulnerability, neglecting potential
factors of neuronal resistance. The PNN is a pericellular barrier that plays a
neuroprotective role in AD, a disease with a similar prion-like mechanism. We
posit that the PNN could play a similar neuroprotective role in PD by restricting
aSYN seeding. The overarching objective of this thesis is to establish a
neuroprotective role for the PNN in PD. This will be done use of aSYN seeding
paradigms on in vitro PNN cell culture model and confirming the validity of these
results through examining PNN populations in post-mortem PD brains.
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The explicit aims of this study are:

1. To establish a cortical PNN cell culture which accurately models in vivo
cortical PNNSs.

a.

Demonstrate that this PNN culture replicates the reticular
morphology of mature PNNs as they would appear within the
mature CNS.

Characterise the in vitro PNN population for: identity, composition,
and heterogeneity. The PNN population will be quantified to give a
population overview.

Track the development of the PNN in culture and determine if it
resembles development in vivo.

2. To investigate whether the presence of a PNN reduces the internalisation
of pathogenic aSYN and seeding in vitro.

a.
b.

Create and characterise monomeric, oligomeric and fibrillar aSYN.
Investigate the ability of the PNN to reduce seeding in a PNN-HEK
model.

Determine if the PNN reduces internalisation of aSYN oligomers.
Determine if the PNN reduces the development of p-aSYN
pathology development.

Is this neuroprotective effect of PNN incidental to a broader PNN
neuron phenotype or integral to it?

3. To investigate if PNN populations are affected in late-stage post-mortem
PD brains.

a.
b.
C.

Examine PNN densities in LP affected brain regions.

Examine the propensity of PNN neurons develop LP.
Determine if there is segregation between PNN rich and LP rich
areas.
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Chapter 2 Methods

2.1 Animals

E19 pregnant adult, female and pre-weaners (P0-6) Wistar rats were used. All
animals were housed in standard housing conditions with a 12 hour light / dark
cycle with food ad libitum. The time mated pregnant females were singly
housed. The work was performed under the regulations of the Animals Scientific
Procedures Act 1986 and covered by the Home Office project license
(#70/8085) and PIL for Stuart Dickens (#19C757118).

2.2 Primary cell culture

2.2.1 Neuronal culture

E18, cortical cultures were created from Wistar rats. The pregnant female was
euthanised with CO2 and decapitated, the pups were decapitated and the heads
cooled to 4°C on ice. The cortices were dissected out and suspended in cold
Hank’s buffered salt solution, without ions (HBSS-) (ThermoFisher #11590466).
The media was then aspirated and the cortices digested with filter-sterilised
papain (2 mg/ml in HBSS-, Lorne Laboratories #L.S003119) for 6 min at 37 °C.
Filter-sterilisation was done here and in the following cases using a 0.22 um
filter (Merck-Millipore #10596512) To degrade released DNA, DNase | was
added to a final concentration of 50 pg/ml (Sigma #DN25). The cell containing
supernatant was then taken and centrifuged at 100 x g, 2 min, RT. The cells
were resuspended in Neurobasal with 2% B27, 0.4 mM Glutamax and 0.1%
antibiotic-antimycotic (ThermoFisher #21103049, #17504044, #35050038,
#15240062). An aliquot was taken, diluted 1:1 with trypan blue (ThermoFisher
#15250061) and manually counted with a haematocytometer. Cells were plated
at 100,000 cells/well in a 24 well plate containing 40 pg/mL poly-D-lysine
treated coverslips. The 24-well plate contained isolated chimney wells and
sterile H20 was added in between to reduce evaporation and improve even
heating. The coverslips (SLS #MICC3336) were boric acid washed and etched
with sodium hydroxide, washed in H20 and autoclaved. Before plating they
were incubated with 40 pg/ml of poly-D-lysine (Sigma #P0899) in water for 2 hrs
at RT. They were then washed three times with sterile PBS before left to warm
in the incubator with media.

After plating, half the neuronal media volume was replaced twice a week. For
the first 7 days the neurons were fed with Neurobasal with additives. From 7-14
day in vitro (DIV) the media was replaced with BrainPhys media with 2% SM1
and antibiotic-antimycotic (StemCell Technologies #5792). From 14 DIV, the

36



media was replaced with 1:1 BrainPhys with SM1 and astrocyte conditioned
BrainPhys.

2.2.2 Astrocyte culture

Astrocytes from P0-6 Wistar rats were harvested in accordance with the UK
Home Office guidelines. The pups were decapitated, and the brains dissected
out. The cortices were then removed and manually dissociated with a sterile
blade. The mixture was then digested for 20 min with a 0.1% filter-sterilised
trypsin solution (Sigma #T0303) at 37 °C. DNase | was added as before. The
cell containing solution was then centrifuged at 100 x g, 5 min, RT. The pellet
was then resuspended in DMEM + 10% foetal bovine serum (FBS) with
antibiotic-antimycotic (Lonza #12-707F, ThermoFisher #15240062). The cells
were then titrated with fire polished glass pipettes with different apertures. The
cells were then plated in 40 ug/mL poly-I-lysine coated culture flasks. The media
was then replaced the following day and every three days hence. Once the
flasks were confluent the cell population was enriched for astrocytes using
differential adhesion. The flasks were shaken at 125 rpm overnight to remove
contaminating cells. The astrocytes were then split and upscaled into larger
flasks. Once the cultures reached 70-100% confluent the media was replaced
with BrainPhys with additives for 48 hrs. The conditioned media was then
centrifuged to remove contaminating cells and filter sterilised.

2.3 Immunocytochemistry

2.3.1 Neurons

Neurons were fixed at room temperature in 4% paraformaldehyde, 3% sucrose
solution for 10 minutes. The cells were then washed in 3% sucrose then
permeabilised with 0.01% triton x-100 for 10 minutes. Non-specific binding sites
were blocked by incubation with 3% normal donkey serum (Sigma #D9663) in
Tris buffered saline (TBS) for 1 hr at room temperature. The neurons were then
incubated with primary antibodies (see table 2), diluted in blocking solution,
overnight at 4 °C. The following day the neurons were then washed with TBS
and incubated with the appropriate secondary antibodies, diluted in blocking
solution, for 2 hours at room temperature. They were then washed in TBS and
mounted onto SuperFrost microscope slides (Fisher Scientific Ltd #10149870)
using Fluorsave (Merck #345789).
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Table 2 Antibodies used in thesis

Species Working
Antibody pect concentration Company (Product no.)
Origin
(Hg/mL)
Anti-aggrecan Rabbit 1:250 2 Milliepore (AB1031)
Anti-aSYN Mouse 1:250 4 Sigma (S5566)
Anti-B; Tubulin Chicken 1:500 0.6 Abcam (ab41489)
Anti-B; Tubulin Mouse 1:500 4 Abcam (ab6267)
Anti-brevican Sheep 1:250 0.8 R&D Systems (AF4009)
Biotinylated-HABP' - 1:250 1 AMS Bio (AMS.HKD.B141)
Anti-HAPLN1 Goat 1:250 4 R&D Systems (AF2608)
Anti-HAPLN2 Rabbit 1:100 0.5 Novus Biologicals (NBP1-91977)
Anti-HAPLN4 Goat 1:100 10 Novus Biologicals (AF4085)
Anti-NeuN Guinea-pig  1:500 2 Synaptic Systems (266004)
Anti-neurocan Mouse 1:50 7.38 DSHB? (1F86)
Anti-parvalbumin Mouse 1:500 2 Novus Biologicals (NBP2-
50038SS)
Anti-phosphacan Mouse 1:50 3 DSHB? (3F8)
Anti-p129 aSYN Rabbit 1:500 2 Abcam (ab51253)
Anti-tenascin-R Goat 1:250 4 R&D Systems (AF3865)
Anti-versican Mouse 1:100 1.69 DSHB? (12C5)
Biotinylated-WFA - 1:300 6.6 Sigma (L1516)

2° antibodies

Hoechst - 1:30,000 0.33 Invitrogen (H3570)
CF™ 405 M anti-guinea-pig  Donkey 1:500 4 Sigma (SAB4600468)
AF' 405 anti-goat Donkey 1:500 4 Abcam (Ab175664)
Pacific blue streptavidin - 1:500 4 Invitrogen (S11222)
AF' 488 anti-rabbit Donkey 1:500 4 Invitrogen (A21206)
AF' 488 streptavidin - 1:500 4 Invitrogen (S32354)
AF' 568 anti-goat Donkey 1:500 4 Invitrogen (A11057)
AF' 568 anti-mouse Donkey 1:500 4 Invitrogen (A10037)
AF' 568 anti-rabbit Donkey 1:500 4 Invitrogen (A10042)
AF' 568 streptavidin - 1:500 4 Invitrogen (S11226)
640/660 Neurotrace™ - 1:150 - Invitrogen (N21483)
AF' 647 anti-lgY chicken Goat 1:500 4 Invitrogen (A21449
AF' 647 anti-mouse Donkey 1:500 4 Invitrogen (A31571)

1 HABP: Hyaluronan binding protein
2 DSHB: Developmental studies hybridoma bank
3 AF: Alexa Fluor
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2.4 Imaging, quantification, and statistics

Imaging was performed either using a LSM880 confocal microscope (Zeiss)
with 20x and 63x objectives or a AxioScan Z.1 Slidescanner (Zeiss) with a 20x
objective. The Slidescanner was operated by the Bioimaging facility. For
confocal, coverslips were imaged with 20x objective and tile-scanning for
quantification. High resolution images were created by z-stack imaging with 63x
objective. A projection image was then created using max intensity plugin on
ImageJ. For the Slidescanner, tile images with 20x objective were taken and
stitched to provide entire coverslip image. Filters were set to ensure no overlap
between channels. For quantification regions of interest were imaged and PNNs
were identified and counted based on morphology. OriginPro 2019b was used
in graph creation and statistical analysis. Tests for significance (p<0.05) were
performed using either: one-way analysis of variance (ANOVA) with Tukey’s
post hoc test or two-way Student’s t-test.
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Chapter 3 Establishment and characterisation of PNN culture

model that replicates PNN maturation and heterogeneity

3.1 Introduction

During postnatal development there are periods of heightened plasticity where
experience drives organisation of neural circuitry, this allows individuals to
adapt behaviours to their environment. These windows are called critical
periods (CPs) and are conserved across species (Reha, et al., 2020). They are
most clearly observed in the development of sensory processes e.g. vision and
auditory organisation. An example of a conserved CP is the acquisition of
language in humans and of song in songbirds (Cornez, et al., 2018). The
classical example of CP development is the monocular deprivation paradigm in
the visual cortex. Occlusion of one eye causes cortical neurons to favour input
from the non-deprived eye, creating a bias. If the occlusion is removed before
CP closes then the bias disappears, if the occlusion is removed after CP
closure then the bias persists, indicating neural wiring has solidified
(Pizzorusso, et al., 2002). CP closure is linked to the maturation of inhibitory,
parvalbumin positive neurons. Timely PNN development around PV neurons is
required for their maturation (Ye and Miao, 2013). Therefore, CP opening, and
closure depends in part on the PNN. Degradation of the PNN is sufficient to
reopen a CP (Pizzorusso, et al., 2002; McRae, et al., 2007; Popelafr, et al.,
2017).

The PNN is a key regulator of plasticity and are conserved across species
(Lander, et al., 1997; Adams, et al., 2001; Matthews, et al., 2002; Cornez, et al.,
2018; Edwards, et al., 2020). It stabilises existing synapses and restricts new
synapses onto the enwrapped neurons (Geissler, et al., 2013; Gottschling, et
al., 2019). Prolonging the CP via monocular deprivation, delays PNN
development (Guimaraes, et al., 1990). PNN attenuation, through component
knock out, prevents CP closure (Carulli, et al., 2010). Continued CP closure
depends on the PNN as degradation reawakens experience-dependent
plasticity (Pizzorusso, et al., 2006). Reawakening latent CNS plasticity has
great utility in disease treatment , e.g. spinal cord injury (Siebert, et al., 2011).
Reawakening juvenile plasticity through PNN manipulation holds great hopes
for treating spinal cord injury and stroke. Currently the only way to manipulate
the PNN is through the generalised destruction of the ECM by enzymatic
degradation (Fawcett, et al., 2019). This can lead to maladaptive plasticity
(Rankin-Gee, et al., 2015). Improving understanding of PNN development and
how it exerts its function is key to finer manipulation of plasticity.
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3.1.1 PNN development and maturation

3.1.1.1 Expression of PNN components

PNN structures develop postnatally between P7 and 56 in the rodent and
between 1 month to 20 years of age in humans, coinciding with CP
development (Carulli, et al., 2006; Mauney, et al., 2013; Rogers, et al., 2018).
The precise timing of PNN development varies between brain regions (del Rio,
et al., 1994; Koppe, et al., 1997; Bruckner, et al., 2000). This variation reflects
the staggered timing of CPs in the CNS, with lower CNS regions preceding
higher regions. As the PNN matures it transitions from a punctate morphology
to a contiguous, reticular structure (Ueno, et al., 2017b; Lipachev, et al., 2019;
Sigal, et al., 2019). The punctate morphology represents an immature PNN
phenotype as it is linked to persistent juvenile plasticity (Bukalo, et al., 2001,
Bruckner, et al., 2000; Carulli, et al., 2010; Rowlands, et al., 2018; Eill, et al.,
2020). During PNN development, the mRNA expression of PNN components
rise and peak. Peak timing varies between component and region (Hirakawa, et
al., 2000; Carulli, et al., 2007; Galtrey, et al., 2008; Gao, et al., 2018). For
example, in the cerebellum, ncan mMRNA expression peaks between P3-7 while
acan mRNA peaks later, between P14-21 (Carulli, et al., 2007). The peak of a
component even differs between brain areas; the Ncan peak occurs later in the
cortex (P10) and spinal cord (P14-P21) (Galtrey, et al., 2008; Gao, et al., 2018).
The peak timing corresponds with PNN formation and the staggered maturation
of CNS regions but a direct relationship between a single PNN component and
PNN maturation has not been identified (Koppe, et al., 1997).

3.1.1.2 Cellular origin of PNN components

The PNN is an extracellular structure and components originate from both the
host neuron and other sources (Carulli, et al., 2006; Galtrey, et al., 2008;
Giamanco and Matthews, 2012; Geissler, et al., 2013). The surface anchors for
the PNN must, by necessity, come from the neuron. HA chains are directly
extruded from HA synthases (HAS) expressed by the PNN neuron (Itano, et al.,
1999; Carulli, et al., 2006; Carulli, et al., 2007; Galtrey, et al., 2008). Until
recently, HAS was the only known cellular anchor for the PNN. RPTP( has
been identified as a PNN anchor for acan , stabilising it to the PNN via a TnR-
dependent mechanism (Eill, et al., 2020). This research also hinted at another,
yet unknown, PNN anchor. The PNN link proteins and TnR are both expressed
by the PNN-bearing neurons (Bekku, et al., 2003; Carulli, et al., 2006; Geissler,
et al., 2013). CSPG origin is mixed and depends on the CSPG. ncan and acan
both originate from the PNN-neurons themselves, while bcan in the PNN comes
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from both astrocytes and neurons (Carulli, et al., 2006; Geissler, et al., 2013;
Favuzzi, et al., 2017). The PNN binding molecules semaphorin 3a (sema3A)
and neuronal activity-regulated pentraxin, a PNN binding molecules, both

originate from presynaptic neurons (Chang, et al., 2010; Carulli, et al., 2013).

3.1.1.3 The necessity of PNN components for mature PNN structure

3.1.1.3.1 HapInlis necessary for CSPG recruitment and PNN maturation

PNN knock-out animals have shown that specific components are required for
maturation of the PNN structure. HapInl”- animals have persistent visual
plasticity and present with weak, diffuse PNNs that cover less area, reminiscent
of an immature PNN phenotype (Carulli, et al., 2010; Sigal, et al., 2019).
Removal of haplnl from the PNN ablates ncan, bcan, vcan staining in the PNN
and reduced acan and pcan staining (Carulli, et al., 2010). As acan and pcan
staining was partially preserved this indicates their localisation to PNN is partly
through another mechanism e.g. another hapln or RPTP{ (Bekku, et al., 2012;
Eill, et al., 2020). Why does HaplIn1-- knock-out arrest the PNN in the punctate
morphology? Link proteins are necessary for stabilisation of HA/CSPG binding
(unpublished data) and their expression causes a condensation of diffuse PNNs
(Kwok, et al., 2010). Link protein removal leads to a reduction in CSPG binding
to the PNN (Carulli, et al., 2010; Bekku, et al., 2012). If the PNN transition is
caused by crossing a concentration threshold of PNN components then hapinl
KO would prevent maturation by reducing component concentration (Richter, et
al., 2018).

3.1.1.3.2 TnR crosslinks PNN CSPGs, creating a reticular PNN

PNNs in TnR”-animals exhibit a punctate morphology and show impaired long
term potentiation (LTP) (Bukalo, et al., 2001). It should, however, be noted that
the impaired LTP could be independent of the punctate PNNs as TnR is also
expressed in the loose ECM. TnR binds to the G3 domain of CSPGs and can
bind up to three lecticans (Milev, et al., 1998; Aspberg, 1995; Aspberg, et al.,
1997; Lundell, et al., 2004). TnR”- PNNs are arrested in the punctate state,
indicating TnR is necessary for PNN maturation. TnR could be responsible for
PNN maturation through crosslinking CSPGs. This would condense the PNN,
linking unconnected puncta, and transforming the PNN into the contiguous,
reticular morphology. Supplementation of TnR in a TnR- cultures partially
restores a reticular phenotype (Morawski, et al., 2014). However, in a mouse
model lacking 4 ECM components, including TnR, mature, reticular PNNs were
still observed in the hippocampus (Rauch, et al., 2005). This indicates TnR-
dependent crosslinking is necessary but not essential for reticular PNNs.

42



3.1.1.3.3 Aggrecan

Two Aggrecan”’- mouse models have been created: an organism wide knock-
out, cartilage matrix deficiency (cmd) and a brain specific knock-out created
through Cre-lox (Aggrecan-loxP/Cre). The cmd mouse model is embryonic
lethal in the homozygous due to the essential role of acan in alveoli function
(Watanabe, et al., 1997). However, the homozygous KO can be studied in vitro
through organotypic slice or dissociated neuronal cultures from mouse embryos
(Giamanco, et al., 2010). Acan knock-out ablated PNN staining as detected by
acan and WFA but spared haplnl and TnR PNN localisation (Giamanco, et al.,
2010). This contrasted with the brain-specific KO where both haplnl and TnR
staining were ablated (Rowlands, et al., 2018). The brain-specific KO posits a
master role for acan in PNN structure while the cmd model suggests a more
limited role.

3.1.1.3.4 Not all PNN components are necessary for mature PNNs

Not all PNN components alter PNN structure: cortical PNNs in neurocan-, bcan-
I-and hapln4-/- animals remained intact (Zhou, et al., 2001; Brakebusch, et al.,
2002a; Bekku, et al., 2012). Impaired PNNs were discovered in the trapezoid
body and cerebellum, in neurocan” and hapIn4-- animals respectively (Bekku,
et al., 2012; Schmidt, et al., 2020). Study of PNN knock out animals has given
us great insight into how the PNN is constructed in different CNS regions. While
the heterogeneity has been identified, the functional effects have not.

3.1.1.4 PNN glycosylation during maturation

CS chains decorate the CSPGs found in the PNN and loose ECM (Yamaguchi,
2000). CS can be sulphated at several different positions, creating different
subtypes (Mikami and Kitagawa, 2013). Of the different types, sulfation at the 4
or 6 position on the N-acetyl galactosamine are the most common and are
termed CS-A or CS-C. CS-A is inhibitory for neurite outgrowth while CS-C is
permissive (Wang, et al., 2008). During embryonic development CS-C
predominates but slowly diminishes while CS-A increases in proportion until
they both account for ~40% of total CS at E17 (Kitagawa, et al., 1997). This
trend continues postnatally. In the adult, CS-A accounts for between 80-90% of
total CS while the CS-C proportion is between 2-5% (Deepa et al., 2006). The
increase in the 4S:6S ratio creates a more inhibitory CNS environment. PNN
sulfation continues to change in ageing as the 4S:6S ratio specifically increases
in the PNN (Foscarin, et al., 2017). This makes the mature PNN an inhibitory
structure, discouraging new synapse formation on the enwrapped neuron.
Overexpression of chondroitin 6 sulfotransferase-1 (C6ST-1) impairs PNN

formation; reducing acan PNN localisation through negatively regulating its half-
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life in the PNN (Miyata, et al., 2012; Miyata and Kitagawa, 2016). The C6ST-1
animal also presents with persistent plasticity, reminiscent of the phenotype
seen in PNN KO animals, indicating a CP closure failure (Miyata, et al., 2012).
In a similar vein, juvenile plasticity can be reawakened by masking the inhibitory
CS-A via antibody binding (Yang, et al., 2017). The disulphated 4S,6S subunit,
termed CS-E, has been shown to have important roles in PNN molecule binding
(Gama, et al., 2006; Dick, et al., 2013; Bernard and Prochiantz, 2016; Van't
Spijker, et al., 2019).

3.1.1.5 Understanding changing PNN morphology through the lens of soft

matter physics

The morphology of a film is governed by two factors: the interaction of polymer
density and the attractive forces between polymer chains. We can understand
the PNN as a film where the polymers are the HA and CSPGs and the attractive
forces are cross-linkers (Richter, et al., 2018). As grafting density increases
(i.e., the concentration of HA or CSPGs in the PNN) the film will transition from
a punctate, granular film to a continuous film. If the attractive forces between
polymers are increased, then this will rearrange a continuous film into a
disrupted film as the polymers compact. In a sufficiently dense film the
energetically favourable state will be a reticular morphology as the development
of circular holes minimises the phase boundaries (Richter, et al., 2018). In our
PNN model and in vivo we see a transition from a punctate, discontinuous
phase to a reticular phase as the PNN matures. This indicates changes in
component density and/or changes in compaction due to the appearance of
cross-linkers.

3.1.1.5.1 Mechanisms governing PNN polymer density

The morphology of the PNN is directly linked to plasticity as arresting PNNs in a
punctate state maturation, through PNN component knock-out, causes
persistence of a juvenile state of plasticity (Carulli, et al., 2010; Rowlands, et al.,
2018; Eill, et al., 2020). Changes in PNN polymer density can be driven by
changes in CSPG and HAS expression. As discussed, CSPG expression rises
and peaks during development, this can directly affect their density in the PNN.
PNN CSPG density also depends on link protein expression as knock-out of
HaplInl or Hapln4 leads to smaller PNNs and a reduction in CSPG PNN
localisation (Carulli, et al., 2010; Bekku, et al., 2012). Overexpression of Hapinl
leads to a condensation of acan positive pericellular coats (Kwok, et al., 2010).
PNN maturation could be controlled by a Hapin dependent rise in CSPG
density.
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There is variation between which PNN maturation mechanisms are at play. For
example, while Carulli et al. (2010) showed an upregulation of the acan in the
visual cortex. This upregulation was not due to increased transcription as
MRNA expression decreased in the same period. The other factor governing
CSPG density on the PNN is their turnover rate, reducing degradation will
increase the lifespan on the PNN and therefore their density. This can be
controlled by the glycosylation state of the PNN itself. Overexpression of C6ST-
1 leads to an upregulation of the 6S moiety in the PNN and persistent plasticity
(Miyata, et al., 2012; Miyata and Kitagawa, 2016). This upregulation led to a
selective reduction of acan in PNN by increasing turnover by matrix proteases
(Miyata and Kitagawa, 2016). In the course of normal PNN maturation there is a
reduction of 6S and an increase of the 4S moiety (Kitagawa, et al., 1997). This
reduction would lead to decreased degradation of acan and a rise in acan levels
within the PNN. This could account for the acan increases observed within our
culture and in vivo.

HAS mRNA expression also changes during PNN development. All HAS
isoforms showed a transient increase at early time points, although the precise
timing of the peak differed between isoforms and the CNS region investigated
(Carulli, et al., 2007; Galtrey, et al., 2008). Changes in HAS expression provides
another mechanism to modulate PNN morphology. A decrease in HAS
expression would lead to a decrease in HA density on the cell surface, reducing
the number of binding sites for PNN components and changing PNN
morphology.

3.1.1.5.2 Mechanisms governing attraction between PNN polymers

Another mechanism driving the change in PNN morphology is to alter the forces
of attraction between polymers through the addition of crosslinkers. This is seen
in other extracellular matrices (Richter, et al., 2018). Several PNN cross-linkers
have been identified but the extent of their contributions within the PNN has yet
to be resolved. These are TnR and sema3A (Morawski, et al., 2014; Djerbal, et
al., 2019). A single TnR molecule can bind to the G3 domain of three separate
CSPGs (Aspberg, et al., 1997; Milev, et al., 1998; Lundell, et al., 2004). It is
widely expressed in cortical PNNs and PNNs in TnR”- animals present with
punctate PNNs (Celio and Chiquet-Ehrismann, 1993; Weber, et al., 1999;
Haunsog, et al., 2000). Re-addition of TnR to tnr”- PNN neurons leads to partial
recovery of the reticular morphology showing that TnR is responsible for
maintenance of the reticular morphology of PNNs (Morawski, et al., 2014). It
has recently been shown that TnR could also increase the density of acan and
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other CSPGs in the PNN by working in tandem with RPTP{/phosphacan to
anchor acan to the cell surface (Eill, et al., 2020).

Sema3A is a secreted chemorepulsive molecule that negatively regulates axon
growth (Zimmer, et al., 2010). While TnR crosslinks the CSPGs core protein,
sema3A could crosslink the PNN via a different mechanism- binding the GAG
moieties themselves (Dick, et al., 2013; Djerbal, et al., 2019). It is expressed as
a dimer and localises to the PNN via specific CS-E binding (Dick, et al., 2013;
Vo, et al., 2013). As a dimer it could feasibly bind to two CS-E chains from
different CSPGs, collapsing and rigidifying the PNN matrix into a reticular
morphology (Richter, et al., 2018; Djerbal, et al., 2019). Sema3A delivery to
PNNs can be synapse dependent. Purkinje cells express sema3A mRNA and
synapse with DCN PNN positive neurons (Carulli, et al., 2013). Severing the
connection between DCN PNN positive neurons and Purkinje cells reduced
Sema3a binding to the PNN. Concomitant with this was a significant reduction
in the number of holes seen in the PNNs and a shift towards a punctate
morphology. This opens the possibility that PNN maturation is a reversible and
dynamic process dependent on synaptic activity. Indeed, inhibition of neuronal
firing reduces PNN intensity (Pizzorusso, et al., 2002; Dityatev, et al., 2007).

3.1.1.6 Role of neuronal activity in PNN maturation

As discussed, knock-out of PNN components arrests the PNN in a punctate
morphology, indicating they are necessary for maturation to the reticular
morphology (Haunsog, et al., 2000; Brtickner, et al., 2000; Eill, et al., 2020).
The monocular deprivation paradigm demonstrates that neuron activation is
also necessary for PNN development and maturation (Pizzorusso, et al., 2002;
Ueno, et al., 2017b; Sigal, et al., 2019). Silencing of neuronal activity in vivo
reduces PNN intensity (Kalb and Hockfield, 1990; Yamada, et al., 2017). The
dependence of neural activity has been shown directly in vitro. Application of
tetrodotoxin to block synaptic transmission suppressed PNN formation and the
only PNNs observed exhibited a punctate morphology (Kalb and Hockfield,
1990; Dityatev, et al., 2007). Treatment with potentiators of GABAergic
transmission can also accelerate PNN maturation, cementing the importance of
synaptic transmission in PNN maturation and tying PNN maturation to
maturation of GABAergic neurons (Dityatev, et al., 2007; Hou, et al., 2017).
However, the relationship between synaptic transmission and the PNN is
bidirectional. PNN appearance precedes that of synapse formation and is
needed for synapse stabilisation (Dino, et al., 2006; Geissler, et al., 2013;
Gottschling, et al., 2019). Mechanistically the PNN achieves this both through
the individual functions of its components and emergent function from the
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aggregate structure. Individual lecticans may be responsible for stabilisation of
synapse subtypes. Bcan has been shown to specifically stabilise excitatory
synapses on PNN positive PV neurons (Favuzzi, et al., 2017). While knock-out
of ncan leads to a reduction in inhibitory synapse contacts (Geissler, et al.,
2013; Schmidt, et al., 2020). Tnr’- also led to a specific reduction in perisomatic
synapses (Saghatelyan, et al., 2001; Nikonenko, et al., 2003). Furthermore, the
both the ECM and PNN can restrict the diffusion of synaptic machinery, such as
the AMPA and NMDA receptors (Frischknecht, et al., 2009; Schweitzer, et al.,
2017). This corralling of post-synaptic machinery improves synaptic
transmission and creates putative sites for new synapses. Neuronal activity also
modulates the mature PNN, though to a lesser degree than during CPs.
Severing efferent connections to PNN neurons causes a reduction in PNN
intensity (Carulli, et al., 2013; Faralli, et al., 2016). Interestingly, enriched
environment exposure also causes a similar decrease through increased matrix
metalloprotease-9 (MMP-9) activity. If MMP-9 is knocked out then PNN intensity
increases, demonstrating the complex regulation of the PNN and plasticity
(Stamenkovic, et al., 2017). This shows neuronal activity plays a key role both
in PNN development and its maintenance. It is likely that neuronal activity drives
the transcription of PNN molecules through NMDA receptor-mediated calcium
influx though this has yet to be demonstrated.

3.1.1.7 PNN maturing agents

Alongside neuronal activity, several molecules have been implicated in PNN
maturation. Haplnl and TnR are integral PNN components and have already
been discussed, the other class are PNN binding molecules which bind through
CS-E. CS-E is a highly enriched subtype within the PNN that increases during
PNN development and binds to several key molecules involved in CP
maintenance: brain-derived neurotrophic factor (BDNF), Sema3a, Otx2, NARP
and neuronal pentraxin 2 (NPTX2) (Huang, et al., 1999; Sugiyama, et al., 2008;
Gu, et al., 2013; de Winter, et al., 2016; Van’t Spijker and Kwok, 2017). BDNF is
released by excitatory neurons during development and governs PV maturation.
Infusion or overexpression accelerates PV maturation, bringing the CP forward
(Huang, et al., 1999). BDNF has been shown to bind to CS-E and, to a lesser
extent, CS-A (Gama, et al., 2006). While the link between BDNF and the PNN
has not been investigated, CS-E and CS-A both become enriched during PNN
maturation, creating a positive feedback loop where increasing PNN maturation
would amplify BNDF binding, driving PV maturation. Like BDNF, Sema3A is
also released by excitatory neurons, i.e., Purkinje cells in the cerebellum.
Purkinje cells synapse with PNN-bearing deep cerebellar neurons. Severance

of these connections led to a reversal in PNN morphology towards a punctate
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phenotype (Carulli, et al., 2013). This provides a transcription independent
mechanism for neuronal activity in PNN maintenance. Denervation also led to a
marked reduction in sema3A localisation to the PNN, correlating with the
morphology reversal. The homeoprotein Otx2 is produced by the choroid plexus
cells and diffuses through the ECM and drives PV maturation (Bernard and
Prochiantz, 2016). As with BDNF, Otx2 infusion precipitates a precocious CP,
shifting it to an earlier time point. Otx2 is specifically recruited onto PV neurons
by the PNN through binding to CS-E (Beurdeley, et al., 2012). Interestingly,
Otx2 infusion circumvents the requirement of neuronal activity as it can induce
PV and PNN maturation in dark reared animals (Sugiyama, et al., 2008). Otx2
tone remains constant in adulthood and its disruption precipitates a precocious
CP and concurrent PNN reduction (Beurdeley, et al., 2012; Spatazza, et al.,
2013). Otx2-dependent maturation of the PNN and PV neurons can only occur if
it can bind to the PNN. Reduction of PNN CS, through enzyme knock-out,
reduces Otx2 internalisation in PV neurons and corresponding deficit in PNN
and PV maturation. This kept the CNS in a persistent high plasticity state,
similar to those seen with other PNN impairment models (Hou, et al., 2017). It is
likely there are several, overlapping mechanisms for PNN maturation and which
work in concert. How these mechanisms interact, their timing in PNN
maturation, or if there is a master regulator, has not yet been resolved. For
example, does TnR and haplnl localisation occur after Otx2 binding or occur
independently? An in vitro model of PNN maturation would provide a firm
foundation from which to answer this and other questions. A higher temporal
resolution can be achieved with less cost than with animal models. Also,
multiple factors, e.g. neural activity and treatment application, can be
concomitantly measured and manipulated. Therefore, the establishment of an in
vitro PNN maturation model would be of great advantage for the study of the
PNN and neuroplasticity.

3.1.1.8 PNN heterogeneity is widespread throughout the CNS

As discussed, the PNN is a critical structure in controlling neuronal plasticity
and is found throughout the CNS. The mature PNN presents as a reticular
structure but the extent of coverage differs between brain areas. PNNs in the
telencephalon extend over the proximal dendrites while PNNs in lower brain
regions only cover the soma (Carulli, et al., 2006; Horii-Hayashi, et al., 2015;
Irvine and Kwok, 2018). PNN thickness also differs between regions; PNNs in
the spinal cord and cerebellum are thicker than their cortical counterparts
(Smith, et al., 2015). The functional differences arising from the different
coverage and thickness has not been elucidated. Thicker PNNs could act as

larger ionic sinks, encouraging prolonged neuronal firing (Balmer, 2016).
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WFA has commonly been used as a pan-PNN maker but pairing with PNN
component antibodies has revealed that WFA does not stain all PNNs (Irvine
and Kwok, 2018; Ueno, et al., 2018b). In the spinal cord a significant proportion
of PNNs are WFA-, between 10-30% depending on which CSPG is used as a
counterstain. Bcan and ncan revealed the highest proportion of WFA negative
PNNSs indicating they are less likely to carry the WFA epitope compared to
acan, vcan or pcan (Irvine and Kwok, 2018). Whether these CSPGs colocalised
within the PNN was not investigated. Determining colocalization between
CSPGs is important for characterisation of PNN subtypes. PNN glycosylation
changes during development but is not uniform in the mature CNS. This is
shown by the high proportion of WFA negative PNNs and by analysis of acan
glycoforms. Different glycoforms of acan recognised partially overlapping
populations of PNNs and even segregate within the PNN (Matthews, et al.,
2002; Miyata, et al., 2018). CA1 PNN positive, pyramidal cells either contained
all glycoforms, a combination of two or just one glycoform (Matthews, et al.,
2002; Yamada and Jinno, 2017). It is possible variation in glycosylation is
incidental and irrelevant to PNN function and arises from the vagaries of cellular
glycosylation and GAG digestion. However as discussed, it has been shown
that some CS subtypes are necessary for PNN function, e.g. 4S:6S ratio and
CS-E, indicating this heterogeneity cannot be completely incidental.

The entire lectican family and pcan/RPTPC( localise to the PNN (Fawcett, et al.,
2019). Acan is the predominant CSPG in mature PNNs and is widespread
throughout the CNS. The other CSPGs show more specific expression. For
example in the red nucleus, ncan positive PNNs are only found in the
parvocellular region while acan is found throughout (Racz, et al., 2016). In the
prelimbic cortex ncan only/WFA positive PNNs were identified; while in the
primary motor cortex PNNs contained all CSPGs (Ueno, et al., 2017a). Bcan
and vcan are found in PNNs throughout the CNS but are also enriched in the
perinodal ECM (Bekku, et al., 2012; Ueno, et al., 2017a; Irvine and Kwok, 2018;
Bekku, et al., 2009; Dours-Zimmermann, et al., 2009). The perinodal ECM
condenses around the nodes of Ranvier and aids axonal conductance. The
perinodal net lacks acan but contains the other lecticans (Bekku, et al., 2009;
Dours-Zimmermann, et al., 2009; Bekku and Oohashi, 2011). It is beyond the
scope of this work but is reviewed by Fawcett and colleagues (2019). Bcan also
plays a specific role in the synaptic ECM of the calyx of Held, another form of
ECM that lacks acan (Blosa, et al., 2013).

As discussed, the link proteins, haplnl and hapln4, are essential in stabilising
CSPGs to the PNN. Hapinl is expressed in PNNs throughout the CNS (Carulli,
et al., 2007; Galtrey, et al., 2008; Carulli, et al., 2010). Hapln4 shows more
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selective expression. It is found in PNNs in the mid and hindbrain and is a core
component of the perinodal net (Bekku, et al., 2003; Bekku, et al., 2010).

There is heterogeneity in PNN composition throughout the CNS, both within and
between CNS regions. The concentration of components in the PNN also
varies, as shown by differing intensities (Blosa, et al., 2013; Ueno, et al.,
2017a). PNN intensity is dynamic, varying during learning tasks (Banerjee, et
al., 2017; Carulli, et al., 2020). The widespread heterogeneity in PNN
composition is at odds with the PNN’s role in restricting plasticity and is unlikely
to be completely incidental, as demonstrated by KO animals. This complexity
and variety instead might reflect different functions of the PNN which have yet
to identified.

3.1.1.9 PNN composition and function

The minimum necessary components for a PNN are HA, a CSPG and a link
protein (Kwok, et al., 2010). This is sufficient to create a dense, detergent
resistant barrier than can inhibit neurite outgrowth (Yang, et al., 2017).
However, as highlighted, there is significant variety in PNN composition
between brain regions. It is unlikely this heterogeneity is redundant but instead
reflects differences in PNN function.

CSPGs are an important component of the PNN and have glycan dependent
and independent roles (Beurdeley, et al., 2012; Dick, et al., 2013; Chang, et al.,
2010; Favuzzi, et al., 2017). Bcan has been shown to stabilise excitatory
synapses in PV neurons. Bcan stabilises AMPA receptors and potassium
channels on the cell surface (Favuzzi, et al., 2017). Bcan KO leads to a
reduction in excitatory synapses and plasticity deficit (Brakebusch, et al., 2002;
Favuzzi et al., 2017). Bcan knock-out also disrupts synaptic transmission in the
calyx of Held, in accord with its enrichment in these synapses (Blosa, et al.,
2015). Ncan KO leads to a reduction in inhibitory synapses and LTP deficit,
hinting at a corresponding role in inhibitory synapse stabilisation, although the
precise molecular mechanism has yet to be resolved (Zhou, et al., 2001,
Schmidt, et al., 2020). However, while a specific role for bcan has been
identified; the specific roles for other CSPGs have yet to be determined. If these
can be resolved, then the reasons for PNN heterogeneity can be properly
understood.

There is genetic linkage between the four link protein family members and
lecticans: haplnl/vcan, hapin2/bcan, hapln3/acan, hapln4/ncan (Spicer, et al.,
2003). This raises the possibility of preferential binding between hapins and
CSPGs. However, hapln/CSPG binding interactions have not been

systematically tested and knock-out animal data does not neatly fit with this
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hypothesis. All haplns are expressed in the brain but only hapinl and hapln4
have been shown to localise to the PNN (Spicer, et al., 2003; Carulli, et al.,
2010). HaplIn2 localises to the perinodal net where it interacts with vcan
(Oohashi, et al., 2002). HapiInl is a key CSPG stabiliser in PNNs as knock-
down leads to the loss of several lecticans from the PNN in the cortex (Carulli,
et al., 2010; Kwok, et al., 2010). This role is not conserved in the lower brain
regions where it is restricted to acan stabilization (Bekku, et al., 2012). Hapln4
is found in cortical PNNs but KO does not produce a cortical PNN deficit
(Bekku, et al., 2012; Rowlands, et al., 2018). HapIn4 is indispensable for bcan
PNN localisation in the hindbrain and in the calyx of Held (Bekku, et al., 2012;
Popelaf, et al., 2017). Hapln4 KO also caused a reduction in pcan and ncan
PNN staining in the hindbrain. Functionally hapln4 KO decreased GABAergic
synapse stabilisation in the DCN (Edamatsu, et al., 2018). However, CSPG
staining was not investigated by Edamatsu et al. (2018) so it is not known how
hapln4 KO led to the synaptic deficit. Together, this hints at a regional
dominance of haplins, hapinl in the cortex and hapln4 in the hindbrain.

An in vitro neuronal PNN model would provide a platform to investigate the
effect of PNN components on function. There are several advantages to PNN
culture model: cost, time, ease of manipulation through genetic manipulation.
While the effect on behaviour cannot be investigated it would allow the
molecular mechanisms to be determined with high resolution. Previous in vitro
PNN cultures have established the contribution of glia and neuronal activity to
PNN formation (Dityatev, et al., 2007; Giamanco and Matthews, 2012; Geissler,
et al., 2013). Some of the cultures have exhibited reticular morphologies but
many have presented with punctate PNNs. A prerequisite of this model would
be the replication of mature PNN heterogeneity. Once established it could also
be used to investigate the role of the PNN in PD disease mechanisms.

3.1.2 Chapter aims

The aim of this chapter is to establish and characterise a mature, reticular PNN
culture. Cortical neurons will be used as cortical PNNs have been well-
characterised in vitro. | will determine when the PNN develops and matures in
vitro and when key PNN components, haplnl and acan, localise to the PNN. |
will then correlate this with PNN morphology as revealed by these stains and
WFA. Once a reticular culture has been established then the mature culture will
be characterised and the CSPG composition will be determined. Whether these
CSPGs segregate with TnR and Hapln proteins will also be investigated.
Establishing a mature PNN culture will be of great benefit to the PNN field and
will allow investigation of the role of the PNN in aSYN seeding.
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3.2 Methods

3.2.1 Primary Cell Culture

For protocols on primary neuron and astrocyte culture please refer to section
2.2.

3.2.2 Immunocytochemistry

Neurons were fixed at room temperature in 4% PFA, 3% sucrose solution for 10
minutes. The cells were then washed in 3% sucrose then permeabilised with
0.01% triton x-100 for 10 minutes. Non-specific binding sites were blocked by
incubation with 3% normal donkey serum (Sigma #D9663) in Tris buffered
saline (TBS) for 1hr at room temperature. The neurons were then incubated
with primary antibodies (table 2), diluted in blocking solution, overnight at 4°C.
The following day the neurons were then washed with TBS and incubated with
the appropriate secondary antibodies, diluted in blocking solution, for 2 hours at
room temperature. They were then washed in TBS and mounted onto
SuperFrost microscope slides (Fisher Scientific Ltd #10149870) using
Fluorsave (Merck #345789).

3.2.3 Microscopy, quantification, and statistics

Coverslips were imaged on either LSM880 confocal microscope (Zeiss) with
20x and 63x objectives or AxioScan Z.1 Slidescanner (Zeiss) with a 20x
objective. The Slidescanner was operated by the Bioimaging facility. For
confocal, coverslips were imaged with 20x objective and tile-scanning for
guantification of PNN morphology and components. High resolution images
were created by z-stack imaging with 63x objective. A projection image was
then created using max intensity plugin on ImageJ. For the slidescanner, tile
images with 20x objective were taken and stitched to provide entire coverslip
image. Filters were set to ensure no overlap between channels. PNNs were
identified and counted based on morphology. Coverslips are from two rats,
some coverslips were excluded due to poor viability. Total PNNs per coverslip
were calculated. Punctate and reticular PNNs were classified by morphology by
the observer. Data are mean of coverslips with standard error of the mean
used. OriginPro 2019b was used in graph creation and statistical analysis.
Tests for significance (p<0.05) were performed using one-way analysis of
variance (ANOVA) with Tukey’s post hoc test.
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3.3 Results

3.3.1 Formation of PNNSs in vitro

Previous studies have shown that it is possible to culture PNN neurons in vitro
from rodent embryos (Miyata, et al., 2005; Dityatev, et al., 2007; Geissler, et al.,
2013). Therefore, we aimed to establish an in vitro PNN culture to test whether
the PNN conferred resistance against aSYN seeding.

We first investigated the morphology of PNNs formed in the long-term neuronal
culture model. One key limitation in previous cultures is that the PNNs only
developed a punctate morphology; this does not replicate the reticular structure
seen in vivo (Miyata, et al., 2005; Dino, et al., 2006). We have previously
hypothesised that the punctate morphology represented an immature PNN
phenotype and that they would develop into the ‘mature’ reticular phenotype
over time (Richter, et al., 2018).

We thus cultured the neurons for up to 56 DIV allowing the development of
potential mature morphology. We stained the rat neuronal culture with WFA at
several different time points to track PNN development. At DIV14, not shown,
some weak punctate staining was seen on a few neurons. However, at DIV21,
WEFA positive puncta became more common and resembled the punctate PNNs
seen elsewhere (Miyata, et al., 2005). This staining grew in intensity and
coalesced into a mature, reticular PNN morphology as the culture aged (Fig.
5A). At DIV35 the PNN morphology transitioned from an immature to a mature
phenotype. By DIV55 mature, reticular PNNs were the majority morphology.
This supports the hypothesis that PNNs develop from an immature, punctate
morphology to a reticular morphology (Richter, et al., 2018).

Characterisation of the culture revealed that only 7.6 + 1.1% of neurons had
reticular PNNs at DIV56 (Fig.5B). This is comparable to the proportion of PNN
neurons in the cortex in vivo (4-10%) (Bruckner, et al., 1999; Mueller, et al.,
2016). In our culture, parvalbumin positive neurons were the predominant
subpopulation of PNN ensheathed neurons (PV positive PNN neurons: 62.5 +
0.075%), accounting for roughly two thirds of the PNN population (Fig.5C).
Again this is comparable with the population of PNN neurons in the frontal
cortex (Ueno, et al., 2017a). Together this demonstrates we have established a
PNN culture model that that accurately replicates the cortical PNN population
seen in vivo. Furthermore, this model provides a platform from which to observe
PNN maturation.
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Figure 5: Formation of PNN in
vitro

A. Representative images of WFA
reactive PNNs across several time
points in rat neuronal culture.
PNNs began to appear at DIV30
with a punctate appearance. The
WEFA staining began to coalesce
at DIV35 to a reticular
morphology. By DIV56 the PNNs
showed the mature reticular
morphology seen in vivo. Scale
bar is 20 um. B. Quantification of
neuronal culture. Neurons were
counted and the proportion of
WEFA positive neurons (PNN
positive) was determined for N= 3
rats, n= 3534 neurons. C. The
perineuronal neurons were
quantified to determine what
proportion were parvalbumin
positive neurons, around 60% of
PNN neurons are parvalbumin
neurons. D. Representative image
of parvalbumin positive neurons at

DIV42. Scale bar is 20 pm.



3.3.2 Appearance of PNN components during PNN development

We have established an in vitro cortical PNN model which also models PNN
development. The PNN is a composite structure, containing several different
classes of molecules. Previously in our group we have created an in vitro PNN
model using HEK cells and have shown that hapinl, acan and HA are sufficient
to create a PNN-like structure (Kwok, et al., 2010). Furthermore, hapinl and
acan are major PNN components in the cortex as knock out animals show
cortical PNN deficits (Rowlands, et al., 2018; Carulli, et al., 2010). Therefore, we
wanted to define when haplnl and acan appeared during PNN development.
The components were stained for at different time points during in vitro PNN
development. Staining for the protein would also reveal what morphology it
manifested as and at what time points, furthering our knowledge of PNN
maturation.

WEFA stained a consistent proportion of PNNs across all time points, showing no
significant differences between proportion of PNNs stained (WFA positive
neurons: DIV21: 71.3 £ 9.8%, DIV28: 58.4 + 9.4%, DIV35: 71.2 + 13.2%,
DIV56: 86.9 £ 8.8%) (Fig. 6A). This indicates that, in contrast to other PNN
glycan epitopes, the glycosylation pattern detected by WFA is conserved across
PNN development (Kitagawa, et al., 1997; Foscarin, et al., 2017; Nadanaka, et
al., 2020). While acan positive PNNs were detected at DIV21 they were the
minority (19.1 + 11.9%). The number of acan positive PNNs significantly
increased by DIV28, more than doubling to account for 52.5 + 5.6% of all PNNs
(Fig. 6B). The proportion of acan positive PNNs was significantly higher at
DIV56, where acan stained the majority (94.3 £ 6.5%). Interestingly, the WFA
positive PNN proportion was much higher than the acan proportion at earlier
time points indicating that WFA epitope was not carried by glycosylated acan as
has been previously suggested but by a different CSPG (Fig. 6A vs. B) (Miyata,
et al., 2018). The proportion of PNNs positive for hapinl remained consistent for
the first 35 days of culture, accounting for 29.2 + 9.8% of PNNs (Fig. 6C). By
DIV56 the proportion of PNNs positive for hapInl had significantly increased,
more than doubling, accounting for 77.4 + 15.7% of PNNSs. It is unknown what
triggers this rise. The Haplns are a core component of PNNs and knock out of
Haplnl or Hapln4 leads to impaired PNNSs in the brain (Carulli, et al., 2010;
Bekku, et al., 2012). It is therefore unlikely that the PNNs in our culture lack any
Hapln protein, therefore it is possible that up to DIV56 another Hapin is
predominant in the PNN before a transcriptional switch to hapinl.
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Figure 6: Development of PNN components in vitro

Quantification of in vitro PNNs positive for components (HAPLN1, ACAN and WFA) across
different time points as determined by immunofluorescence. Data are mean with SEM, N=5
cultures from 3 rats. Number of neurons counted for each time point: DIV21= 882, DIV28= 496,
DIV35=433. Significance was determined by one-way ANOVA (p<0.05) A. Quantification of
WFA positive PNNs during culture development. WFA staining accounts for a consistently high
proportion of PNNs at all-time points. B. Quantification of ACAN positive PNNs during culture
development. ACAN positive PNNs increase as the culture ages. ACAN localises to a minority
of PNNs at DIV 21 but significantly increases by DIV28. ACAN positive PNNs account for 94%
of PNNs at DIV56. C. Quantification of HAPLN positive PNNs during culture development. For
the first 35 days of culture the proportion of HAPLN1 positive PNNs remain consistent at
roughly a third of the total PNN population. However, at DIV56, when the PNNs are mature, the

population significantly rises to 75% of PNNs.

3.3.3 Two routes of PNN maturation

In our in vitro PNN culture we have identified two PNN morphologies: punctate
and reticular. We quantified the proportions of each morphology at the different
time points and which component stain manifested as each morphology. The
punctate morphology accounted for the majority of WFA positive PNNs at
DIV21 (78 £ 2.0%). The proportion of punctate PNNs consistently dropped over
the following time points, only accounting for 14% of PNNs at DIV56 (Fig. 7A). A
similar trend was seen for acan (Fig. 7B). This clear morphology transition
provides further evidence for the PNN maturation hypothesis, where an
immature punctate morphology coalesces to a mature reticular phenotype.

Interestingly, hapinl positive PNNs were seen at all-time points but they
exhibited a reticular morphology throughout (Fig. 9). This was in direct contrast
to acan and WFA which appeared punctate at earlier time points. At the earliest
time point these reticular PNNs were negative for WFA and acan. While the
punctate PNNs were invariably negative for haplnl (Fig. 8). This reveals that
there is a subset of PNNs that present with a mature morphology at a much
earlier time point and have a different composition. These PNNs shall be
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referred to early mature PNNs. It is possible that these PNNs form on a different
neuronal subtype. 37.5% of PNNSs in our culture were not reactive for
parvalbumin (Fig. 5C). This fraction is the similar size to the proportion of early
mature PNNs
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Figure 7: PNN morphology transitions from punctate to reticular over time

A. Quantification of WFA PNN morphology at different time points in neuronal culture. The
organisation of WFA staining changes from a majority discrete, punctate staining at DIV21 to a
majority of contiguous, reticular staining as the culture at DIV56. Data are mean with SEM, N=5
cultures from 3 rats. Number of neurons counted for each time point: DIV21= 616, DIV28= 285,
DIV35= 319, DIV56= 391 B. Quantification of ACAN morphology at different time points in
neuronal culture. The transition mirrors that of WFA. Data are mean with SEM, N= 5 cultures
from 3 rats. Number of neurons counted for each time point: DIV21= 67, DIV28= 237, DIV35=
233, DIV56=434.

and could therefore be the early mature PNN neurons. This would indicate that
PNNs on different neuronal subtypes mature at different rates.

Punctate PNNs were only WFA positive at DIV21. Acan commonly localised to
the punctate PNNs at DIV28, where it then partially colocalised with WFA
staining (Fig. 8). By DIV35, both acan and WFA signal and colocalization had
increased, though it remained punctate in ~25% of PNNs (Fig. 7). This increase
in colocalization indicates a CSPG transition for acan to become the
predominant source for WFA signal in the PNN during maturation. For early
mature PNNs, acan staining also began to appear at DIV28 (Fig. 9). This was
accompanied by WFA and was reticular in nature. The intensity and extent of
staining increased as the culture aged (Fig. 8). The distinct recruitment of acan
and WFA to haplnl positive or negative PNNs raises the question of whether
there are two routes of PNN maturation: (1) the appearance of ‘nascent’
punctate PNNs followed by their subsequent maturation and; (2) a transition in
component expression in pre-existing, haplnl positive PNNs. It could also be
that the maturation switch we observe could be due to the pruning of existing
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punctate, WFA positive PNNs as the culture ages rather than their development
into mature, reticular PNNs. To resolve this the PNN population percentage
should be determined against the total neuronal population. If a percentage
decrease is seen as the PNN matures it would suggest pruning of PNNs.

Punctate
DIV 21 DIV 28 DIV 35

Figure 8: Recruitment of ACAN to WFA positive PNN

Representative immunofluorescence images of rat cortical in vitro PNN neurons across several
time points. At DIV21 PNN first forms as small WFA positive puncta. At DIV28 the puncta are
enlarged and ACAN has started localising to the PNN. At DIV35, the last time point before
reticular PNNs become the majority morphology, the staining intensity has increased and the

number of puncta has increased.
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Figure 9: Recruitment of PNN markers to hapIlnl positive PNNs

Representative immunofluorescence images of rat cortical in vitro PNN neurons across several
time points. At DIV21 the only reticular PNNs found are only positive for HAPLN1. By DIV28
weak ACAN and WFA reticular staining can be seen. The intensity of WFA and ACAN increases
as the culture ages. At DIV56 the PNN staining has fully condensed and mature, reticular PNNs

are the majority morphology.
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Figure 10: Comparison of WFA and CSPG
staining of mature DIV56 in vitro PNNs

A. Mature in vitro PNNs display multiple CSPG
reactivities. ACAN, BCAN and NCAN were found to
localise to the same PNNs. The majority of these
PNNs were also reactive for WFA but a minority
showed no WFA reactivity, indicating altered
glycosylation. Representative immunofluorescence
images show PNNs at DIV56 that are reactive for all
CSPGs but have different WFA reactivity. B.
Quantification of PNN components at DIV56. WFA
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and WFA accounted for significantly more PNNs
than BCAN or NCAN as determined by one-way
ANOVA (p<0.05). Data bars are mean of coverslip
percentages with SEM. Data points are PNN
percentages for individual coverslips of 3 rats. C.
Breakdown of WFA positive PNNs by CSPG
reactivity. The majority of WFA positive PNNs are
positive for all CSPGs however a proportion are
only reactive for one or two CSPGs. Almost all
single CSPG PNNs were ACAN positive. For PNNs
that were positive for two CSPGs ACAN/BCAN was
the most common pairing. Data are mean

percentage of N=3 rats, n=457.
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«Figure 11: Heterogeneity of CSPGs localisation in PNNs

Representative immunofluorescence images of PNNs at DIV56 in rat cortical neuronal culture.
Arrow heads indicate PNNs of interest. A. ACAN and BCAN positive PNN. The majority of
ACAN/BCAN PNNs are also reactive for WFA. However, a minority do not present with WFA
signal, indicating an altered glycosylation profile. B. ACAN and NCAN positive PNNs. ACAN
and NCAN also colocalise to PNNs without BCAN. They formed a small minority of mature

PNNs at DIV56 and were all reactive for WFA. Scale bar is 50 pm.

3.3.4 The heterogeneity of mature PNNs

3.3.4.1 Acan, bcan and ncan are found in mature cortical PNNs in vitro

After establishing a mature PNN culture model which replicates the reticular
PNN morphology observed in the CNS, we wanted to determine if the mature
PNNSs replicated the diversity of PNN composition seen in vivo. This would
determine how accurate the in vitro PNN culture was to in vivo PNNs. We
stained mature DIV56 cultures for the CSPGs: bcan, ncan and vcan (Fig.10).
We did not detect vcan in our culture but bcan and ncan were detected. HABP
was also used to stain for the presence of HA in the PNN. HABP was found on
PNNSs in our culture and was also reticular in nature at DIV56. Bcan and ncan
both showed a reticular morphology and colocalised with acan and WFA
positive PNNs. While the majority of PNNs were positive for all components a
significant proportion lacked one or more of the components. WFA stained for
the majority of PNNs but 13.4 + 3.6% of PNNs lacked WFA staining, indicating
variability in PNN glycosylation (Fig.10b). Furthermore, among WFA positive
PNNs, 47.6 + 6.1% lacked one or more of the CSPGs, resulting in double or
single CSPG positive PNNs (Fig.10C). This heterogeneity is replicated in WFA
negative neurons (Fig.11). The heterogeneity among CSPG expression in
PNNs replicates what is seen in vivo (Ueno, et al., 2018a; Irvine and Kwok,
2018). Heterogeneity was also seen when CSPGs were co-stained for with TnR
but not with hapinl (Fig.12 and Fig. 13). The reason for this heterogeneity and
its functional implications are yet unresolved. This model replicates PNN
heterogeneity and therefore provides a platform from which to approach this
guestion.

3.3.4.2 Acan is the predominant PNN CSPG in mature cortical PNNs in

vitro

Quantification of the number of PNNs positive for CSPGs and WFA revealed
that WFA and acan stained the highest proportion of PNNs (86.6 + 9.5% and
94.3 = 7). They stained for a significantly higher proportion of PNNs than bcan
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and ncan, which were only found in ~50% of PNNs (Fig. 10B). Acan accounted
for the majority of double and single CSPG PNNs (Fig. 10C). Acan negative
PNNs accounted for less than 1% of WFA positive PNNs and less than 4% of
WFA negative PNNSs, further indicating that acan is a key PNN component in
our culture. As less than 1% of WFA positive PNNs were negative for acan it
strongly indicates that acan is the main bearer of the WFA epitope in mature
cortical PNNs. This is in agreement with in vivo data (Ueno, et al., 2017b).
However, as shown in the previous section, this is not the case during PNN
development where an unknown CSPG carried the WFA epitope. This data
shows that acan is the predominant PNN CPSG and is therefore the best pan-
PNN marker for this culture. However, the acan positive PNN proportion is not
significantly higher than the WFA positive proportion, indicating that both can be
used as PNN markers. This is in contrast to the spinal cord where a significantly
higher proportion of PNNs were identified with acan than WFA (Irvine and
Kwok, 2018). This further demonstrates the heterogeneity of PNNs across the
CNS and care should be used when choosing which markers to analyse PNN
populations.
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Figure 12: Mature in vitro PNNs contain hapinl

A. Representative immunofluorescence images of PNNs at DIV56 in rat cortical neuronal
culture. HAPLNL1 staining colocalised with all CSPGs antibodies. Scale bar is 50 um B.
Quantification of PNNs. Data are means with SEM. Data points are percentages of PNNs
counted per coverslip. N=6 coverslips, representing two rats, n=121 neurons.
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3.3.4.3 HapInl does not segregate with a single CSPG

Haplnl is a key component of cortical PNNs in vivo as knock-out animals show
disturbed PNNs with diminished acan and WFA staining (Carulli, et al., 2010).
Interestingly, the knockout of the related hapln4 does not lead to acan reduction
in the brainstem or cortex despite disruption of other PNN components (Bekku,
et al., 2012). This indicates that haplnl may have a specific role in stabilising
acan to the PNN and would help explain PNN heterogeneity as its presence
would determine acan localisation. If this is the case, then we should observe a
strong colocalization between acan and haplnl and the acan only positive
PNNs observed should be haplnl positive. However, we did not see this
segregation of haplnl with acan. While hapinl showed a strong reticular
morphology in mature PNNs (Fig. 12A) it did not segregate with acan or any
other CSPG (Fig. 12B). No significant differences between the percentage of
PNNs detected by PNN markers was observed. A higher proportion of BCAN
and NCAN positive PNNs was observed in Fig. 10B compared to Fig. 12B this
is due to the different denominator and method of imaging as the hapInl stain
was used to guide the imaging. All haplnl positive PNNs observed were
positive for all CSPGs, no single and double CSPG PNNs were observed as
with WFA staining. In our culture hapinl does not segregate with any single
CSPG and is only found in complex PNNs containing all CSPGs.

3.3.4.4 Tenascin R is a key component of mature PNNs in vitro

The precise role of TnR in the PNN has yet to be fully elucidated. It has roles in
PNN-mediated synaptic plasticity and is a putative PNN cross-linker (Bukalo, et
al., 2001; Morawski, et al., 2014). Therefore, we wished to determine whether
our in vitro PNN model contained TnR. If it was shown to be present, then our
model could be used to investigate the function of TnR in the PNN. As with
hapInl, we also wished to determine if TnR segregated with a specific CSPG as
this would improve our understanding of the molecular underpinnings of PNN
heterogeneity. We stained mature PNNs at DIV56 for TnR and the CSPGs then
imaged and quantified the number of PNNs. TnR staining was used to guide
imaging. TnR was found in 80.6 + 3.7% of PNNs but a proportion of PNNs were
TnR negative (Fig. 13A and B). Unlike haplnl, a proportion of TnR positive
PNNs were not positive for all CSPGs (Fig. 13C and Fig. 14). Ncan only/TnR
positive PNNs were not observed in the culture (Fig. 13C). Ncan also
recognised a significantly smaller proportion of PNNs than acan or bcan (Fig.
13B). Together this may indicate a preference of TnR for acan and bcan or a
lack of interaction with ncan. This is in contrast to the biochemical data where
TnR has been shown to interact with all PNN CSPGs (Aspberg, et al., 1997,
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Milev, et al., 1998). In summary we have shown that TnR is a major component
of mature PNNSs in our model. TnR has been posited as a putative PNN cross-
linker and as such could drive the transition between punctate and reticular
PNNSs. Therefore, in future our model should be used to determine when TnR
expression starts and if its appearance coincides with PNN maturation.
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Figure 13: A high proportion of in vitro PNNs contain tenascin R

A. Representative immunofluorescence images of PNNs at DIV56 in rat cortical neuronal
culture. Both TnR positive and negative PNNs were found in the culture. Tenascin R colocalised
with all CSPG staining. Scale bar is 50 um. B. Quantification of mature PNNs at DIV56. Data
are means with SEM. Data points are sum of PNNs counted per coverslip. N=6 coverslips,
representing two rats, n= 169 neurons. C. Pie chart breakdown of TnR positive PNNs. The
majority of TnR positive PNNs contained all CSPGs. For single or double CSPG PNNs TnR

segregated with BCAN. Data are sum of all PNNs counted across 6 coverslips (3 per rat).
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Figure 14: Heterogeneity among TnR positive PNNs

Representative images of PNNs from DIV56 rat neuronal cortical culture. Scale bar is 50 um A.
Double CSPG PNNs are also positive for TnR. C. Single CSPG PNNs are positive for TnR.
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3.4 Discussion

3.4.1 Summary of results

We have developed an in vitro neuronal culture which develops mature cortical
PNNs. WFA reactive PNNs appear around DIV21 and are punctate in nature.
Between DIV28-35, the staining coalesces as the culture ages into a mature,
reticular morphology. By DIV56 the reticular morphology is the predominant
population, accounting for 90% of PNNs, and replicates PNN morphology in the
mature CNS. We have shown that WFA is the best marker for tracking PNN
development as it stains the majority of PNNs at all-time points. Acan, the
predominant CSPG found in cortical PNNs, appears later in PNN development
than WFA and haplinl, but localises to the majority of mature PNNs. We have
identified two distinct populations of PNNs during development; punctate, WFA
positive PNNs (immature) and reticular, haplnl positive PNNs (early mature).
This distinction disappears as the culture matures and shows not all PNNs
mature at the same rate. We characterised the composition of mature PNNs at
DIV56. We found they contained hapinl, TnR and a variety of CSPGs. Vcan
and pcan were not detected in our culture at DIV56 but bcan, acan and ncan
were identified.

There are conflicting reports regarding pcan and vcan expression in the PNN in
vitro. Vcan PNN expression was identified in rat hippocampal neurons at DIV21,
while we did not observe it our cortical culture at DIV56 (John, et al., 2006).
Pcan PNN expression was not found at DIV30 in rat cortical cultures while it has
been identified at DIV21 by a different group (Miyata, et al., 2005; Giamanco, et
al., 2010). These discrepancies can be explained by temporal and spatial
heterogeneity. Vcan PNN expression varies between brain region, with higher
expression in the hippocampus than the parietal cortex (Ueno, et al., 2017a;
Gao, et al., 2018). Temporal variation in expression has been demonstrated in
this culture and elsewhere. Pcan PNN expression has been shown early in PNN
development (Hayashi, et al., 2005; Galtrey, et al., 2008). It is likely both
CSPGs are present within our culture but at an earlier time point.

We found there was considerable heterogeneity within the PNN population
regarding WFA reactivity, the CSPGs they contained and whether they
contained TnR. In summary we have established a PNN culture model that
accurately replicates the PNN heterogeneity and complexity seen in the cortex.
We observed the progressive maturation of PNNs in culture and thus have
established a platform that PNN maturation can be studied and manipulated.
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3.4.2 Maturation of the PNN in vitro

3.4.2.1 Identification of an early mature PNN population

WEFA reactivity started appearing at DIV21 in our culture and was punctate in
appearance, accounting for roughly 71.3 + 4.9% of PNNs. A haplnl positive
reticular PNN population was also observed which accounted for the remaining
PNNs. They are distinct populations due to the minimal overlap between the
staining (hapln positive/WFA positive: 3.38 £ 2.2%, WFA positive/hapln positive:
8.0 £ 3.1%) compared to the proportion of WFA positive PNNs that were acan
positive at DIV21. As the culture matured the colocalization of acan, haplnl and
WEFA significantly increased. The identity of this population was not resolved
during this project but is likely that they are non-PV neurons as the proportion of
PNN neurons that were not PV neurons was also around 30%. In the cortex the
other population of PNN neurons are pyramidal neurons (Brickner, et al.,
2004). Reticular PNNs have been shown to form on cortical pyramidal neurons
in vivo (Hausen, et al., 1996; Wegner, et al., 2003; Alpér, et al., 2006).
Excitatory circuits typically mature before their inhibitory counterparts and help
drive their maturation in the cortex (Lodato, et al., 2011). The earlier maturation
of excitatory neurons could therefore explain the early appearance of mature
PNNs.

3.4.2.2 PNN maturation correlates with rising acan localisation

During development, the PNN transitions from a punctate to a reticular
morphology (Ueno, et al., 2017b; Richter, et al., 2018; Rogers, et al., 2018). In
our culture we can observe PNN maturation as a punctate morphology gives
way to a reticular. The punctate form has also been shown in other neuronal
cell culture models at similar time points in vitro, but this is the first time the
transition to a reticular morphology has been shown (Miyata, et al., 2005;
Dityatev, et al., 2007; Van'’t Spijker, et al., 2019). We observed that PNN
maturation enters a key point between DIV28-35 as this is when the PNN
population switches from the immature state to the mature. In our culture we
see acan signal increases during maturation, indicating a role in maturation.
This mirrors what is seen in vivo. mMRNA expression of Aggrecan also increases
during PNN maturation in several CNS regions, including the parietal cortex
(Carulli, et al., 2007; Galtrey, et al., 2008; Gao, et al., 2018). While HA was
identified on PNNs in our model we did not investigate the expression of HAS
isoforms during development. This should be investigated and HAS expression
manipulated to determine whether HAS overexpression would lead to the
development of a continuous PNN film.
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There are multiple pathways for PNN maturation. A reticular film arises from the
interaction between polymer density and attraction and therefore the
morphology can be achieved through different contributions of either. It is most
likely that the maturation process is caused by multiple mechanisms working in
concert. The degree of contribution by each mechanism may change with CNS
region and the PNN neuron subtype. For example, in our culture we observed a
small proportion of reticular PNNs at DIV21 that were haplnl positive/WFA-.
This early mature population must therefore be maturing at a different rate,
hinting at a distinct maturation mechanism from other cortical PNNs and that
hapInl expression is linked to morphology maturation. The advantage of our in
vitro culture is that it models the maturation of PNN closely and provides a
platform from which these questions can be resolved. This is because in vitro
culture models allow for the fine manipulation of PNN components through
silencing or addition of the components. This can be achieved with a higher
temporal resolution than in vivo models. For example, while TnR expression
was shown in PNNs at DIV56, its expression during maturation was not
investigated. Determining when TnR expression begins and whether it only
appears on reticular PNNs will help resolve if TnR is involved in PNN
maturation. Furthermore, we can investigate if PNN maturation can be
accelerated by the addition of putative maturing agents (i.e., TnR or Sema3A)
or through neuronal activity (e.g., plating on multiple electrode arrays).
Improving our understanding of PNN maturation will inform our understanding of
why PNN formation fails in developmental disorders (e.g., schizophrenia and
epilepsy) and provide avenues by which to correct the deficit. It will also provide
us the tools by which to reopen plasticity in the CNS. This could have huge
implications for conditions such as spinal cord injury or stroke.

3.4.3 PNN heterogeneity: clues to different functions

To create a PNN only three classes of components are needed: membrane
bound hyaluronan, a link protein and a CSPG (Kwok, et al., 2010). However,
there is redundancy within the classes as multiple HAS isoforms, link proteins
and CSPGs have been found in the PNN in vivo. PNN binding molecules such
as TnR, Sema3A, pentraxin 2 and others have also been identified and their
removal affects PNN structure (Fawcett, et al., 2019). What effect this
heterogeneity has on PNN function is unresolved. Currently the best way to
address this question is through the creation and study of PNN component
knock-out animals. This is a costly and intensive process. Also it may have
unanticipated effects beyond the PNN as many of the PNN components, while
enriched in the PNN, are found throughout the CNS and beyond and have

PNN-independent roles (Deepa, et al., 2006; Xu, et al., 2014). An accurate in
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vitro PNN model several advantages of: reduced costs, easy, transient genetic
manipulation, and circumvent the risk of confounding non-PNN related effects.
However, as with any model, the reductive nature of an in vitro PNN model
could remove the very complexity that was to be studied. Therefore, we needed
to establish that our in vitro PNN model could replicate in vivo PNN
heterogeneity. We have shown that our model contains PNN heterogeneity in
CSPG and TnR localisation and glycosylation state.

3.4.3.1 A WFA negative PNN population

The PNN marker WFA stained the majority of mature PNNs but a significant
proportion of PNNs were WFA-. This shows variation in PNN glycosylation in
culture. The glycosylation of the PNN, or GAG code, has been shown to have
important effects on PNN function. The 6S:4S ratio modulates the inhibitory
nature of PNN (Dou and Levine, 1995; Loers, et al., 2019). 4S rises through
development and is inhibitory while 6S is permissive (Kitagawa, et al., 1997).
The WFA lectin has been shown to bind to unsulphated chondroitin and CS-E,
which are both enriched in the PNN (Deepa et al., 2006; Nadanaka et al., 2020,
unpublished data). CS-E is important for BDNF, Otx2 and Sema3A (Gama, et
al., 2006; Beurdeley, et al., 2012; Dick, et al., 2013). WFA has been regarded
as the pan-PNN marker though our data and recent literature has shown that it
is not universal (Irvine and Kwok, 2018; Ueno, et al., 2018). The existence of
WFA negative PNNs therefore posits a PNN population lacking CS-E and
therefore unable to bind several molecules important for PNN function (e.qg.,
Sema3A, Otx2). This hints at both an altered function and a different maturation
mechanism for this population of PNN neurons and warrants further
investigation.

The CSPG acan has been shown to be the main bearer of the WFA epitope in
the mature CNS (Irvine and Kwok, 2018; Miyata, et al., 2018). Our model
replicates this as acan is the predominant CSPG in WFA positive PNNs.
Interestingly, we have found that this is not the case during PNN development.
While WFA stains a consistent proportion of PNNs throughout development; the
proportion of PNNs that are acan positive is much lower. Furthermore, at earlier
time points we observed segregation between acan and WFA within the PNN,
this segregation disappeared by DIV56. This indicates another CSPG bears the
WFA epitope early in PNN development. There is then a transition as acan
expression rises as the PNN matures, seen by the increased colocalization of
the acan and WFA PNN populations. The identity of this CSPG was not
resolved in this study but previous work has shown that ncan and pcan
expression peaks early in PNN development and could bear the WFA epitope
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(Hayashi, et al., 2005; Miyata, et al., 2005; Dino, et al., 2006; Galtrey, et al.,
2008; Gao, et al., 2018). Therefore, WFA colocalization with other CSPGs
should be investigated.

3.4.3.2 Heterogeneity in CSPG expression between PNNs

Multiple CSPGs have been identified in the PNN and CSPG expression is not
uniform across the PNN population in the CNS (Irvine and Kwok, 2018; Ueno,
et al., 2017a). This was replicated in our culture: 50% of PNNs only expressed
one or two of the CSPGs stained for and only 50% of PNNs contained bcan or
ncan; while the majority of mature PNNs contained acan. Furthermore, CSPG
expression changed during development as acan expression rose indicating
temporal heterogeneity. Why does such spatial and temporal heterogeneity
exist?

If the sole function of the PNN is to provide an inhibitory barrier to plasticity then
the role of CSPGs is to bear inhibitory GAG chains. The number of GAG
attachment sites vary between CSPGs. Acan has 120 GAG attachment sites
while ncan and bcan have 7 and 3 respectively (Yamaguchi, 2000). This could
then explain the increase in acan in maturation as it would increase the GAG
capacity of the PNN. This, coupled with the rise in 4S, would create a more
inhibitory PNN as is seen in vivo (Foscarin, et al., 2017). However, this
assumes the core protein of the CSPG is incidental beyond providing GAG
attachment sites. CSPG knock-out animals challenge this assumption and
indicate a specific role for CSPGs which require the core protein. Favuzzi et al.
(2017) established that bcan specifically stabilises excitatory synapses on PNN-
bearing PV neurons. Ncan may play a similar stabilisation role for inhibitory
synapses; knock out in the medial nucleus of the trapezoid body led to a
selective decrease in inhibitory synapses and altered synaptic transmission
(Schmidt, et al., 2020). This highlights a specific role for individual CSPGs in the
PNN, although whether it is mediated by the protein core or the GAG chains
has yet to be resolved.

Interestingly, CSPGs may regulate PNN development through regulation of the
MRNA of other PNN components. In the ncan”- animal hapinl and bcan mRNA
levels were reduced while acan was spared. Similarly, in an acan”- animal led to
a reduction in other PNN component expression (Rowlands, et al., 2018).
However, in neuronal cultures from the cmd animal hapinl PNN staining was
preserved indicating variability between models. PNN component expression
was not tested in the bcan’- animal so it is not known whether it also exerts a
regulatory effect. How CSPGs may regulate the expression of other PNN
components has not yet been explored. This could be easily tested in our
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culture through transient CSPG silencing and mRNA analysis at different time
points in the culture.

3.4.3.3 HapInl does not segregate with a specific CSPG

When the hapln family were first identified it was noted that each member
showed genetic linkage to a lectican gene (Spicer, et al., 2003). This led to the
hypothesis that each hapln protein had a preferential CSPG partner. This
hypothesis would other a neat explanation to the apparent redundancy within
the hapln family but has yet to be proved. Data from hapln knock-out animals is
conflicted. HapIn1” resulted in the loss of all CSPGs from cortical PNNs,
despite the fact hapln4 is also found in cortical PNNs (Bekku, et al., 2003;
Carulli, et al., 2010; Rowlands, et al., 2018). The protein expression of the
CSPGs was conserved in the knock-out, indicating it was the structure the
components bound to rather than the components themselves that was lost
(Carulli, et al., 2010). This would indicate there is no specific hapln/CSPG
pairing. However, in the hapln4”- animal bcan expression was completely lost
from cerebellar PNNs, while haplnl/acan localisation was unaffected. Also,
ncan was only partially affected (Bekku, et al., 2012). This indicates a
preferential pairing between hapinl, ncan and acan. This would indicate a
specific pairing between hapln4/bcan in the cerebellum but it is in contrast to the
visual cortex where hapinl”- caused ablation of bcan localisation to the PNN
(Carulli, et al., 2010). In our cortical culture we saw no segregation of hapinl
with a single CSPG. Instead, it was only found in PNNs with all three CSPGs.
This agrees with the hapln1”- mouse model which also showed no preference.
This shows that there is no specific pairing of hapinl with a CSPG in the cortex.
However, this does not reconcile with what is seen in cerebellar PNNs which
indicates organisational differences between PNNs in different CNS regions. To
resolve this the biophysical interactions between haplns and CSPGs should be
systematically screened. This would resolve whether there is specific
hapIn/CSPG pairing.

3.4.4 TnR localises to mature PNNSs in vitro

TnR is a necessary component of PNNs as its removal leads to punctate and
reduced PNNs (Brtckner, et al., 2000; Haunsog, et al., 2000; Morawski, et al.,
2014). This is reminiscent of the immature punctate PNNs seen in our culture
and in vivo. TnR stained a high proportion of PNNs and seemed to segregate
from ncan as no TnR positive/ncan only PNNs were identified. This is
interesting as an interaction between ncan and TnR has been demonstrated
(Aspberg, et al., 1997). Further contributors to PNN/CSPG diversity is the

existence of CSPG splice variant and post-translational cleavage products. The
72



segregation between ncan and TnR may arise from ncan lacking the requisite
G3 domain. This can be investigated via Western blot of PNN ncan (Deepa, et
al., 2006)

We did not investigate the expression of TnR during development in our culture.
TnR expression during development has been investigated in both the
cerebellum and spinal cord. In both CNS regions expression peaked during
development before decreasing as the animal reaches adulthood (Carulli, et al.,
2007; Galtrey, et al., 2008). However, it has not been investigated in the cortex
and due to the established heterogeneity between PNN populations this should
be investigated. Our culture provides the opportunity to investigate ThR
expression during cortical PNN maturation and answer the question whether a
TnR expression peak coincides with the switch from punctate to reticular PNNs.
If TnR is expressed at DIV21 in the early mature PNN population but not the
punctate population then it would provide strong evidence that TnR catalyses
cortical PNN maturation.
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3.4.5 Conclusions and future directions

The aim of this chapter was to establish an in vitro PNN culture model that
accurately modelled mature PNNs as they are seen in vivo. We have
succeeded in this aim. The PNNs in this culture replicate the mature, reticular
morphology seen in the mature CNS. We have also shown that the PNNs
contain the PNN components seen in the cortex: the CSPGs, acan, bcan and
ncan, hapinl and TnR. The in vivo PNN heterogeneity is also replicated. The
reasons underlying this heterogeneity are unresolved but our culture provides a
platform from which to investigate this question through transient knock-down of
components of interest. During the culture we observed PNN maturation. The
PNN coalesced from a faint punctate morphology to the mature, reticular
morphology seen in the adult CNS. Concomitant with this transition is a rise in
acan staining. Interestingly, we have found a PNN population that was reticular
at an earlier time point, indicating different maturation timeframes between
PNNs. What underlies the transition in PNN morphology is unknown but the in
vitro model can be used to answer this question as in vitro cultures can be
observed at granular detail and putative maturing agents can be used (TnR,
Sema3A, neuronal activity). Establishing a culture model which accurately
replicates PNN development and heterogeneity has great utility in PNN
research. It can provide answers on PNN biology as well as provide a platform
to investigate the role of PNNSs in disease. | will use this model to examine if the
PNN is a protective against a-synuclein seeding in Parkinson’s disease.
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Chapter 4 The PNN reduces aggregated aSYN species uptake
and p-aSYN pathology development

4.1 Introduction

Parkinson’s disease (PD) is a progressive, age-related neurodegenerative
condition that is estimated to affect over 10 million people world-wide (Tysnes
and Storstein, 2017). As discussed in chapter 1, due to the lack of disease
halting treatments and rising life expectancy, PD is set to become a modern
epidemic. Symptom appearance and progression can be linked to the
appearance of protein inclusions, called LP, in linked brain areas. This has led
to the staging of PD by Braak and colleagues (2004). The majority of sporadic
PD cases can be classified by this staging, although there are now a unified
classification system for all Lewy diseases (Dickson, et al., 2010; Adler, et al.,
2019). The main constituent of LP is misfolded a-synuclein (aSYN)
(Wakabayashi, et al., 1997; Spillantini, et al., 1997; Shahmoradian, et al., 2019).
Mutations and multiplications in the aSYN gene (SNCA) are causative for PD,
demonstrating the central role of aSYN in PD (Koros, et al., 2017).

4.1.1 aSYN internalisation and seeding

Misfolded aSYN can act as a prion-like agent and spread between neurons and
brain regions seeding further pathology, as demonstrated in patient grafts and
animal injection models (Kordower, et al., 2008; Li, et al., 2008; Desplats, et al.,
2009; Rey, et al., 2016; Kuan, et al., 2019). Seeding is the ability of specific
misfolded aSYN species to catalyse the transformation of naive aSYN to a
misfolded species, with the misfolded protein acting as a template. For seeding
to occur pathogenic aSYN species must be transmitted into naive neurons and
come into contact with the naive aSYN. This requires the pathogenic species to
be internalised by the neuron. Several transmission mechanisms have been
identified: neuron to neuron trafficking, either through synaptic connections or
tunnelling nanotubes; or by travel through the extracellular matrix (ECM), as
free aSYN or within exosomes (Danzer, et al., 2012; Masuda-Suzukake, et al.,
2014; Abounit, et al., 2016; Jiang, et al., 2017). Pathogenic aSYN is internalised
via RAB5a-mediated endocytosis (Sung, et al., 2001; Lee, et al., 2008b;
Desplats, et al., 2009; Bieri, et al., 2017). Several cellular receptors have been
identified; lymphocyte activated gene 3 (LAG3), neurexins, syndecans and
Cx32 (Shrivastava, et al., 2015; Mao, et al., 2016; Reyes, et al., 2019).
Receptor-mediated endocytosis results in aSYN in the endosomal-lysosomal
system where the majority is then degraded (Lee, et al., 2008a). However, a
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proportion of it escapes into the cytoplasm where it seeds aSYN aggregation
(Freeman, et al., 2013; Flavin, et al., 2017; Jiang, et al., 2017; Karpowicz, et al.,
2017). Many different species of aSYN aggregates that have been identified
and several distinct species have demonstrated seeding ability (Danzer, et al.,
2007; Bousset, et al., 2013; Peelaerts, et al., 2015). It is not yet resolved if there
is a single species responsible for seeding in PD or whether it is a mixture. The
blocking of transmission and seeding of aSYN has great therapeutic potential
as it targets disease progression rather than temporarily alleviating symptoms.

4.1.2 The PNN as a barrier preventing aSYN internalisation

The spread of LP is specific and conserved, indicating that specific factors must
regulate progression (Braak, et al., 2004). The connectome is one such factor
and can explain how LP moves from one brain region to another, but it is not
sufficient (Rey, et al., 2013; Oliveira, et al., 2019; Henrich, et al., 2020). Cellular
susceptibility is another factor which can predict pathology development
(Alegre-Abarrategui, et al., 2019). We are investigating what factors make
neurons resistant to aSYN seeding and LP development. In Alzheimer’s
disease, which also features prion-like seeding, the presence of a perineuronal
net (PNN) protects the neurons from B-amyloid toxicity and tau seeding
(Bruckner et al., 1999; Miyata et al., 2007; Suttkus et al., 2016). The PNN is a
dense form of ECM that forms around specific neuron populations. It is a
composite structure of GAGs and proteins, which together make a dense and
negatively charged structure that covers the neuronal soma and proximal
dendrites (Fawcett, et al., 2019). Its main function is to restrict plasticity in the
adult brain but a secondary function in neuroprotection has been elucidated
(Suttkus et al., 2016; Fawcett et al., 2019). The presence of a PNN protects
neurons from oxidative stress, iron toxicity and protein seeding (Miyata et al.,
2007; Cabungcal et al., 2013; Suttkus et al., 2014; Suttkus et al., 2016). These
processes have been identified in Parkinson’s disease (Belaidi and Bush, 2016;
Surmeier, et al., 2017a). The PNN could directly block aSYN seeding by
denying aSYN access to the cell membrane, a pre-requisite for its
internalisation. Therefore, the PNN will be investigated as a potential factor for
neuronal resistance in PD.

4.1.3 Aims of chapter

As shown in the last chapter, we have established the first in vitro rat neuronal
culture that develops mature, reticular PNNs. A weakness of previous in vitro
PNN cultures is they have used punctate, immature PNNs (Miyata, et al., 2007;
Dityatev, et al., 2007). While this has not prevented a protective effect from
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being identified, it is not modelling the PNNs as they appear in the aged brain
(Ueno, et al., 2018a; Rogers, et al., 2018). This culture, therefore, provides the
first time that the role of the PNN in aSYN transmission can be tested. The aim
of this chapter is to investigate if the PNN is a neuroprotective structure in PD.
This will be investigated in cell culture: first by using a PNN-HEK cell model and
then validating the results in primary neuronal culture. Two established and
distinct seeding species will be used as the main pathophysiological species
has not been resolved. The two species used will be: the seeding oligomer and
sonicated preformed fibrils (PFF) (Danzer, et al., 2007; Volpicelli-Daley, et al.,
2011). These structurally distinct species both induce seeding. The ability of
PNNs to block aSYN uptake and pathology development will be examined.
Together this work will determine if the PNN is a neuroprotective barrier in PD.
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4.2 Methods

4.2.1 Purification of a-synuclein

All purification was done in and with the kind support of the Leeds Protein
Production Facility. The pET-23a_aSYN was a kind gift from David P. Smith
from Sheffield Hallam University. The human a-synuclein sequence was
subcloned into pOPINS3C using the complimentary In-Fusion™ primers, where
the end of each sequence is complimentary to the empty pOPINS3C vector (F:
AAGTTCTGTTTCAGGGTCCCATGGATGTCTTCATG AAAGG, R:
CTGGTCTAGAAAGCTTTTACGCTTCTGGTTCGTAG). The pOPINS3C vector
contains: an N-terminal SUMO and 6 histidine tag to aid solubility and
purification. The tag can be cleaved from the protein of interest by a 3C
cleavage site (Fig. 15A). The PCR (NEB Q5 polymerase 2,000 U/mL, dNTPs,
Q5 enhancer, Q5 reaction buffer, NEB #M0491) was performed using the
following conditions: 35 cycles of 10s 98 °C, 20s 70 °C, 15s 72 °C then the
product ran on and excised from an agarose gel. The product was then ligated
into pOPINS3C vector using the NEBuilder HiFi DNA assembly, following
manufacturer’s instructions and at a 1:2 vector: insert ratio. The completed
reaction mixture was cleaned via incubation with 20 U Dpnl, transformed into
DH5-a E.Coli and plated on 100 pg/mL ampicillin, 20 pug/mL X-Gal. Successful
white colonies were then picked and grown in liquid overnight. A restriction
digest PCR of the clones was then performed as a quality control step before
they were sent off for sequencing (Eurofins).

The vector was then transformed into multiple bacteria strains to determine
which strain would give the highest yield. Bacterial strains (and antibiotics) used
were: Arctic (50 ug/mL gentamycin), Rosetta (50 pg/mL chloramphenicol),
Rosetta2 (50 pg/mL chloramphenicol), Rosetta-Gami2 (50 pg/mL
chloramphenicol and 25 pg/mL streptomycin), Shuffle-T7 Express (50 ug/mL
spectinomycin) and Lemo21 (50 ug/mL chloramphenicol). They were all grown
under ampicillin for selection of the plasmid. For the conditions for Lemo21
several L-Rhannose conditions were used (500, 1000, 1500, 2000 uM). The
strains were grown to OD600: 0.4-0.5 then induced with 0.1 mM IPTG and
grown at either 18 °C or 25 °C overnight. The next day the protein was
harvested using MangeHis purification on a MicroLab Star liquid handling
system (Hamilton). The Rosetta 2 strain, grown at 25 °C, gave the highest yield.

For large scale purification the protocol was scaled up. The resulting bacteria
were resuspended in cold low salt his buffer (20 mM Tris-HCI, pH7.6, 300 mM

NaCl, 20 mM Imidazole, 5% glycerol, 0.075% (B-mercaptoethanol) with protease
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inhibitor (400 pl per litre of culture of Proteoloc, Expedeon #44204) and lysed
using a cell disruptor (15,000 psi). Debris were removed via centrifugation
(6,000 x g, 15min, 4 °C). The pellet was then clarified of DNA (35,000 x g, 40
min). Unwanted protein contaminants were then precipitated by boiling (85 °C,
10 min) and removed by centrifugation at 16,000 x g, 20 min, 4 °C. a-synuclein
is an intrinsically disordered protein and so sample heating has no effect on
structure or a-synuclein produces the highest yield compared to other methods
(Coelho-Cerqueira, et al., 2013).

Purification of a-synuclein was performed on the Akta Pure (Cytiva) at 4 °C in a
cool cabinet. Initial purification was done using a Nickel column (5 mL Fast flow
HisTrap column, GE #GE17-5255-01) and elution with imidazole. Low salt his,
high salt his (with 500 mM NaCl) and elution (300 mM NacCl, 400 mM Imidazole)
buffers were used. The fractions were then probed for a-synuclein via gel
staining (Instant Blue protein stain, Stratech #ISB1L-EXP-1L). Briefly, fractions
were diluted 1:2 with SDS loading buffer (Laemmli buffer with 5% B-
mercaptoethanol), boiled for 3 minutes at 95 °C and loaded onto 4-20% Tris-
glycine gels (BioRad #4561096) then run at 200 V constant until sufficient
resolution was achieved. To determine protein size estimates, a prestained
protein ladder was run alongside (NEB #P7719).

The sample was then dialyzed (3 MWCO, Pierce #66130) against low salt his
buffer at 4 °C, overnight to remove excess imidazole. It was at this step the N-
terminal tag was removed using an in-house 3C protease (1:100, enzyme:
protein ratio). The sample was then purified using another nickel purification
step, using the same buffers. Fractions from the flow-through were then
collected and probed for a-synuclein. Positive fractions were then concentrated
using a 3K MWCO concentrator (Pierce #88514 or #88526) and centrifugation
(4,000G, 4 °C). The sample was concentrated to 2.5 mL and gel filtration
performed. Gel filtration of the sample was done using a 16/600 75 superdex
column (GE healthcare #GE28-9893-33) and 100 mM ammonium acetate
buffer, pH 7.0. Fractions of interest were then pooled and the concentration
determined by A280 measurement. The a-synuclein was then aliquoted and
lyophilized. Aliquots were stored at -80 °C.

4.2.1.1 Fluorescent labelling of a-synuclein

a-synuclein was fluorescently labelled using Alexa Fluor™ 488 NHS Ester
(Succinimidyl Ester) (ThemoFisher #A20000). The monomeric protein was
resuspended to 5 mg/mL in 0.1 M sodium bicarbonate buffer, pH 8.3. It was
then centrifuged at 10,000 x g, 4 °C for 10 minutes to remove any pre-existing

aggregates. 100 pg of the dye was added (10 mg/mL in DMSO) and the sample
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gently shaken for 1 hour, 200 rpm, in dark. Excess dye was then removed by
dialysis against 0.5 L sodium bicarbonate buffer, in dark at room temperature
for 4 hours. Samples were dialyzed using a 0.1 mL 2K MWCO slide-a-lyzer
cassette (ThermoFisher #11717539). The labelled protein was then recovered
and either subjected to aggregation or snap frozen and stored at -80 °C until
use.

4.2.2 Creation of pathogenic species

Before aggregating the a-synuclein, the monomer, once reconstituted, was
centrifuged at 10,000 x g, 4 °C for 10 minutes to remove pre-existing
aggregates. Seeding oligomers were created according to the Smith group
protocol (Taylor-Whiteley, et al., 2019). In brief, monomeric a-synuclein was
reconstituted to 0.1 mg/mL (7 uM) in aggregation buffer 1 (50 mM phosphate
buffer, pH 7.0, 20% EtOH), then shaken overnight at 1200 rpm, 21 °C. The
following day the oligomer was concentrated 10-fold using a 30K MWCO, 0.5
mL concentrator (Microcon #MRCFOR030), to remove monomeric protein. The
sample was centrifuged at 3,000 x g for 10-minute intervals. The concentrated
oligomer was then diluted to 0.01 mg/mL in media and added to the cells. This
was performed on the same day as concentrating. For fluorescently labelled
oligomers, Alexa-488 tagged a-synuclein monomer was used as starting
material and the oligomer covered to prevent bleaching.

For the creation of PFF, the protocol established by Volpicelli-Daley Group was
used (Patterson, et al., 2019). aSYN was reconstituted to 5 mg/mL in
Dulbecco’s PBS containing antibiotic-antimycotic (ThermoFisher # 15240062),
to prevent contamination. The sample was then shaken at 1000 rpm for seven
days at 37 °C. After this time the solution became cloudy- indicating fibrillization
had occurred. For fluorescently labelled PFFs, 10% of the monomer was
labelled with Alexa-488. After confirmation of fibrillization (sedimentation and
thioflavin T assays, and AUC) the PFFs were aliquoted, snap frozen, and stored
at -80 °C until use. Immediately prior to neuronal treatment the PFF was
thawed, diluted to 0.1 mg/mL in sterile PBS with antibiotic-antimycotic, and
sonicated to produce smaller fibrils. PFFs were sonicated on ice for 1 min, 30%
amplitude, 1s on, 1s off (Fisher-Scientific #FB120, 2mm tip # 12921181).

4.2.3 Atomic force microscopy

Sample preparation was performed at room temperature. Monomer and

oligomer samples were diluted to 1 uM in 20 pL in respective buffers and then

applied to freshly cleaved mica substrate for 1 min. 200 pL of ultrapure H20 was

added and the surface was washed through 10x serial ultrapure H20 washes
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(%2 volume changed each time). The sample was then blown dry with N2 ) and
stored in an air tight container. Samples were imaged with tapping mode on a
Multi-Mode 8 atomic force microscope (Bruker) using FESPA-V2 tips (Bruker)
(nominal resonance frequency fo = 50-100 kHz, nominal spring constant K = 1-5
N/m).

4.2.4 Quality Control of PFF

To confirm that the PFF protocol was successful and fibrillar species were
created two quality control assays were performed: sedimentation assay and
Thioflavin T aggregation assay. The assay protocols were taken from Patterson
et al. (2019).

4.2.4.1 Sedimentation assay

If the creation of PFFs had been successful, then they should sediment at lower
speeds than the monomer. Alongside the PFF and oligomer, a monomer
sample was run as a control. 5 mg/mL PFF was diluted 1:10 in PBS. The
samples were then centrifuged at 10,000 x g for 30 min at RT then the
supernatant transferred to a fresh microcentrifuge tube. The pellet was then
resuspended in fresh PBS- to the same volume as the supernatant. 4x Laemmli
buffer was then added to the samples, both pellet and supernatant. The
samples were then boiled at 95 °C for 10 min. They were then loaded on a 4-
20% Tris-glycine gel (BioRad # 4561096) and ran at 120 V until adequately
resolved. An AccuMarQ molecular weight marker was run alongside (Bradrilla
#A010-601). The proteins were then transferred onto 0.45 um PVDF membrane
(ThermoFisher #LC2005) using the wet transfer method (120 V, 75 minutes, 4
°C). After transfer the membrane was fixed with 0.4% PFA in PBS for
10minutes. This fixes a-synuclein and other low weight proteins on the
membrane, aiding visualisation (Lee and Kamitani, 2011). The membrane was
washed here and in all subsequent steps with Tris buffered-saline with 0.1%
tween-20 (TBS-T). TBS: 20 mM Tris, pH 7.6, 130 mM NaCl. The membrane
was then blocked in 5% skimmed milk in TBS-T for 1 hour at room temperature
and incubated with 1:1000 anti-aSYN antibody (Sigma #S5566) overnight at
4°C in blocking solution. The next day the membrane was washed 3x 10
minutes at room temperature and incubated with 2° antibodies in blocking
solution (1:5000, VectorLabs #PI1-2000). The membrane was then washed
again and incubated with ECL (ThermoFisher #10005943) and imaged at -30
°C using an intelligent dark box (FujiFilm, #Y515-Di). The proportion of aSYN in
each fraction was calculated using densitometry (ImageJ).
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4.2.4.2 Thioflavin T assay

Compared to the monomer, PFFs are B-sheet rich structures and can therefore
react with amyloid dyes. This differential binding can be used in a fluorescence
assay to determine if the PFFs were created. Samples were diluted 1:50 in
Dulbecco’s PBS and then mixed 1:1 with fresh, filtered Thioflavin T buffer (25
MM thioflavin T, 100 mM glycine, 1% Triton X-100, pH8.5). The samples were
then pipetted into a 96 well plate as 3 replicates and incubated in the dark for 1
hour. After this the wells were read on OmegaSTAR plate reader using 440,520
band-pass filters (BMG LabTech).

4.2.5 Cell Culture

4.2.5.1 PNN-HEK 293T culture

HEK 293T and PNN HEK 293T cells were maintained at 37°C, 5% CO: in high
glucose DMEM (Gibco) supplemented with 5% foetal bovine serum (BioSera)
(Kwok, et al., 2010). All plasticware and glass was pre-treated with 0.01% poly-
L-lysine (Sigma #P4832) for 30 minutes and washed twice with dH20 prior to
plating. Cells were plated at 25,000/coverslip and left to adhere overnight before
treatment.

4.2.5.2 Primary culture

The protocols for primary neuronal and astrocyte culture were set out in 2.1.
Neuronal cultures were maintained to 56DIV before treatment.

4.2.6 Cell treatment

4.2.6.1 Oligomer treatment

Alexa-488 oligomer or monomer stock (1 mg/mL, with respect to monomer) was
diluted 1:100 in culture media and added to cells (final concentration: 0.01
mg/mL) for twenty-four hours before fixation and staining. Neurons were treated
at DIV 56.

4.2.6.2 Fibril treatment

Neurons were treated at DIV 56. The PFF were sonicated prior to cell treatment
and diluted in cell media, 1:100, to final concentration 70 nM (with respect to
starting monomer concentration). Neurons were then fixed at 7, 14 and 21 days
after treatment. Monomeric aSYN was also used at 70 nM. For untreated
neurons they were treated with equal volumes of PBS.
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4.2.6.3 Chondroitinase ABC treatment

For the PNN and ECM digested condition neurons were treated with ChABC.
Prior to aSYN treatment neurons, PNNs were digested with chondroitinase ABC
from Proteus vulgaris (Sigma #C2905). Neurons were treated for 30minutes
with 200 mU/ml ChABC, with 50 mM sodium acetate in media. The neurons
were then washed with neuronal media and then treated with aSYN.

4.2.7 Immunocytochemistry

The protocol and antibodies used to stain the cells used in this chapter are set
out in section 2.2. The following adaptions were implemented for the staining of
the HEK cell lines. They were fixed in 4% PFA in PBS at room temperature for
10 minutes. The incubation steps for blocking and antibodies were shortened:
blocking, 30 minutes; antibodies, 2 hours.

4.2.8 Imaging and analysis

Please refer to section 2.3 for more detail. The confocal microscope was used
to image the experiments using the oligomer. The Slidescanner was used to
image the PFF experiment. Images were analysed using Cell Profiler 3.1.9
software to measure no. of cells (NeuN or Hoechst), PNN positive cells (WFA
positive NeuN/Hoechst positive), cellular puncta (colocalisation of NeuN/488-
oligomer or HEK cytoplasm/488-oligomer or aSYN puncta), or p-aSYN staining
intensity normalised to 33 tubulin staining. Significance was then tested for
using OriginPro. The specific test used are specified in figure legends.

4.2.9 Surface plasmon resonance

aSYN/GAG interaction assays were performed using surface plasmon
resonance (SPR) by Dr. Lynda Djerbal. Analysis was performed using a Biacore
SPR (T3000) on CM4 sensor chips (GE healthcare). All solutions were filtered
and degassed before use (0.22 pm). Running buffer was HBS-P (10 mM
HEPES pH 7.4, 150 mM NacCl and 0.005% v/v surfactant P). Dextran was
activated with equal volumes of 100 mM N-hydroxysuccinimide and 400 mM N-
ethyl-N'-(diethylaminopropyl)-carbodiimide. Activated dextran was covalently
coupled with 80 pg/ml streptavidin (Sigma #S0677) in 10 mM sodium acetate
buffer, pH 4.2. This resulted in ~1000 resonance units (RU) of streptavidin
immobilised per chamber. The remaining activated groups on the dextran were
blocked by the addition of 50 pl of 1 M ethanolamine hydrochloride-NaOH, pH
8.5.
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Biotinylated GAGs (CS-D, CS-E or HS) at 5 pg/ml in 10 mM HEPES, 0.3 M
NacCl, pH 7.4 were captured to the surface to ~60 RU level per chamber. Flow
chamber 1 (FC1): CS-D, FC2: CS-E, FC3: HS, FC4: streptavidin control. Before
protein injection, the surface was washed twice with high salt HBS (2 M NacCl).
Protein was injected for 5 min (association phase) and washed for 5 min with
HBS (dissociation phase). Surface was regenerated using high salt HBS at 60
pl/min. The streptavidin chamber sensorgram was used to subtract background
from the GAG chamber sensorgrams. Data analysis and graph creation was
performed using Biaeval 3.1 software. Data was fitted using the 1:1 Langmuir
model to determine binding kinetics. This assumes a one to one relationship
between the ligand and receptor (aSYN and GAG) and that each binding site is
equal and independent from the others (Hodnik and Anderluh, 2010).

4.2.10 Quartz crystal microbalance with dissipation

aSYN/GAG interactions were confirmed using quartz crystal microbalance with
dissipation monitoring (QCM-D). For this, a Q-Sense E4 system, with four flow
chambers (FCs) in conjunction with QSoft 401 software at 23°C (Biolin
Scientific). Before use 4 SiOz sensors (QSX303, Biolin Scientific) were cleaned
using 2% SDS in ultrapure H20 for 30 minutes, rinsed with ultrapure H20 and
100% ethanol and then blow-dried using nitrogen gas. Sensors were then
treated in a UV/ozone chamber for 30 minutes to render the surface hydrophilic.
Sensors were placed in normal volume FCs (1 per chamber) which were
connected to inlet and outlet tubing. The outlet tubing was then connected to 20
ml syringes in the syringe puller (Midland Scientific #KD 78-8212) with 1 syringe
per chamber. Inlet tubing was placed in aliquots of the running buffer (HBS).
Chambers were placed under a continuous flow at 20 pl/min for a minimum of
30 minutes to ensure a stable baseline. The 20 pl/min was used for all
subsequent steps except the washing when a 200 pl/min flow rate was used.
Before starting all resonances for each sensor were searched for and checked
using the software. After a stable baseline was ensured the GAG layer was then
created. All buffers were degassed before use.

The first step in creating a GAG layer is to create a biotin-displaying supported
lipid bilayer. For the creation of this layer, sonicated unilamellar vesicles made
from DOPC lipids and DOPE-CAP-biotin lipids (at a molar ratio of 99.5 to 0.5)
were used at 50 pg/ml for 15 min. The layer was then washed for 10 minutes
with HBS to remove loose liposomes. Streptavidin was then flowed over the
surface for 15min at 20 pg/ml. The surface was then washed with HBS until the
baseline was stable for a minimum of 10min (~ -40 Hz). 10 pug/ml biotinylated
HS was then flowed over the surface until the baseline stabilised (~ -50 Hz). HS
84



85

from porcine intestinal mucosa (Celsus Laboratories) was used and was
biotinylated at the reducing end via oxime ligation (Thakar, et al., 2014). The
chambers were then washed with the respective protein buffers for 10 min to
remove lipids and biotinylated HS from the solution phase and to test the
stability of the surface. . Dulbecco’s PBS was the buffer for the monomer and
sonicated PFF. The oligomer was in aggregation buffer (see 4.22). The
chambers were as follows: FC1: GAG control, FC2: monomer, FC3: oligomer,
FC4: PFF. FC1 was also washed with Dulbecco’s PBS. Protein was then flown
across the surface at 125 pug/ml until a binding equilibrium was attained. An
exception to this was the sonicated PFF chamber, in which the protein sample
ran out before the trace stabilised. After binding equilibrium was attained, or
protein sample ran out, the surfaces were washed with their respective buffers.
The GAG surface was regenerated using 6 M guanidine hydrochloride for 20
min then placed back to buffers.

Chambers were cleaned using 2% SDS and 100% EtOH, 10 min wash step
each, with 5 min wash steps with dH20 in between. After the final dH20 wash
step a 5 min air step was performed. The sensors, chambers and tubing were
then disassembled and blow dried with nitrogen gas. The Q-Tools software was
used to create the graphs using the 5" overtone, the other overtones would
have provided comparable results. Frequency shifts were normalised
automatically by the QTools software.
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4.3 Results

4.3.1 Purification of a-synuclein

To express recombinant aSYN we opted to do so as a tagged protein. In our
initial experiments we determined that the SUMO tag enabled greater aSYN
expression. The SNCA gene was subcloned from the pET-23a vector into
pOPINS3C using complimentary In-Fusion™ primers. The pOPINS vector
contains an N-terminal 6-histidine sequence fused to a SUMO tag. These are
located at the N-terminal of a-synuclein and could be removed by cleavage of
the 3SC site that separates the tags from the protein of interest (Fig. 15A). The
vector was transformed into Rosetta2 (DE3) E. coli strain. Protein expression
was induced with IPTG at 25 °C as this gave the largest yield (data not shown).
a-synuclein was purified using a three-step method. The capture step was
performed using nickel-affinity chromatography. The His-SUMO-aSYN fusion
protein ran at 34 kDa on a gel (Fig. 15B). The tag size is 13.2 kDa and aSYN is
14 kDa, together coming to 27.2 kDa. However, aSYN runs higher than its
native 14 kDa, at 17 kDa (Fig. 15C). This is thought to be due to poor
interaction between the SDS molecules and the basic N-terminal tail (Huang, et
al., 2005). This may explain why the fusion protein band runs higher than
predicted. With 5 L of starter culture the amount of protein overwhelmed the
HisTrap column capacity as the aSYN fusion protein can be seen in the flow
through and salt washes. The protein was eluted easily from the column at 60
mM imidazole. Boiling of the sample reduced high MW contaminants but saw
the appearance of lower weight contaminants, which could be degradation
products. While boiling has no effect on aSYN, it may lead to SUMO
degradation (Coelho-Cerqueira, et al., 2013). This is of small consequence as
the protein is already purified at this point, so the SUMO-tag has served its
purpose. The fusion protein accounts for 53% of the total eluted protein. This is
higher than other protocols and may either be due to the differences in protein
expression (bacterial cell line or tagged vs untagged) or cell disruption (high
pressure homogenisation vs sonication).

Having expressed and captured sufficient tagged aSYN, we then cleaved the
tag to produce pure untagged aSYN, suitable for aggregation. The tag was
cleaved overnight using an in-house recombinant 3SC protease. The untagged
aSYN was purified through an intermediate purification step where it was flowed
over the HisTrap column again. The now untagged aSYN flowed over the
column and did not bind while the Ni-binding contaminants and His-SUMO tag
both bound. This step increased the relative purity to 95% as determined by
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densitometry. In a final polishing step to remove the high MW contaminants the
aSYN was purified by gel chromatography and the aSYN containing fractions
taken (Fig. 15D). This resulted in 99% purity. We have successfully expressed
and purified monomeric aSYN in amounts sufficient for our experiments (~2.5
mg/L of culture).
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Figure 15: Purification of aSYN

A. Schematic of pOPINS3C and aSYN. B. HisTrap purification of His-SUMO-aSYN. Boiled,
clarified lysate was passed over a 5 ml FastFlow HisTrap column. The column was washed with
low and high salt washes before being eluted with imidazole. Tagged protein exceeded column
binding capacity. Purified fractions were then pooled and cleaved and dialysed overnight with a
SUMO 3C protease. C. After overnight dialysis and SUMO tag cleavage, the sample was
passed back over the HisTrap column. Freshly untagged aSYN then passed over the column
and appeared in the flow through. Positive fractions were then taken and pooled D. Pooled and
concentrated fractions were then passed over a HiLoad 16/600 Superdex 75 column and eluted

in 0.1 M NHsAc. aSYN fractions were then pooled and lyophilized.
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4.3.2 Creation of a-synuclein seeding species

To test if the PNN blocked aSYN seeding it necessitated the creation of aSYN
species capable of seeding. Both oligomeric and fibrillar forms of aSYN have
been shown to cause seeding in cells. However, it is not yet known which form
is responsible for seeding in the disease pathology. Therefore, we decided to
create both and test their seeding capability in PNN neurons. The seeding
oligomer (B1) created by Danzer, et al. (2007) was chosen for two reasons: it
demonstrated high seeding efficiency and it could be created using low starting
concentrations of monomeric aSYN. The Smith adaption of the seeding
oligomer protocol was chosen as it simplified the original protocol while
maintaining seeding efficacy (Taylor-Whiteley, et al., 2019). The morphology
and size of the oligomer preparations were measured using atomic force
microscopy.

The created oligomers were measuring 12.4 £ 4.0 nm in height and a radius of
154 £ 53 nm (n = 11) (Fig. 16A.). No large aggregates were observed in the
monomeric preparation and the tallest structure measured 3 nm in height. This
is consistent with monomeric aSYN. The results are morphologically consistent
with the literature which reported seeding oligomers are large amorphous
aggregates measuring between 10-20 nm in height. Assuming a Kuhn model
chain and an unstructured protein of 140aa, it is assumed that it will behave as
a random coil, creating a structure between 2 and 7 nm in size, depending
whether a globular chain model (in which the chain is not solvated) or real chain
model (in which the chain is well solvated) is used (Rubinstein and Colby,
2003). The samples were air-dried so thus will be dehydrated, this would
collapse the random coil to a smaller size and the 3 nm recorded height is
consistent with this.

Creation of the fibril species is well-established in the literature with several
guality control experiments that can be performed to confirm successful
creation. The PFF protocol set out by Volpicelli-Daley and colleagues (2014)
was followed as described in the methods. Conversion to a fibrillar state was
confirmed by sedimentation assay and the thioflavin T aggregation assay. The
majority of the fibril sample was found in the pellet fraction, indicating
conversion to large species (soluble: 23% vs pellet: 73%) (Fig. 16B). The
opposite was true for the monomer, indicating that it had remained mostly
monomeric (soluble: 81% vs pellet: 19%). A aSYN positive band at 35 kDa was
seen in the fibril pellet sample. This has been observed by other groups but it's
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structure has not been resolved (Lee, et al., 2008a; Patterson, et al., 2019).
The oligomer was intermediate between the monomer and the fibril (soluble:
63% vs pellet: 37%), indicating a poorer conversion to sedimentable species.
The fibrils were beta-sheet rich as they alone possessed thioflavin T reactivity
(Fig. 16C). In conclusion both the oligomer and fibril species were successfully
created and verified to be distinct species.
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Figure 16: Characterisation of aSYN species

A. AFM topography comparison of monomer and oligomer. B. Sedimentation assay for
pelletable aSYN (10,000x g, 30min). S: soluble fraction, P: resuspended pellet fraction. C.

Thioflavin T assay. Signal is expressed as relative fluorescent units (RFU).
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4.3.3 A PNN cell model resists oligomer induced seeding

Due to the novel nature of this work, an exploratory experiment was first
designed and performed to determine whether the hypothesis, does the PNN
block aSYN seeding, warranted further exploration. Our lab has previously
created a simplified model of the PNN using 3 PNN components and a HEK cell
line host, creating a stably expressing PNN-HEK cell line (Kwok, et al., 2010).
These cells have a high growth rate and low maintenance cost. The PNN-HEK
and untransfected HEK cell lines were treated with the Alexa-488 labelled
oligomer or monomer for 24 hours and then fixed and imaged to determine
uptake and seeding of the aSYN species.

Treatment with the monomer did not result in measurable uptake at 24 hours in
either cell line as no Alexa-488 signal was detected (Fig. 17A). It also did not
result in seeding and recruitment of the endogenous aSYN as no aSYN puncta
were detected. Treatment with the oligomer resulted in measurable uptake of
the oligomer at 24 hours and seeding of endogenous aSYN in both the PNN-
HEK and HEK cell lines. However, the PNN-HEK cells showed significantly
lower number of puncta-positive cells (22.3 £ 10.3% in PNN-HEK vs 48 + 4.36%
in HEK, p<0.01) (Fig. 17B), indicating that the PNN-HEK cells were resistant to
oligomer induced seeding. However, amongst the cells that developed puncta,
the mean number of aSYN puncta was not significantly different between the
two cell lines (Fig. 17C). This is important as the degree of recruitment of
endogenous aSYN is correlated with the expression level of aSYN in a cell. If
the number of cellular puncta were reduced in the PNN-HEK cell line it would
raise the possibility that the endogenous levels of aSYN may have been
lowered by the transfection process. However, there was no significant
difference, indicating that the underlying process of and capacity for seeding
was unchanged between the two cell lines. Rather, it is the presence of the
PNN which reduces the uptake of oligomeric aSYN, leading to less cells
undergoing the seeding process.

In conclusion, the presence of a PNN like coating bestows resistance to
oligomer induced seeding, making the cells twice as resistant to oligomer
uptake and the associated seeding. Therefore, the initial hypothesis, does the
PNN block aSYN seeding, appears true and warrants further investigation in a
more physiological model.
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Figure 17: PNN-HEK cells are resistant to a-synuclein seeding

A. Cells were treated with 0.01 mg/mL Alexa 488 conjugated monomeric or oligomeric aSYN for
24 hours. Only oligomeric aSYN persisted in the cells after 24 hours. Oligomer treatment
caused endogenous aSYN puncta to form (aSYN, teal). This was more marked in the HEK cells
compared to the PNN-HEK. Scale bar is 20 um. B. Quantification of percentage of puncta
positive cells in the two cell lines. PNN-HEK cells were twice as resistant to aSYN puncta
formation (22% vs 48%). C. Quantification of cellular aSYN puncta number. Data shown are
averages of 3 different experiments. D. Quantification of oligomer puncta. There was no
significant difference found between the two cell lines. Data shown was averages 3 different
experiments. Error bars are standard deviation. Significance (*) is p<0.05 and was detected by

unpaired Student’s t-test. An average of 1500 cells were counted for each experiment.
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4.3.4 PNN neurons resist aSYN oligomer uptake

The internalisation of pathogenic aSYN by neurons is a necessary step before
inclusion formation and cellular toxicity. The PNN is an extracellular barrier and
could prevent the uptake of pathogenic aSYN by denying membrane access.
We have shown that the presence of a PNN-like coat makes HEK cells twice as
resistant to aSYN oligomer uptake (Figure 17B), indicating the PNN could act
as a protective barrier. Having established a mature PNN model in chapter 3,
we continued this study by incubating the neuronal culture with fluorescently
labelled aSYN oligomer. 24 hours after incubation there was widespread uptake
of the oligomer by the neurons, with somatic and dendritic labelling observed
(Fig. 18A). Interestingly, the PNN neurons showed little to no colocalization of
the oligomer, indicating that they did not internalise it. Quantification of the
somatic inclusions was performed in the neuronal cultures, it showed that PNN
neurons were more around two thirds more resistant to oligomer uptake than
their unsheathed counterparts (Oligomer positive: PNN positive 15.8 + 2.5% vs
PNN negative 49.9 + 3.0%, Fig. 18B). The magnitude of this marked resistance
compares with the resistance observed in the PNN-HEK cell line (Fig. 18B).
This indicates that the PNN neurons are twice as resistant to oligomer uptake
compared to their unsheathed counterparts.

To determine whether the resistance was due to the PNN or other cell-intrinsic
factors, we digested the PNN with chondroitinase ABC. This enzyme completely
digested the PNNSs, entirely ablating WFA staining (Fig. 18A). The ChABC
treated culture showed significantly higher oligomer internalisation (Fig. 18C).
For both rats the proportion of oligomer positive neurons went up 14% (53.4 +
6.2% vs 67.1 + 6.8%, p<0.05). Though this was not significant the size of the
increase corresponds to the proportion of PNN positive neurons in our cultures
(10%) (Fig. 18B). Therefore, it is likely that it is the PNN itself that is blocking
oligomer internalisation rather than any PV interneuron-specific effect.

ChABC has been shown to degrade both CS-GAGs and HA at different pH in
vitro. It is possible that the ChABC treatment was only degrading CS-GAGs,
denuding the PNN but leaving it intact. If this was the case, then it would reveal
that the CS-GAGs are the neuroprotective agents in the PNN. However,
unpublished results from our group have shown that ChABC has a dual
mechanism at physiological pH. It degrades both the CS-GAGs and the HA
backbone. This means in our experimental paradigm the PNN is most likely
being fully degraded rather than denuded. Future work should determine if a
specific component is responsible for the resistance or if it is an emergent

function of the PNN.
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We have shown that the presence of a PNN reduces pathogenic oligomer
internalisation. Digestion of the PNN ablates this resistance. This establishes
the PNN as a neuroprotective structure against pathogenic species
internalisation.

4.3.5 Addition of PFFs lead to the progressive development of p-

aSYN pathology in neurons

Several pathogenic aSYN species can cause seeding. Having established that
the PNN is a neuroprotective structure against seeding from aSYN oligomers
we then determined if this phenomenon was species specific or a part of a
wider neuroprotection against aSYN seeding species. Therefore, we
investigated whether the presence of a PNN could protect neurons from fibrillar
aSYN induced seeding.

The pathogenicity of PFFs is well-established. Exposure of cells and animals to
PFFs results in phosphorylated aSYN pathology, reminiscent of PD pathology,
and can induce cellular/animal deficits and toxicity. Fibrillar species have also
been isolated from LP and these patient derived species also have seeding
potential, therefore we elected to use PFFs on our culture.

Mature neuronal cultures were exposed to PFF for up to 21 days before fixation.
Other groups have shown that p-aSYN pathology takes time to develop and
progresses from dendritic inclusions to somatic (Volpicelli-Daley, et al., 2014;
Mahul-Mellier, et al., 2020). Therefore, a long incubation period was chosen to
allow maximal pathology to develop and allow somatic inclusions to develop.
The development of somatic inclusions is critical to determining whether PNN
neurons are resistant as the PNN only covers the soma and proximal neurites.
Tracing distal dendrites back to their parent neuron to determine whether they
are PNN positive would involve high magnification, whole coverslip imaging and
be computationally intensive. Somatic inclusions allow for simpler testing of the
PNN neuroprotection hypothesis. Somatic inclusions are also critical in PD
pathology and are linked to neuronal death.

DIV56 neurons were treated with PFFs and fixed at days: 7, 14 and 21 post-
treatment. p-aSYN signal progressively developed over this time with no
staining detected in untreated controls at 21 days post treatment (Fig. 19 and
Fig. 21). The intensity of the p-aSYN staining (relative to 3s-tubulin staining)
was significantly higher at 21 days than at 7 days treated neurons (0.372 +
0.009 vs 0.0048 + 0.002) (Fig. 21). The pathology was localised predominantly
to the neurites with small numbers of neurons presenting with somatic
inclusions. PNN neurons were detected at all time points. However, the small
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numbers of somatic inclusions and PNN neurons made it unfeasible to
determine if PNN neurons were significantly resistant compared to unsheathed
neurons.

> Figure 18: PNN neurons resist a-synuclein oligomer uptake

A. DIV56 neurons were treated with 0.01 mg/ml Alexa 488 labelled oligomer for 24hrs. PNN
neurons (WFA, purple, arrows) were less likely to colocalise with aSYN oligomer staining than
those without (arrowheads). This resistance was removed with PNN digestion with ChABC.
Scale bar is 20 um. B. Quantification of oligomer treated neurons. Only a third of PNN
ensheathed neurons were positive for the oligomer while half of PNN-negative neurons
colocalised with the oligomer. Data point shown are the averages 3 different rats. Total neurons
for each category are shown (PNN+: Oligomer - = 261, Oligomer + = 47, PNN-: Oligomer - =
1671, Oligomer + = 1863). Error bars are standard deviation. Significance is p<0.05 (*) was
detected within the PNN populations and oligomer subgroups and was detected by one-Way
ANOVA. C. ChABC treatment abolished staining perineuronal nets and resistance of these
neurons. Box plots show that ChABC treatment significantly increased the number of neurons
positive for oligomer puncta, this increase is from the PNN-degraded population. Significance (*)
is p<0.05 and was detected by unpaired Student’s t-test, N= 6 coverslips from 2 rats, total

neurons counted for each category: intact= 1850 neurons, degraded= 1754.
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Figure 19: p-aSYN aggregates accumulate over time in PFF treated neurons

DIV56 neurons were treated with 70 nM sonicated fibrils. After treatment, p129 aSYN began to appear from day 7 post treatment. p129 aSYN staining
became more prolific in the culture over time. No staining was detected in the untreated cultures by day 21. p129 aSYN staining localised to primarily to

neurites (Bii Tubulin, white) compared to soma (NeuN, blue). PNN neurons persisted in fibril treated cultures. Scale bar is 100 pm.
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Figure 20: Effect of ChABC on p129 development

Representative images of DIV77 neuronal cultures. Cultures were treated with PFF at DIV56 neurons following ChABC pretreatment. PNNs had not
recovered after 21 days. Scale bar is 100 pm.
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4.3.6 Removal of extracellular matrix does not affect the degree of p-

aSYN pathology

Since we could not directly determine if PNN neurons developed p-aSYN
pathology, we decided to determine if the global level p-aSYN staining was
significantly altered by removing of the ECM with ChABC treatment. ChABC
treatment digests the CS and HA in both the PNN and the loose extracellular
matrix and so may affect the magnitude of pathology developed. Similar to
previous experiments, ChABC treatment removed the extracellular matrix, as
determined by reduction in WFA signal (Fig. 20). p-aSYN signal intensity
significantly increased after ChABC treatment (Fig. 21). This indicates that the
ECM negatively regulates the development and degree of p-aSYN pathology
caused by PFF treatment.
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Figure 21: Quantification of p129 intensity

Quantification of p-aSYN intensity, normalized to BzTubulin integrated intensity. p-aSYN
intensity has significantly increased from D7 to D21 as determined by One-way ANOVA with
Tukey’s post hoc test (p>0.05). Data points are average intensity of a coverslip, N= 6 coverslips
from 2 rats.

4.3.7 CS-E and HS bind aSYN

The presence of a PNN reduces neuronal uptake of oligomeric aSYN and p-
aSYN pathology development. How does the PNN mediate this effect? aSYN
has been shown to bind to HS. Highly sulphated HS is enriched in the PNN,

making the PNN a possible chelator of aSYN (Deepa, et al., 2006). The PNN

could deny aSYN membrane access by trapping it via binding. We tested this
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hypothesis through investigating whether aSYN species interacted with PNN
GAGs using SPR. CS-E and HS were tested in this experiment. CS-E has
previously been shown to bind to PNN effector molecules (e.g. sema3A and
Otx2) and HS is the second most abundant GAGs in the PNNs (Deepa, et al.,
2006; Beurdeley, et al., 2012; Dick, et al., 2013). Both monomeric and
oligomeric aSYN bound to CS-E and HS in a concentration dependent manner
(Fig. 22). This interaction was specific as neither species interacted with CS-D,
another CS GAGs which same charge-over-mass ratio but with the sulphation
at different carbons than in CS-E (Fig. 22). The Ko of aSYN/GAG interaction for
all species and GAGs was in the micromolar range. However, the similar Kp
was determined by different association and dissociation rates for each aSYN
species. The monomer showed an overall lower binding response and a slower
association and disassociation. In comparison the oligomer showed a stronger
binding response but a rapid association and dissociation (Fig. 22B). This may
be due to a diffusion effect, with the smaller monomer diffusing into the glycan
matrix (Schuck and Zhao, 2001). Unexpectedly, we could not detect any binding
between the GAGs and PFF. This was unexpected as it has been shown in the
literature (Holmes, et al., 2013; Stopschinski, et al., 2018b).
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Figure 22: aSYN binds to sulphated glycosaminoglycans CS-E and HS

A. Monomeric a-synuclein was injected over CS-D, CS-E and CS-D (left to right). A range of
concentrations were injected (100 uM a-synuclein selectively bound to CS-E and HS, but not to
CS-D. Data was fitted with a 1:1 Langmuir binding model (dotted lines). B. Oligomeric a-
synuclein was injected over CS-D, CS-E and CS-D at a range of concentrations (left to right).

Results shown are from one experiment. The experiments were performed twice.
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To verify the binding, we used QCM-D, which can simultaneously detect the
potential interaction between aSYN and GAGs, and measure changes in the
organisation of surface bound GAG induced by aSYN binding. Sema3A,
another GAG binding protein, has previously been shown to crosslink GAG
chains and rigidify the GAG film (Djerbal, et al., 2019). This change can be
detected with QCM-D by measuring a decrease in dissipation (AD). aSYN fibrils
and oligomers are built from multiple monomers so could potentially crosslink
GAGs through binding multiple GAG chains. QCM-D confirmed the interaction
between PNN GAGs and monomeric and oligomeric aSYN. The profile of
binding for both species mirrored that seen by SPR, providing further
confirmation of the interaction. In contrast to our SPR results we did detect PFF
binding to HS as shown by a decrease in frequency (Fig. 23). The binding
profile for PFF was unusual, as it did not plateau or dissociate. The magnitude
of binding was much larger than the oligomer or monomer (AF: PFF: -250,
oligomer: -134, monomer: -71.1). The absence of a plateau may be a result of
self-aggregation of PFF material on the GAG layer. For the oligomer and
monomer, we observed some dissociation, but it did not return to baseline after
protein addition was halted and the surface washed. The PFF showed no
dissociation during washing. Addition of GUHCI was able to fully regenerate
baseline as detected by a return to pre-protein addition frequency and
dissipation baselines, showing the proteins could be fully removed and the GAG
layer had not undergone an irreversible transformation. The lipid only control
was not included so we cannot rule out a lipid interaction with PFF, the
dependence of lipids in QCM-D may explain the discrepancy between the two
biophysical techniques. We did not detect crosslinking for any of the aSYN
species as AD was positive in all cases (Fig. 23B). Through biophysical
techniques we have demonstrated that aSYN species bind to CS-E and HS, the
two major GAGs in the PNNSs. This provides a putative link underlying the
neuroprotective role of the PNN against aSYN seeding.
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Table 3: Kinetic constants of GAG/aSYN interaction
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Figure 23: Confirmation of aSYN/ HS interaction

QCM-D AF and AD traces of HS/aSYN interactions. Arrows indicate how long a protein was
flown over the surface before changing back to buffer. Traces represent 4 different chambers
containing a HS-lipid surface A. Frequency shift as aSYN begins to bind. The monomer showed
the lowest shift with a slow association and dissociation (plateaued at 139 minutes, -71.1 Hz).
Oligomer showed a larger shift with a rapid association and dissociation (plateaued at 142
minutes, -134 Hz). Fibril showed large increase which began to slow before addition was
stopped (250min, -250 Hz). All proteins stabilised above the GAG baseline, indicating continued
binding. This was regenerated with GUHCI. B. Corresponding dissipation traces for A. All traces
mirrored AF and increased, demonstrating the surface was becoming softer. Monomer: 142min,

4.93 x 1068. Oligomer: 142 minutes, 23.5 x 108. Fibril: 250 minutes, 88.5 x 106,
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4.4 Discussion

4.4.1 Summary of results

We have successfully purified aSYN monomer and created two pathogenic
aSYN species with seeding capabilities: oligomers and fibrils. The oligomer was
internalised by both the HEK cell line and primary neurons. In HEK cells it led to
the endogenous aSYN forming puncta. PFF treatment in primary neurons
resulted in phosphorylated aSYN pathology which progressively spread in the
culture over time. We have then established that a PNN can block aSYN uptake
and seeding in a PNN-HEK cell line and in primary neurons. The resistance is
PNN dependent as PNN removal through enzymatic digestion removed the
protection. The low level of somatic inclusion formation in the PFF treated
neurons prevented testing of the neuroprotection hypothesis, although the
number of PNN neurons were unaltered upon PFF treatment. Together this
establishes the PNN as a neuroprotective structure against aSYN induced
seeding.

4.4.2 Structurally diverse aSYN species cause seeding

We have successfully created oligomeric and fibrillar aSYN species which are
both capable of seeding endogenous aSYN aggregation. Despite this shared
ability they are structurally distinct species. Another group has shown the
seeding oligomer preparation contains aSYN multimers, with up to hexamers
being detected (llles-Toth, et al., 2015). However, we have detected large
aggregates using AFM (154 + 53 nm) which are larger than an estimated
hexamer size. The oligomeric species is smaller than the mature fibril, which
extends over 500 nm in length (Spillantini, et al., 1998b; Bousset, et al., 2013).
The average PFF length is 52.1 nm, which is smaller than the oligomer in size
(Patterson, et al., 2019). However, while the fibril is elongated, the oligomer is
amorphous. The oligomer is also twice the height of the fibril (12.4 vs 6.0 nm)
(Makky, et al., 2016). llles-Toth et. al (2015) determined that the structure of the
oligomer was closer to that of a compact ring rather than an elongated fibril
through collision cross-sectional analysis, further demonstrating that the
oligomer has a distinct structure from the fibril. In addition, epitope mapping of
oligomers and fibrils has shown that the species have different reactivity to
antibodies indicating different residues are exposed in the structures (llles-Toth,
et al., 2015).

In our sedimentation assay we have shown that a large proportion of the
oligomer do not form sedimentable species (Fig. 16B). This either indicates that
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they are either lower order multimers or dynamically revert to the monomeric
state. Danzer et al. (2007) showed that 80% of the oligomer preparation formed
small oligomers as detected by fluorescence-intensity distribution analysis,
demonstrating lower order oligomers do exist in the preparation. This is a more
sensitive technique than the sedimentation assay as it directly measures the
fluorescence intensity of particles in their native solution to determine size,
allowing segregation of components into different size categories. The
sedimentation assay is binary, assuming that all higher order species will
sediment, ignoring lower order species, i.e., dimers, which instead remain
soluble. Furthermore, the use of a denaturing SDS-PAGE, while allowing
determination of conversion rate, disrupts the assemblies and so prevents an
entire population view of the sample. Some oligomer preparations form a
dynamic equilibrium, where the oligomer can convert back into monomer
(Danzer, et al., 2007). It cannot be ruled out that the seeding oligomer also
forms a dynamic equilibrium and so converts back into a monomeric fraction
post filtration. However previous investigation of the oligomer preparation also
favours a heterogeneous mixture (llles-Toth, et al., 2015). The seeding
oligomers are poorly characterised when compared to the fibril and other
oligomer classes. It is not yet known whether they are on or off-pathway
oligomers. Longer term aggregation studies need to be performed to determine
if the preparation tends towards fibrils, as with the Danzer toxic oligomer, or a
stable off-pathway oligomer (Danzer, et al., 2007). Analytical ultracentrifugation
and size exclusion chromatography (SEC) are other techniques that should be
employed to determine the proportion of different multimers in the oligomer
preparation. SEC would also then purify the different multimers. If stable they
could then be individually tested for seeding activity. Despite the heterogeneity
of the oligomer sample, it was still able to reproducibly seed cellular aSYN
aggregation and was therefore used in the study.

4.4.3 The perineuronal net blocks uptake of oligomeric aSYN

For seeding to occur the pathogenic aSYN species must first be internalised by
the cell. Diverse mechanisms of internalisation have been identified for aSYN,
as discussed in the introduction. After internalisation the pathogenic aSYN is
localised to the late-endosomal/lysosomal network and degraded unless it
ruptures the vesicles and escapes (Freeman, et al., 2013; Jiang, et al., 2017;
Flavin, et al., 2017). Then once in the cytoplasm it can then induce aggregation
of endogenous aSYN (Flavin, et al., 2017; Freeman, et al., 2013). For the
pathogenic aSYN to reach its internalisation receptor it must be able to access
the cell membrane. We have shown the presence of a perineuronal net reduces
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internalisation of oligomeric aSYN by 50% in primary neurons. We put forward
that the interposition of a cellular barrier, the PNN, denies aSYN membrane
access and therefore prevents internalisation. Another explanation for the this
phenomenon is that PNN-bearing neurons lack the appropriate machinery for
aSYN internalisation, for example the expression of LAG3, a aSYN fibril
receptor, varies between brain regions (Freeze, et al., 2018). This was not
directly assessed in the study but is unlikely as: a proportion of PNN-bearing
neurons (15.8%) did internalise the oligomer; and PNN removal ablated the
resistance phenotype. This indicates that PNN-bearing neurons can internalise
pathogenic aSYN and that the PNN is the significant factor preventing uptake
rather than receptor expression.

The PNN can deny membrane access through three potential mechanisms, with
two mechanisms depending on if it interacts with aSYN. The PNN is a charged
structure, a property which arises from the negatively charged
glycosaminoglycans within it (Morawski, et al., 2005). aSYN may bind to or be
repelled by this negative charge. At physiological pH, aSYN has a negative
charge due to its low isoelectric point which could indicate it is repelled by the
PNN (Cabungcal, et al., 2013). However, there are differences between the
charge state of aSYN’s domains. The N-terminal contains positively charged
lysine residues which allows binding to small negatively charged vesicles
(Pranke, et al., 2011). In this case, the N-terminal could allow binding to the
GAGs in the PNN on the basis of a charge interaction. This interaction could
trap aSYN species on the PNN preventing or slowing further diffusion as has
been shown for ions (Balmer, 2016; Morawski, et al., 2015). We have shown
that aSYN monomers and oligomers both bind to CS-E and HS which are both
key PNN glycans (Deepa, et al., 2006; Holmes, et al., 2013; Stopschinski, et al.,
2018Db).

Membrane bound HS proteoglycans (HSPGs) are a cellular mediator for aSYN
fibril internalisation (Holmes, et al., 2013; Hudak, et al., 2019). The HS chains
are the key mediator as their removal reduces aSYN fibril internalisation
(Holmes, et al., 2013; Stopschinski, et al., 2018b). This is further underscored
by the ability of extracellular heparin to reduce aSYN internalisation by
competing with membrane HSPGs (Holmes, et al., 2013). We could not confirm
if PFFs interacted with HS or CS-E as used in this study. The SPR results
indicate a lack of interaction while in QCM-D, any interaction was masked by
self-aggregation observed. Not all aSYN species bind to HS, as non-amyloid
oligomers failed to bind (lhse, et al., 2017). We demonstrated an interaction
between oligomers and HS in our study. This discrepancy is due to the different

oligomer species used. CS application has been shown to reduce aSYN
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internalisation but to a lesser extent than HS, indicating a potential interaction
(Ihse, et al., 2017). Membrane bound CS has no apparent role in internalisation
as ChABC treatment does not reduce intake (Holmes, et al., 2013; lhse, et al.,
2017).

The PNN is a physical barrier and can exert a molecular sieving effect which
prevent large molecules from reaching the cell surface. Loose pericellular coats,
made of hyaluronan and aggrecan, can prevent large particles from reaching
the cell surface. 100 nm particles could only diffuse to within 7 um of the cell
surface while 40 nm particles could only diffuse to within 5 um (Chang, et al.,
2016; Scrimgeour, et al., 2017). The PNN is a much denser structure as link
proteins cause the coat to condense and the presence of crosslinkers can
further reduce the pore size (Kwok, et al., 2010). The fibrils and oligomers used
in this study are larger than this, although it has not yet been investigated how
an elongated structure will diffuse through pericellular coats. The full length fibril
is a rigid structure in the context of the cell, having higher bending rigidity than
actin (Knowles, et al., 2007; Makky, et al., 2016). This makes it unlikely for fibrils
to easily diffuse through the dense PNN despite their small width.

It is likely that both a molecular interaction and a molecular sieving effect play
roles in PNN-mediated inhibition of aSYN uptake, with the precise balance
between the two depending on the size and structure of the pathogenic species.
While internalisation of the oligomer was investigated, the effect of the PNN on
fibril internalisation was not directly investigated. This should be rectified
through the application of fluorescently tagged fibrils on the neuronal culture.
Live-cell imaging should also be used to determine how aSYN travels through
the PNN and to definitively answer if the PNN blocks internalisation or slows it.
Another outstanding question is how can a somatic PNN reduce uptake when it
is not covering the dendrites? As this is where both oligomer internalisation and
p-aSYN pathology can occur. One suggestion is that the soma is main location
for internalisation for aSYN. The presence of a PNN would then reduce uptake
to a level where the remaining pathogenic aSYN is degraded, preventing it from
overwhelming the cell.

Diffusion of free extracellular aSYN is not the only method of aSYN
transmission; exosomal aSYN and aSYN transmission through synapses, along
the connectome, are both well-established methods for aSYN seeding and LP
spread through the brain (Rey, et al., 2013). Exosomal spread of aSYN has a
higher efficiency than its free counterpart (Danzer, et al., 2012). While we did
not investigate exosomal aSYN spreading, we expect the interposition of PNN
to still block it due to its dense nature. Synaptic spread, despite its prominence,
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is not sufficient to explain pathology spread (Oliveira, et al., 2019; Henrich, et
al., 2020). Neuron to neuron transmission of pathogenic aSYN was not
examined in this study but should be investigated in future now that the principle
of PNN-mediated neuroprotection has been established in PD.

4.4.4 The PNN as a protective structure from aSYN pathology

Both oligomer and fibril treatment caused seeding of cellular aSYN seeding.
The fibril induced aggregate formation at a 100-fold lower concentration than
the oligomer. This may be due to the extended structure of the fibril which
allows it to better rupture intracellular vesicles and escape into the cytoplasm,
bringing it into contact with naive aSYN (Flavin, et al., 2017; Jiang, et al., 2017)
Other seeding oligomer species used in the literature are less efficient in
pathology development compared to the fibril and even different fibril species
show different seeding capabilities (Peelaerts, et al., 2015). However, a direct
comparison cannot be drawn in this study as different parameters were used for
judging seeding. In HEK cells endogenous aSYN formed puncta after oligomer
exposure. Oligomer induced seeding was not examined in neurons due non-
reactivity of the aSYN antibody to rat aSYN. In 3D neuronal culture, oligomer
exposure leads to the development of somatic Lewy-like inclusions after twenty-
four hours. However, the inclusions lacked p129 reactivity at this time point
(Taylor-Whiteley, et al., 2019). To address this, neurons should be treated with
the oligomer for up to 21 days and the level of p129 inclusions measured. This
would then allow comparison of the seeding efficiency of the fibril and oligomer
species.

Fibril treatment led to the progressive development of p-aSYN aggregates.
These were primarily elongated and localised to the dendrites. The PNN
primarily covers the soma and the proximal neurites while the majority of
phosphorylated aSYN aggregates are in the distal neurites at earlier time
points. In long-term neuronal culture the neurites form a dense-mesh and can
project over a 100 um from the soma. Deconvoluting this dense network to
trace projections back to the parent soma is computationally intensive and
requires high magnification, whole coverslip imaging. Therefore, the incubation
period was extended up to 21 days post exposure as somatic inclusions have
been shown to form at this time. The long incubation period was based off the
work of Mahul-Mellier et al. (2020) who established the importance of time in
the development of somatic LB-like inclusions. At 21 days post exposure they
found ~22% of neurons developed LB-like inclusions. The appearance of
somatic inclusions would allow us to easily determine if PNN neurons
developed LB-like pathology after fibril treatment and therefore if the PNN was
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protective against aSYN pathology development. However the number of
somatic inclusions detected in our culture was lower than that reported in the
literature (Mahul-Mellier, et al., 2020). This may be because human PFF were
used on rat neurons. Such cross-seeding has three-fold lower efficiency than
homologous seeding (Luk, et al., 2016). Another factor could be the lower
plating density used in our culture. The proportion of PNN neurons was
unchanged in fibril treated cultures. The low proportions of somatic inclusion
bearing neurons and PNN neurons in the culture mean the percentage of
inclusion-bearing PNN neurons is heavily subject to variance. However, this
study has provided the initial evidence to establish the PNN as a
neuroprotective factor in aSYN seeding. As such the hypothesis warrants
further investigation using less reductive models. Therefore, the results found
here should be confirmed through the testing in a different paradigm. Injection
of fibrillar aSYN into a PNN rich region of the rodent brain should be performed
to adequately test if the PNN protects neurons from developing Lewy-like
pathology. Another way of testing the hypothesis would be to investigate
whether the PNN population in the human brain presents with LB. This would
establish the relevance of the PNN as a neuroprotective factor in PD.

4.4.5 Putative mechanism for PNN neuroprotection

Using biophysical techniques, we have identified that both monomeric and
oligomeric aSYN bind to the PNN GAGs HS and CS-E. This was a specific
interaction as neither species interacted with CS-D. All GAGs used in this study
are negatively charged though the charge density differs across the
disaccharide sub-unit (Gama, et al., 2006; Djerbal, et al., 2019). Synthetic GAG
manufacture is complex so GAGs from biological sources were used, leading to
high variability in sub-unit composition. Analysis of the CS-E and CS-D
composition (purified from natural source) used in this study has shown that the
CS-E preparation contains ~70% CS-E while the CS-D preparation only
contains ~30% CS-D, with ~70% being other CS types. (Djerbal, et al., 2019).
This raises the possibility that the lack of binding was due to low purity. The
sulfation pattern of glycans play a biological role by providing different
recognition motifs for proteins, e.g. sema3A, Otx2 (Gama, et al., 2006;
Beurdeley, et al., 2012; Vo, et al., 2013). While we have identified an interaction
between PNN GAGs and aSYN we are unable to rule out if this was a GAG
specific interaction or an electrostatic interaction. aSYN has previously been
shown to bind to HS, an interaction that depends heavily on the presence of N-
sulfation. The dependence on N-sulfation rather than 2 or 6 sulfation
demonstrates that the spatial location and charge density of the HS GAG

107



108

matters for aSYN binding, arguing against a simple electrostatic interaction and
agrees with our observation that aSYN binds CS-E but not CS-D (Stopschinski,
et al., 2018). The HS interaction is important for aSYN seeding as HSPGs on
the cell-surface provide a vector for aSYN internalisation (Holmes, et al., 2013).
The Kb calculated for PNN GAG/aSYN binding was in the micromolar range,
which is weaker than other PNN-GAG binding proteins, such as Sema3a
(Djerbal, et al., 2017). However, this still has biological relevance; the high GAG
density within the PNN make an avidity interaction likely. Other GAG binding
proteins rely on an avidity interaction (Maureen, et al.,2015). In our results the
smaller monomeric aSYN showed slow association and dissociation compared
to the oligomer. The slow binding hints at diffusion of the monomer into the
GAG layer and slow diffusion arising from avidity to glycan chains (Schuck and
Zhao, 2001). In accordance with this, the larger size of the oligomer prevents
diffusion into the matrix, resulting in a fast association and dissociation. Altering
the density of the GAG layer would allow testing of this hypothesis. If the
monomer binding profile changes with density it would indicate avidity. GAG
density can be finely tuned in QCM-D via adjusting the proportion of streptavidin
conjugated lipids.

We had conflicting results regarding GAG binding to PFF. We detected no
response for any GAG when using SPR. In QCM-D we observed PFF binding,
but it was non-saturable and showed no dissociation. This could reflect self-
aggregation of PFF on the QCM-D surface. The surface could be regenerated
through GuHCI addition, indicating this binding did not arise from an irreversible
change in the GAG matrix. The question is then whether the PFF binding
observed in QCM-D was to GAGs or to the underlying lipids or streptavidin. As
discussed in chapter 1, aSYN can bind to lipids and lipids can provide a
nucleation surface for aSYN aggregation (Galvagnion, et al., 2015). Lipid
binding is not assured as aSYN requires anionic lipids and curvature
(Perimutter, et al., 2009). This can be confirmed via the inclusion of a lipid and
streptavidin only control. If GAG binding is shown then this raises the possibility
that the PNN can provide a nucleation surface for aSYN, which has implications
for PD pathophysiology and creates a more nuanced role for PNN.

The PNN provides a competing pool of HS and CS-E which can chelate aSYN,
reducing the proportion that is available to be internalised, therefore reducing
seeding. This provides a putative mechanism for the PNN-mediated
neuroprotection we observed. However, while we detected aSYN/GAG binding
in our biophysical experiment we did not observe it in our cell culture. No
colocalization was detected between WFA and oligomeric aSYN. There are

several possible explanations that could explain this discrepancy. WFA and
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aSYN both bind CS-E (Djerbal, et al., 2019; Nadanaka, et al., 2020). The lack of
colocalisation might then arise from steric hindrance and competition between
WFA and aSYN for CS-E in the PNN, though this would not account for binding
of PNN HS/aSYN. Another explanation is the time-frame examined. The binding
between PNN GAGs and aSYN was weak, so while aSYN may initially bind to
the PNN it would diffuse away over time. To investigate this shorter time
frames, or live-cell imaging should be used.

4.4.6 Conclusions and future directions

The aim of this chapter was to establish the PNN as a neuroprotective barrier
against aSYN seeding. It is not yet known if there is a dominant seeding
species in PD pathophysiology. The fibril is currently favoured as the seeding
species, but its efficacy is not proof of pathophysiological relevance. As the
guestion remains open, we elected to test the PNN against both oligomer and
fibrillar seeding species. In both cases the presence of a PNN increased the
resistance of neurons to oligomer uptake and pathology development. This
establishes the PNN as a neuroprotective barrier against aSYN seeding through
reducing uptake. The precise mechanism behind this neuroprotection
phenotype has yet to be identified but doing so could open a new therapeutic
avenue for PD halting therapies. This chapter has demonstrated that the PNN is
a factor that governs aSYN seeding and pathology development. The discovery
of the PNN as a neuroprotective factor in PD could help explain why some
neuronal populations do not develop LP while neighbouring populations do.
Future work should focus on elucidating the precise mechanism and proving the
relevance in more complex models and in different modes of aSYN
transmission.
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Chapter 5 PNN populations are spared and unaffected by Lewy
pathology in PD brains

5.1 Introduction

PD is a progressive neurodegenerative disease. Symptom development is
linked to neuronal loss and the appearance of LP in associated brain regions.
Neuronal loss and the appearance of LP are conserved in PD, following a
spatio-temporal pattern. This conserved distribution can be classified according
to a staging procedure, in which post-mortem PD brains can be indexed into 6
categories depending on where the pathology has reached (Braak, et al., 2003;
Adler, et al., 2019). This has led to the hypothesis that LP can spread, in a
prion-like manner, through the brain with aggregated aSYN acting as the prion-
like agent. However, a prion-like process does not fit neatly with the specific and
conserved spread of LP. Prion-like transmission implies spreading through a
‘nearest neighbour’ process and/or the connectome. aSYN transmission has
been shown to occur predominantly via the connectome (Henrich, et al., 2020;
Mezias, et al., 2020).

5.1.1 Cell autonomous factors in determining neuronal susceptibility

aSYN spread is not dictated purely by connectivity as the strength of synaptic
connectivity does not accurately predict pathology development (Surmeier, et
al., 2017b; Henderson, et al., 2019; Henrich, et al., 2020). For example, after
PFF injection into the PPN the weakly connected central amygdala nucleus
exhibited greater pathology than the gigantocellular nucleus, despite the latter
possessing threefold higher connections (Henrich, et al., 2020). Furthermore, as
mentioned not all neurons within a nucleus develop pathology or are lost in PD
(Braak, et al., 1994; Harding, et al., 2002). Therefore, LP spread cannot be
purely dictated by the connectome. Differential neuronal susceptibility must also
play a role. Cell autonomous factors interact to determine differential neuronal
susceptibility to LP. These include: SNCA expression, axonal arborisation,
mitochondrial stress, intracellular calcium concentration, autophagic capacity,
neurotransmitter expression, intracellular iron concentration (Hirsch, 1992;
Mosharov, et al., 2009; Elstner, et al., 2011; Braidy, et al., 2013; Pacelli, et al.,
2015; Duda, et al., 2016; Deas, et al., 2016; Do Van, et al., 2016; Volpicelli-
Daley, et al., 2016; Courte, et al., 2020). Together these determine how
vulnerable a neuron is to LP and death. One example of this is the comparison
of DA neurons from the SN with those of the ventral tegmental area (VTA). SN
DA neurons are much more vulnerable to LP than their VTA counterparts
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despite both containing DA, which can induce aSYN aggregation (Cappai, et al.,
2005). The patrticular vulnerability of SN DA neurons in PD is well documented,
with some studies reported 68% of cells lost (Giguere, et al., 2018). SN DA
neurons have a higher degree of axonal arborisation than VTA DA neurons,
requiring a higher dependence on mitochondrial oxidative phosphorylation,
leading to higher levels of mitochondrial DNA deletions and oxidative stress
(Pacelli, et al., 2015). This could explain their differing vulnerability to LP.
However, the relationship between arborisation and susceptibility is not clear
cut; cholinergic neurons in the striatum show a high degree of arborisation yet
develop limited pathology (Zhou, et al., 2002). Neuronal susceptibility is the
product of a complex interactions between factors.

5.1.2 The extracellular matrix as a factor in neuronal susceptibility

Other factors, beyond the connectome and cell autonomous variables, may
dictate neuronal susceptibility and the pattern of LP spreading in PD. One
possible factor is the neural extracellular matrix, an overlooked factor in PD.
The ECM can be subdivided into the loose ECM and the PNN. The ECM
controls extracellular space size and diffusion through it (Zamecnik, et al., 2012;
Sykova, et al., 2005; Bekku, et al., 2010; Sucha, et al., 2020). aSYN
transmission necessitates travel through the extracellular space and therefore
can be regulated by the ECM. In the previous chapter we have shown that
GAGs found in the ECM, CS-E and HS, bind to aSYN. This interaction could
slow aSYN diffusion through ECM rich brain regions, limiting and restricting
aSYN spread and giving rise to the LP pattern seen in PD. The potential of
chelating aSYN in the extracellular space has already been shown to be of
great value; aSYN antibody treatment reduced pathology development through
preventing diffusion and uptake, rescuing motor deficits (Tran, et al., 2014).
Chelating aSYN in the ECM reduces neuronal uptake and increases aSYN
degradation by extracellular proteases and microglia (Lee, et al., 2008b;
Pampalakis, et al., 2016; Choi, et al., 2020). However, pathogenic aSYN can
also affect the ECM itself. PFF treatment increased nanoscale diffusion and
extracellular space size through microglial activation. Microgliosis led to
degradation of hyaluronan in the loose ECM, expanding EC space (Soria, et al.,
2020). Similarly in AD, another prion-like disease, areas of high ECM density
contained B-amyloid plaques (Yasuhara, et al., 1994; Briickner, et al., 1999).
While the loose ECM does not restrict prion-like spreading, a neuroprotective
role for the PNN has been identified (Brickner, et al., 1999; Morawski, et al.,
2010a; Morawski, et al., 2012b; Suttkus, et al., 2016b; Soria, et al., 2020). PNN
neurons were unaffected in AD and did not develop neurofibrillary tangles (NFT)
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(Bruckner, et al., 1999; Morawski, et al., 2010a; Morawski, et al., 2012b). The
PNN reduced entry of oligomeric tau into neurons. This was a structure-
dependent mechanism as impairment of the dense, cross-linked PNN structure
abolished the effect (Suttkus, et al., 2016b). In chapter 4, we have established a
similar role for the PNN in aSYN uptake and seeding. Furthermore, the PNN is
resistant to microglial-mediated degradation (Schippel, et al., 2002; Soria, et
al., 2020). This disparity between the PNN and loose ECM is most likely due to
the structural organisation. In comparison to the loose ECM, the PNN is a
dense, cross-linked structure that resists solubilisation by detergents (Deepa, et
al., 2006; Kwok, et al., 2010).

5.1.3 The PNN as a resistance factor restricting local aSYN spread

aSYN transmission spreads primarily through the connectome rather than
lateral spread despite a mechanism for lateral spread being established.
Neuronal death is a hallmark of PD (Giguére, et al., 2018). As neurons die they
release aSYN aggregates into the extracellular space, where they can then be
internalised by neighbouring neurons, seeding further pathology (Jiang, et al.,
2017). Despite this neighbouring neuron populations are often spared in PD; in
the SN, the pars compacta (SNc) region is severely affected but the
neighbouring pars reticulata (SNr) shows limited pathology and cell loss
(Hardman, et al., 1996). A similar affect is seen in the heterogeneous PPN, as
only cholinergic neurons develop LP (Henrich, et al., 2020). Why is lateral
spread not common in PD and why are only specific neuronal subtypes
affected? Factors governing selective neuronal vulnerability in PD have been
highlighted but the factors governing neuronal resistance have not been so
robustly investigated. Neuronal resistance turns the paradigm on its head by
asking what makes neuronal populations less likely to develop LP. The PNN
could be a neuronal resistance factor. As discussed the PNN protects neurons
against oxidative and AB induced cell death (Miyata, et al., 2007; Morawski, et
al., 2010a). It can also reduce entry of pathogenic tau into neurons (Bruckner, et
al., 1999; Suttkus, et al., 2016a). In the previous chapter we have identified a
similar neuroprotective role for the PNN in PD. The PNN reduced uptake of
oligomeric aSYN by two thirds and removal of the PNN and ECM enhanced p-
aSYN pathology formation. The mechanism has been established in vitro but its
disease relevance has yet to be established. The PNN can restrict prion-like
spreading and thus determine the pattern of pathology. In AD, areas of devoid
of PNNSs, e.g. locus coeruleus, exhibited high NFT load, while PNN rich areas,
e.g. ventral posterior nuclei showed little pathology (Morawski, et al., 2010a). It
is possible similar gating and restriction occurs within PD. Therefore, PNN
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neurons will be investigated in post-mortem PD brains to determine whether
they develop LP and if they are spared. The segregation between PNN rich and
Lewy rich areas will be also examined in this study.

5.1.4 Chapter aims

The aim of this chapter is to investigate PNN populations in post-mortem PD
brains and to establish disease relevance for the neuroprotective mechanism
identified in chapter 4. To examine whether PNNs are spared in PD, brain
regions which contain both PNNs and LP will be investigated. Late-stage PD
brains (Braak 6) will be used so to exclude a minor resistance effect. It is
possible that the PNN only provides an initial protective effect and PNN neurons
develop LP and die later in disease progression. WFA will be used as the PNN
marker as it has been predominantly used in the literature to identify PNN
populations. This may lead to some PNN populations being missed but it will
suffice for this pilot study.
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5.2 Methods

5.2.1 Human brain tissue

The paraffin embedded patient and non-demented control samples were kindly
supplied by the Netherlands Brain bank. The profile of the cohort is summarised
in table 4. Four out of five of the PD patients were Braak stage 6 with
widespread pathology with an average disease duration of 12.2 years ranging
from 6-16 years. PD diagnosis was confirmed at post-mortem by a
neuropathologist. Non-demented controls had no significant pathology except
for 1 which was diagnosed with iLBD. PD cohort had an average age of 77,
ranging from 65-86 years of age. The NDC cohort had an average age of 87.8,
ranging from 82-96 years of age.

Table 4: Human cases used in this study

Disease

PMD Braak LB

Case ID Age Sex Cause of death ‘ Duration Brain regions

(hours) Stage

(years)'
Non-demented controls

2011-021 85 7 7:05 Terminal renal insufficiency 0 He, OB, Tc
2011-082 84 F 5:55 e 0 Am, He, OB, SN, Tc
pneumaonia
2014-051 92 M 7:45 A E DR T 0 Am, He, OB, Tc
anuria
. Pneumonia, general
2017-003 96 F 6:15 A T A e 4 Am, He, OB, SN, Tc
2017-093 82 M 5:45 Euthanasia 0 Am, He, SN, Tc
2014-018 86 M g | EESEREDULNESIIE 7 6 Am, He, OB, SN, Te
pneumonia
2014-034 72 M 8:45 Atrial fibrillation, Asystole 9 6 Am, He, OB, SN, Te
Cachexia and dehydration by
2014-067 65 B 7:35 advanced Parkinson 16 6 OB, He, Te

dementia

Sepsis by urinary tract
2015-063 76 M 8:15 infection, decompensation 16 6 Am, He, OB, SN, Tc
cordis, endstage dementia

Seizure by Midazolam and

2015-088 86 F 3:00 Morphine

13 4 OB, He, Te

1- As judged by pathologists in conjunction with medical history
5.2.2 Preparation of gelatine coated slides

The 1% gelatine solution was prepared by slowly dissolving the gelatine in
water, heated to 50 °C. Chromium potassium sulphate (1.7 mM) was added to
further aid section attachment. Frosted microscope slides (Dixon #N/A143)
were submerged into the solution for several seconds before drying at 37 °C.
Slides were stored at 4 °C until use.

5.2.3 Immunohistochemistry

The tissue was sectioned using a microtome and 7 um sections were prepared
and mounted on 1% gelatine slides and left to dry overnight at 37 °C. The next
day sections were deparaffinised in xylene and brought to dH20 using
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decreasing concentrations of ethanol (2x 100%, 90%, 70%, 50%) and then
dH20. Slides were submerged for 10 minutes at each step. Two types of
antigen retrieval were performed in subsequent steps. First the tissue was
submerged in 80% formic acid for 30 minutes. Slides were then washed in 3x 5
minutes dH20 then submitted to a 2"d antigen retrieval step. This consisted of
30 min submersion in a vessel of 10 mM citraconic solution, pH 6 at 85 °C.
Then the vessel containing the solution and slides was removed from the water
bath and left to cool to room temperature, allowing antigen sites to reform. The
slides were then washed 3x 10 min PBS (137 mM NaCl, 2.7 mM KCI, 1.5 mM
KH2HPO4, 10.1 mM NazHPO4) and permeabilised for 15 min with PBS
containing 0.1% Triton x-100. All the following steps were performed in a moist
chamber with parafilm covering the sections to prevent evaporation and
photobleaching. Sections were then blocked at room temperature for 1 hour
with 10% NDS. Sections were incubated with 1° antibodies overnight at 4 °C.
Antibodies were diluted in 5% NDS. The following day, sections underwent 3x
10 minute PBS washing steps before incubation with 2° antibodies (excluding
Hoechst and Neurotrace) for 2 hours at room temperature. Sections then were
washed twice more with PBS (10 minutes) before incubation with Neurotrace for
20 minutes. Sections were then rinsed twice with PBS before being incubated
with Hoechst for 2 hours at room temperature. The length of these wash steps
was recommended by the NeuroTrace manufacturer. The Hoechst incubation
was combined with a 2 hour wash step. Sections were then washed 2x with
PBS and 2x with Tris non-saline (20 mM Tris, pH 7.6). TNS was used to remove
high levels of phosphate that would otherwise react with the Fluorsave
mounting media. Sections were mounted with Fluorsave and rectangular glass
coverslips (Fisher Sci Ltd #15356429).

5.2.4 Imaging and quantification

Sections were imaged with the AxioScan Z.1 Slidescanner (Zeiss) with a 20x
objective. Whole sections were imaged using the tilescan function and stitched
together. The filters were set to ensure no overlap between channels. The
Slidescanner was operated by the Bioimaging facility. Counting was done
manually and data analysis, including graph creation was performed using
OriginPro. Two-way t-tests were used to test for significance (<0.05) between
PD and NDC brain regions.
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5.3 Results

5.3.1 No correlation between PNN density and post-mortem delay

Extended post mortem delay (PMD) (>24 hr) has been shown to affect the WFA
epitope, decreasing staining intensity (Morawski, et al., 2012a). PMD varied
between 3-9 hours in our cohort (Fig. 24, Table 3). Although, this was below the
24 hr limit defined in the study; we tested for a potential correlation to exclude
PMD as a confounding factor. We correlated the PNN densities of different
brain regions with patient PMD. No significant correlation was detected by
Spearman’s rank test (p>0.05) (Fig. 24). Therefore, in this study, we can
exclude PMD as a confounding factor on PNN density as detected by WFA.

Table 5: PNN Densities in the human brain

Mean PNN Standard | Significance

Brain Region | Diagnosis

density (mm?2) | Deviation (p<0.05)

Amvadal NDC 30.1 4.26 (p=0.663)
m ala ns =U.
- PD 25.2 1.5 P
O|factory NDC 12.0 4.48
ns (p=0.987
Bulb PD 12.0 1.74 (PT0:367)
i NDC 31.1 11.8
Sub§tantla s (=0.244)
Nigra PD 17.3 4.03
NDC 35.0 8.74
Temporal s (p=0.735)
Cortex PD 37.3 9.03
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Figure 24: PMD is not correlated with altered PNN density

Patient PNN densities from different samples were plotted against post-mortem delay (PMD).
PNN density was not correlated with PMD as determined by Spearman’s rank (p>0.05). Data

are average densities per patient brain region.

5.3.2 PNN density is preserved in PD

PNN density was investigated among the five brain regions (Fig. 25, Table 4) to
determine if PNN populations were spared in PD. If PNN neurons were affected
in PD then we would expect to see a decrease in density as the populations
died off (Parkkinen, et al., 2011). PNNs were detected in four of the five brain
regions. The TC showed the highest PNN density (35 + 8.7 PNNs/mm?) and the
AON the lowest (12 + 4.5 PNNs/mm?). Interestingly, no PNNs were detected in
the hippocampus in either NDC or PD samples using WFA. The Hc was then
excluded from analysis. Likewise, one Am sample (PD 2014-018) was also
excluded as neither PNNs nor LB could be detected. In all four brain regions,
PNN density was not significantly affected in PD compared to control (Fig.25
Table 5), (two-way t Test, p>0.05). This pilot study indicates that PNN neurons
are not lost in PD pathophysiology.

Neuronal density was not examined as the NeuroTrace Nissl was not specific
for neurons. Co-staining with Hoechst revealed complete overlap of nuclei
stained. The nuclei stained by NeuroTrace Nissl also varied in size. Together,
with the Hoechst colocalisation, this indicates that NeuroTrace Nissl likely stains
glia as well as neurons. This meant the PNN neurons as a proportion of total
neuron population could not be examined.
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Figure 25: PNN neuronal density is unaffected in the PD brain

WFA labelled PNN neurons were counted in multiple brain areas (AON is anterior olfactory
nucleus) and normalised to density per mm2. Symbols represent individual patients mean PNN
density (average of 3 sections). Bars represent mean PNN neuron density for non-demented
control (NDC) and Parkinson’s disease (PD). Error bars are SEM. No significant differences
were found between PNN densities of PD and NDC among any of the brain areas (p>0.05), as

determined by a two sample t-Test.

5.3.2.1 No Lewy bodies in PNN neurons

In chapter 4, we have shown that PNN neurons resist uptake of aggregated
aSYN and negatively regulate p-aSYN development. Having established this in
vitro we then sought to establish whether the neuroprotection mechanism is
conserved in the human disease condition. If PNN neurons resist aggregate
uptake and p-aSYN development, then in the PD brain we would expect to see
little colocalization of Lewy pathology in PNN neurons. In the AON and Tc, we
observed overlap between areas of PNNs and LP (Fig. 27 and 29). Despite the
proximity of LB-containing neurons and PNN neurons we did not observe LBs
within PNN neurons. This corresponds to our previous work (Ch. 4) and is
consistent that the PNN protects neurons from LB development. A cytoplasmic
stain was not employed during this study so we could not determine in PNN
neurons had Lewy neurites. Furthermore, no colocalization was seen between
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WFA reactive material and LP indicating that Lewy aggregates do not contain
WEFA reactive CS.
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Figure 26: PNN rich areas segregate from Lewy rich areas in PD amygdala

Representative immunofluorescence images of human amygdala from non-demented control
and Parkinson’s disease (PD) patients (7 um sections). PNNs were labelled by WFA (green)
and coalesced around a proportion of Nissl-stained neurons (purple). LP was detected by

staining for p-129 aSYN (orange). Perinuclear LB aggregates were found in a proportion of
neurons.
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Non-Demented Control
AON 1 AON 2

Figure 27: PNN neurons co-exist
with Lewy bearing neurons in the
olfactory bulb

Representative immunofluorescence
images of anterior olfactory nuclei
(AON) in the human olfactory bulb.
Images are shown from non-
demented control and Parkinson’s
disease (PD) patients (7 um
sections). PNNs were labelled by
WFA (green) and coalesced around
a proportion of Nissl-stained neurons
(purple). Lewy pathology was
detected by p-129 aSYN staining
(oreange). Lewy pathology was
found in AON 1 and AON 2 but was
higher in AON 2. PNN neurons
appeared unaffected by nearby
s L €Wy pathology and did not present
with LBs.
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Figure 28: PNN rich areas segregate from Lewy rich areas in the substantia nigra

Representative immunofluorescence images of human substantia nigra from non-demented
control and Parkinson’s disease (PD) patients (7 um sections). PNNs were labelled by WFA
(green) and coalesced around a proportion of Nissl-stained neurons (purple). LP was detected
by staining for p-129 aSYN (orange). Perinuclear LB aggregates were found in a proportion of
neurons. PNN neuronal density was unaffected in PD and no PNN neurons presented with p-

aSYN pathology.

5.3.3 Segregation between ECM rich and LB rich areas

Regional colocalisation was seen in the AON and some regions of the Tc.

However, an inverse relationship was observed elsewhere. Segregation of PNN

rich and Lewy rich areas was observed within the SN, Am and some cortical

areas and outside of AON, meaning LP and PNNs did not share the same

areas (Fig. 26, 27, 28 and 29). In the SN this corresponded to the Lewy rich

pars compacta (SNc) and the PNN rich pars reticulata (SNr). In the TC PNNs
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were highest in layers Ill and IV, in agreement with the literature. Cortical LP
was highest in deeper cortical layers. This inverse relationship between LP and
ECM is reminiscent of that observed in Alzheimer’s (Briickner, et al., 1999;
Morawski, et al., 2012a).

Non-Demented
Control PD

Figure 29: PNN neurons in the temporal cortex co-exist near to LB-bearing neurons

Representative immunofluorescence images of human temporal cortex from non-demented
control and Parkinson’s disease (PD) patients. PNNs were labelled by WFA (green) and
coalesced around a proportion of Nissl-stained neurons (purple). LP was detected by staining
for p-129 aSYN (orange). Perinuclear LB aggregates were found in a proportion of neurons.
While PNN neurons were found in close proximity to affected neurons, no PNN neurons

displayed LP.
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5.4 Discussion

5.4.1 Summary

In this chapter, we have demonstrated that PNN enwrapped neurons are
spared in PD. We have shown PNN densities are unchanged in PD compared
to NDC in multiple brain regions (Am, AON, Tc and SN). The regions chosen all
develop LP in PD and contain PNNs; thus were the best choice to test whether
PNN neurons were affected in PD. No LB containing PNN neurons were
observed in any region. In some brain areas (Am, Tc and SN), segregation was
observed between areas of LP and PNN regions. This pilot study provides the
first evidence to support the PNN being a factor underlying neuronal resistance
in PD.

5.4.2 WFA reactivity not affected by short PMD

WEFA reactivity has been shown to be negatively affected by extended PMD
(>24hours) (Morawski, et al., 2012a). It was shown WFA reactivity in rodent was
lost over time, with near complete loss by 24hours and high temperature (37°C)
accelerating the decay. Lectin sensitivity has been observed by other groups
who, using WFA and VVA, report a loss of PNNs in AD (Kobayashi, et al., 1989;
Baig, et al., 2005). In both cases the average PMD exceeded 12 hours, with the
mean PMD ranging between 22-39 hours. Similarly in Rogers et al. (2018) the
mean PMD exceeded 12 hours (17.5 hours). This indicates that a PMD of 12
hours is sufficient to disrupt lectin reactivity. PMD was controlled for in this study
and was shown not to negatively affect PNN below 12 hours, in accord with the
literature (Morawski, et al., 2012a).

5.4.3 PNN populations in the human brain

Populations of PNN neurons are observed throughout the CNS. Their density
varies between regions with the cortex showing the highest density of WFA-
reactive PNNs (Ueno, et al., 2017a). This was mirrored in our results where the
highest density was in the Tc. PNN density shows a laminar distribution with the
highest density in layers Ill and IV (Brtickner, et al., 1999; Morawski, et al.,
2012a; Mauney, et al., 2013). PNN density varies between cortical regions:
density in the occipital cortex was 65 + 3 cells/mm? while in the prefrontal cortex
density was much lower, 1.02 + 0.97 cells/mm? (Morawski, et al., 2012a;
Mauney, et al., 2013). In this study, PNN density in the Tc was 35 + 8.7
cellssfmm?. This is higher than previously published (17 + 7 cells/mm?).
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PNN enwrap PV interneurons in amygdala. There is slight variation between
Am nuclei with the lateral nucleus showing the highest density (Pantazopoulos,
et al., 2008a). PNN density was not broken down by nuclei in this study due to
the anatomical variance within this cohort. In other studies, the whole amygdala
is used and the caudorostral location can be controlled. In this study there was
significant variation in the caudorostral location of the samples used. This is
because the samples were taken and embedded by a variety of
neuropathologists and submitted to a brain bank. Both Am nuclei size and PNN
density vary greatly depending on the caudorostral location (Harding, et al.,
2002; Pantazopoulos, et al., 2008b).This variation prevented subdivision be
neuroanatomical nuclei. PNN density in the amygdala is low (<10)
(Pantazopoulos, et al., 2008a; Pantazopoulos, et al., 2008b). This contrasts with
our observations (30.1 + 4.3). In the human Am a proportion of glia are WFA
positive, a proportion that is enriched in schizophrenia (Pantazopoulos, et al.,
2008a). The higher density observed in our cohort could be due to
contaminating WFA positive glia. As discussed, the neuronal stain used in this
study was non-specific. The criteria for PNN identification was for a pericellular,
WFA positive ring surrounding the nuclear stain. This does not rule out potential
inclusion of WFA positive glia in the PNN density count. It may also explain the
higher PNN density in the Tc. The PNN morphology observed in the Am lacked
the dendritic stain seen previously (Pantazopoulos, et al., 2008a). This may be
due to differences in immunohistochemistry techniques employed.
Chromogenic detection methods are more sensitive in detecting low-abundance
epitopes and would thus reveal the dendritic PNN. In accordance with this, our
study we only detected dendritic PNN staining in one brain region, the cortex. In
future, a specific neuronal stain should be included to prevent inclusion of
confounding WFA positive glia.

The lowest PNN density was observed in the OB with PNNs observed in AON 1
and 2. In both the rat and human the OB is a site of high ECM staining. In the
bulb, PNN staining is rare while the loose ECM shows organised staining. WFA
reactivity is highest in glomeruli and external plexiform layer (Hunyadi, et al.,
2020). PNN staining was only detected in the mitral cell layer and their scarcity
may explain the persistent plasticity seen within the olfactory system (Imai,
2014). Within the rat AON, PNNs have been observed around 20% of small and
medium sized neurons. This PNN area is separated from the pial surface by the
WFA positive external plexiform layer (Bertolotto, et al., 1996). We observed a
similar staining pattern in human although we were not able to determine the
PNN population as a proportion of the total neuronal population.

124



125

PNN location in the SN is localised to the SNr (Yasuhara, et al., 1994,
Bertolotto, et al., 1996; Briickner, et al., 2008). They surround non-pigmented
neurons which are most likely PV interneurons (Hardman, et al., 1996;
Brickner, et al., 2008). It is likely that the PNN ensheathed neurons we
observed in the SN are PV interneurons though this has yet to be confirmed
through co-staining. The SNr PV neurons are GABAergic and predominantly
project to the motor thalamus. Their activation modulates thalmocortical
activation and their hyperactivation could contribute to the motor deficits seen in
PD (Hardman, et al., 1996).

We did not detect any PNNs in the human Hc using WFA, in agreement with
previous studies (Lendvali, et al., 2013; Rogers, et al., 2018). In the rodent there
is a high density of PNNs within the CA2 region. We therefore expected to find
a high density of PNNs within the Hc. This was not the case. We failed to detect
any PNNs with WFA staining in the human Hc in either NDC or PD samples.
This may reflect a species difference between rodent and human or a difference
in PNN composition. The PNN is a key structure in plasticity and memory and
therefore it would be unusual for PNNs to be absent in the human Hc, a key
location in memory formation. More samples, especially the NDC, will provide
more information.

Chapter 3 and the literature have established PNN heterogeneity, specifically
the existence of WFA negative PNNs (Ueno, et al., 2018b; Miyata, et al., 2018).
Therefore, it is likely the failure to detect WFA positive PNNs in the Hc is due to
PNN heterogeneity. Acan has been identified as a key component of
hippocampal PNNs and been used to identify PNNs in the human Hc previously
(Lendvai, et al., 2013; Rogers, et al., 2018). An acan antibody was used as
WEFA failed to detect hippocampal PNNs; this could be because of the extended
PMD of their samples (>12hours) (Rogers, et al., 2018). PMD was controlled for
in this study and shown not to correlate with PNN density. We cannot exclude
that WFA-reactivity in the Hc is exceptionally sensitive and degraded after a 3
hour PMD. However, we and others have identified a significant proportion of
PNNs lack WFA (chapter 3, (Irvine and Kwok, 2018; Ueno, et al., 2018b).
Unpublished results from our lab have shown acan detects more PNNs in the
rodent Hc than WFA. Therefore, based on our data and the literature, we posit
that the discrepancy between acan and WFA PNN staining in the Hc reflects
heterogeneity in glycosylation rather than PMD-induced WFA loss.

The aim of this chapter was to demonstrate whether PNN neurons were spared
in PD, as such a small pilot study was planned to test this hypothesis. WFA was
chosen as WFA reactive PNNs had previously been shown in the regions of
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interest while other PNN antibodies had not been extensively tested in human.
This study has provided the initial evidence showing that PNN neurons are
spared in PD. This encouraging initial result should now be built upon and
confirmed using different PNN markers and neuronal stains.

5.4.4 PNN populations spared

The spread of LP through the CNS is a conserved process and occurs in an
ascending manner. The mechanisms underlying this conservation have not
been fully elucidated. The spread can in part be understood in terms of neural
connections between brain regions. However the connectome is not sufficient to
explain the spread of LP (Oliveira, et al., 2019; Henrich, et al., 2020). The
strength of neuronal connections does not predict pathology development in the
PFF transmission model (Henrich, et al., 2020). PD has been defined as a prion
disorder as aggregated aSYN can propagate itself by recruiting native aSYN to
misfold (Brundin and Melki, 2017). This hypothesis has explanatory power as
aSYN expression level correlates with the vulnerability of brain regions to LP
(Erskine, et al., 2018; Henderson, et al., 2019; Courte, et al., 2020). However,
vulnerability is modulated by other factors such as cell type, gene expression
(e.g. LRRK2, calcium binding proteins), cellular stress and axonal arborisation.
The perineuronal net could be another such factor governing neuronal
vulnerability, increasing neuronal resistance.

5.4.4.1 Correlating PNN populations and neuronal loss

Neuronal death is a selective process in PD and is correlated with symptom
severity. Cell loss is selective but occurs throughout Lewy affected regions
(Hirsch, 1992; Giguere, et al., 2018). Why neuronal loss is selective is due to
the differing susceptibility of different neuronal populations. It has not been
investigated whether PNN neurons are lost in PD. If PNN neurons were lost in
PD then we would expect to see a reduced density. We investigated PNN
populations in brain regions affected by LP. In all brain regions PNN density
remained unchanged and no PNN neurons contained LBs. This would indicate
that the PNN is a factor governing neuronal susceptibility by conferring
resistance.

Neuronal loss has been most intensively investigated in the SN (Giguére, et al.,

2018). Pigmented, dopaminergic neurons are the most affected, showing a 46%

decline in cell density in the SN between Braak stages llI-1V (Hirsch, 1992;

Dijkstra, et al., 2014). There are conflicting reports about the process of

neuronal loss as SN neuronal loss in PD has been shown to occur in both a

stage-dependent and a progressive manner, where disease duration correlated
126



127

with neuronal loss (Pearce, et al., 1995; Dijkstra, et al., 2014; Giguére, et al.,
2018). This conflict may arise from the differing methodological approaches
taken by different groups (Giguere, et al., 2018).

Cholinergic neurons are also lost in PD, showing a 50% reduction in the PPN
with sparing of neighbouring GABAergic and glutamatergic neurons (Hirsch, et
al., 1987). In the PPN, both cholinergic and glutamatergic neurons are devoid of
PNNs while neighbouring neurons are clad in PNNs (Bertolotto, et al., 1996;
Briickner, et al., 2008). The PPN was not investigated in this study but it is likely
PNN populations are also spared there.

Interestingly in PD, a 100% increase in dopaminergic neurons has been
observed in the OB. Dopaminergic cells have an inhibitory effect in the OB and
may underlie hyposmia in PD (Huisman, et al., 2004; Huisman, et al., 2008;
Mundifiano, et al., 2011). However, the bulb is a PNN poor area as shown by
the literature and so was not investigated in this study (Bertolotto, et al., 1996).
One study has investigated neuronal loss in the AON and reported neuronal
loss that correlated with disease duration (Pearce, et al., 1995). However, the
subtypes of neurons lost or preserved were not investigated. We have shown
PNN neurons are spared in PD and density is unchanged in AON indicating
they are spared from the neuronal loss. To build upon this study, the fate of
neuronal subtypes in the PD AON should be investigated.

In the Am a 30% reduction in volume was reported. This arose from neuronal
loss in the corticomedial nucleus with other nuclei volumes remaining
unaffected (Harding, et al., 2002). The corticomedial nucleus is worst affected
by LP but has not yet been investigated for PNNs (Braak, et al., 1994;
Pantazopoulos, et al., 2008a). Neuronal loss has not yet been shown in the
cortex or Hc (Pedersen, et al., 2005; Joelving, et al., 2006). The lack of
neuronal loss could be due to the late development of pathology in these areas
compared to lower brain regions. The literature investigating neuronal loss in
other brain regions is meagre when compared to the SN, and there is variety in
the methods used to identify neurons and quantify loss. A systematic study
should be performed so neuronal susceptibility in PD can be compared across
brain regions. The neuronal stain used in our study was not specific so neuronal
loss could not be estimated. In the next study this should be performed as then
the proportion of PNNs can be estimated for each region. If PNN proportions
increase in PD then this would confirm that PNN neurons are preserved in
regions experiencing neuronal loss.

We have shown that PNN populations are unaltered in PD, even within regions
showing severe neuronal loss. This is reminiscent of the protection seen in
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Alzheimer’s disease. In AD brains, PNN neurons did not internalise misfolded
tau or develop neurofibrillary tangles (Briickner, et al., 1999; Morawski, et al.,
2012b; Suttkus, et al., 2016b). PNN neurons resisted -amyloid toxicity in vitro
and co-existed alongside toxic amyloid plaques (Yasuhara, et al., 1994;
Briickner, et al., 1999; Miyata, et al., 2007). Together this suggests that the
PNN is neuroprotective in prion-like diseases. However, the neuronal stain used
in this study was found to be non-specific. WFA positive glia have been
observed in the human amygdala (Pantazopoulos, et al., 2008a). In PD,
astrocyte proliferation is absent (Halliday and Stevens, 2011). Therefore, it is
unlikely but cannot be discounted that the results observed in this study are due
to a rise in confounding glia, masking PNN neuronal loss. To remedy this, a
larger study should be performed with a specific neuronal stain. This would
serve three purposes: increase the n-number of this pilot study, confirm PNN
populations are unchanged and allow neuronal loss to be quantified in each
brain region.

5.4.4.2 Other factors are not sufficient to explain PNN population sparing

Since cell death in PD is selective it raises the question whether the sparing of
PNN populations is incidental, arising from other underlying factors such as
neuronal subtype. The presence of calcium favours aSYN aggregation
(Lautenschléager, et al., 2018). The high expression of calcium binding proteins,
i.e. PV, can thus protect neurons from aSYN aggregation. Calbindin expressing
DA neurons in SN are relatively spared compared to their non-CaBP expressing
counterparts (Yamada, et al., 1990). The majority of PNN neurons are PV
neurons. In our in vitro model in chapter 4 the majority of our PNN neurons
were PV positive. We then showed that PNN removal is sufficient to ablate the
resistance to oligomer uptake and aggregate development, demonstrating that
PV expression was not protective. Furthermore, investigation of PV-mediated
resistance in vivo and post-mortem tissues has shown PV neurons develop
LBs. This was observed in the AON, Hc and Am (Flores-Cuadrado, et al., 2016;
Flores-Cuadrado, et al., 2017; Ubeda-Bafion, et al., 2017). The interaction of
the PNN and PV has not been investigated in post-mortem tissue. However, our
in vitro results highlight that the PNN can protect PV neurons. To follow-up this
study, PV density should be analysed alongside the PNN population.

5.4.4.3 No Lewy Pathology in PNN neurons

We have observed that PNN densities are unchanged in PD, even within
regions that experience neuronal loss. During this study we did not observe any
PNN neurons containing LBs. LB development is a precursor to neuronal death
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as the proportion of LB-bearing neurons remains consistent throughout the
disease course (Greffard, et al., 2010; Parkkinen, et al., 2011; Osterberg, et al.,
2015). Therefore, the lack of LB bearing PNN neurons correlates with the
sparing of PNN populations. Furthermore, it correlates with our findings from
chapter 4, where PNN positive neurons show lower uptake of aSYN oligomers.
LP develops and matures over time. It starts in the neurites, coalescing in the
soma as a pale body before condensing into a mature LB (Kuusisto, et al.,
2003; Mahul-Mellier, et al., 2020). It is possible that the PNN does not prevent
pathology development in the enwrapped neurons but merely slow it. If this was
the case, then PNN neurons may present with Lewy neurites. This was not
examined in our study due to the lack of dendritic staining. However, if the PNN
only slowed LP development then it would be expected that LBs be found in
PNN neurons in regions affected early in PD pathophysiology and PNN loss
may be seen, i.e. AON. We have shown PNN populations are spared and did
not present with LBs in the AON. This makes the slowing hypothesis less likely.

5.4.5 Segregation of ECM and Lewy pathology

As mentioned, LP develops along a conserved route. The connectome and
aSYN expression are two major factors that govern the spread but are not the
only factors (Surmeier, et al., 2017a). We have shown that PNN populations are
spared in PD, indicating they are a factor determining neuronal vulnerability.
Mapping of pathology spread from a PFF injection into the PPN revealed
differences in vulnerability (Henrich, et al., 2020). The superior colliculus and
the substantia nigra reticulata both have similar strength connections to the
PPN but showed differences in pathology severity. The superior colliculus
showed severe p-aSYN staining while the SNr showed sparse staining,
demonstrating the connectome alone is insufficient to explain LP spread
(Henrich, et al., 2020). The SNr contains PNNs while the superior colliculus
does not (Bertolotto, et al., 1996). This indicates that the PNN could be a factor
governing LP spread. In agreement with this, we have shown that there is
segregation between PNN rich areas and Lewy rich areas, most notably in the
SN and Am, but we observed limited segregation between PNNs and LP
containing neurons in the Tc indicating other factors are involved in LP spread.
In agreement with the literature, LP was found in deeper layers and PNNs in
superficial layers (Braak, et al., 2003). The central Am nucleus is severely
affected in PD while the PNN rich, lateral nuclei remains unaffected. The
basolateral nucleus, which has a lower PNN density, is mildly affected in PD
(Braak, et al., 1994; Harding, et al., 2002; Pantazopoulos, et al., 2008a). The
SNr, despite it's close proximity to the severely affected SNc and connections to
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the PPN, remains sparsely affected by LP (Hardman, et al., 1996; Henrich, et
al., 2020). Other PNN rich regions, e.g. the red nucleus, cerebellum and parts of
the basal ganglia, are also spared in PD (Carulli, et al., 2006; Brtckner, et al.,
2008; Racz, et al., 2016; Braak, et al., 2003; Erskine, et al., 2018). This
segregation could arise due to PNN presence, the connectome or from differing
aSYN expression. The strength of the contribution of these factors must be
compared. A PFF injection model would be best suited as ECM digestion by
ChABC, connectome mapping and aSYN expression could be performed and
measured simultaneously. In AD, another prion-like disease, segregation of
PNN rich and pathology rich areas is seen in the neocortex (Briickner, et al.,
1999; Morawski, et al., 2010b; Morawski, et al., 2012b). This indicates a proof of
principle in prion-like neurodegenerative diseases.

The PNN and ECM could modulate aSYN spread through several mechanisms.
As discussed, the PNN could provide a barrier against aSYN uptake, as shown
in chapter 4. The ECM act as a barrier, limiting extracellular aSYN aggregates
diffusion. However in the latter case it has been shown that extracellular aSYN
aggregates can catalyze destruction of ECM-HA via microglia (Soria, et al.,
2020). Despite this, no disruption of PNNs was observed (Soria, et al., 2020).
This may be due to the different structure of the PNN compared to the loose
ECM. The PNN is a cross-linked structure which may prevent microglia-
mediated degradation. However, microglia have been found to degrade and
remodel the PNN (Stamenkovic, et al., 2017; Crapser, et al., 2020). The results
from this study provide preliminary evidence that the PNN could modulate Lewy
spread but the hypothesis must be directly tested if the PNN is to be firmly
established as a factor LP development.

5.4.6 Conclusions and Further directions

In this pilot study we investigated whether PNN populations were spared in PD.
We have shown, in multiple brain areas, that despite neighbouring LP, PNN
populations are unaffected in PD and PNN neurons do not present with LBs.
This demonstrates the PNN could be a factor underlying neuronal resistance in
PD. In some brain regions we also observed segregation of PNN rich and Lewy
rich areas indicating the PNN could be a modulating factor in LP spread. The
aim of this chapter was to investigate whether the PNN is a neuroprotective
structure in PD; this study establishes the proof of principle by showing that
PNN populations are unaltered in Lewy affected regions. This study should be
followed up to determine the contribution of the PNN compared to other factors
governing neuronal resistance and Lewy spread.
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Chapter 6 General discussion and future perspectives

6.1 Introduction

This thesis investigated the hypothesis: does the PNN protect neurons from
aSYN internalisation and pathology development in PD? Investigating this
would establish whether the PNN was neuroprotective in PD. In pursuit of this,
an in vitro neuronal culture model was established which accurately replicated
PNNs as seen in the adult CNS. This model reproduced mature PNNSs in both
their morphology and heterogeneity. Using this model, we discovered that the
PNN protects neurons from pathogenic aSYN by reducing internalisation and
phosphorylated aggregate development. Degradation of the PNN ablated the
effect demonstrating it was PNN-dependent. PNN GAGs, CS-E and HS, were
found to interact with monomeric and oligomeric aSYN, revealing a putative
mechanism for the neuroprotective phenomenon. To demonstrate the disease
relevance of this neuroprotective mechanism we investigated PNN populations
in PD and NDC brains. PNN densities were spared in all Lewy affected regions
and Lewy bearing PNN neurons were not observed indicating PNN populations
could be resistant to PD pathophysiology. Together this thesis has provided the
first evidence to establish the PNN as a neuroprotective structure for aSYN
pathology in PD.

LP develops in CNS regions in a progressive manner, exhibiting both temporal
and spatial conservation. Misfolded aSYN has been shown to act as a prion-like
agent, seeding the spread of the pathology via the connectome. However, not
all connected regions or all neurons within an affected region develop LP or die
off. This has led to the concept of differential neuronal vulnerability. Neuronal
subtypes have different vulnerabilities to LP and aSYN seeding. This
vulnerability arises from the interaction of cell-autonomous and extracellular
factors. Mechanistically, aSYN transmission has been shown to occur both
synaptically and through the extracellular space. The local release and diffusion
of aSYN in the extracellular space should show no bias between uptake
between neuronal subtypes, unlike synaptic transmission which spreads
through the connectome. Despite this, neighbouring neurons often fail to
develop LP. For example, the SNc region shows severe LP and neuronal loss
but the neighbouring SNr is spared. The reasons for this bias are not yet fully
resolved. In AD, another prion-like disease, the PNN has been identified as a
barrier to pathogenic tau internalisation. Therefore, the aim of this project was to
investigate whether the PNN provides a similar neuroprotective role within PD.
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6.2 Establishment of a mature PNN in vitro culture

In chapter 3 we successfully established an in vitro PNN culture that accurately
replicated mature PNN morphology and heterogeneity. PNN cultures have been
established by 4 other groups but this is the first time PNN heterogeneity in vitro
has been demonstrated and PNN maturation examined. Of the groups, two use
mouse hippocampal neurons and the other two utilise rat cortical neurons
(Miyata, et al., 2005; Dityatev, et al., 2007; Giamanco, et al., 2010; Geissler, et
al., 2013). The timeline of PNN development differs between the groups and
may be explained by species or regional differences. Hippocampal mouse
cultures demonstrate reticular PNNs around DIV21 while cortical rat cultures
remain punctate, in agreement with our results. It is likely this difference arises
from the species difference. Comparison of PNN maturation in the mouse
cortex reveals that PNNs are reticular by DIV21, though they do continue to
increase in intensity and contiguity (Ueno, et al., 2017b; Sigal, et al., 2019). The
extended time frame needed for rat PNN maturation is a drawback of the work,
though one advantage is the clear development process, which has yet to be
characterised in mouse cultures. While PNNs have been characterised in vitro
previously this is the first-time quantification of the culture has been performed.
This has allowed the extent of heterogeneity to be examined. It also provides a
useful baseline in understand how a treatment may affect PNN populations.
This culture can be used in tracking PNN development which has great utility for
understanding this process and learning how to manipulate it.

Specific roles for PNN components have been identified and discussed in
chapter 3. Briefly bcan and ncan may have complimentary roles in synapse
stabilisation. However, despite this we failed to observe segregation of PNN
components into microdomains but instead saw a near complete colocalisation.
This conflict should be investigated by examining the PNN with super-resolution
techniques. The diffraction limit is a limiting factor in resolving PNN structure.
However, great strides have been made in super-resolution techniques.
Expansion microscopy is one such technique that holds great promise and
should be employed in resolving PNN organisation and reconciling the lack
apparent lack of segregation.

During development we identified a WFA positive/acan negative PNN
population, indicating a different CSPG predominated during PNN development.
A similar phenomenon was noted for the Cat-315 antibody which has identifies
the HNK-1 epitope on acan in the mature CNS (Matthews, et al., 2002; Miyata,
et al., 2018). However, examination of Cat-315 reactivity in during PNN
development in vivo and in vitro discovered it was instead bore by pcan (Dino,

132



133

et al., 2006). It is not known which CSPG bears the WFA-epitope in
development but pericellular ncan and pcan expression are high during PNN
development in vitro (Miyata, et al., 2005; Hayashi, et al., 2005). This question
should be resolved in our culture as it would improve our understanding of the
PNN development is a necessary step towards identifying how PNN
composition affects function.

6.3 The PNN reduces pathogenic aSYN internalisation and p-
aSYN pathology development

aSYN seeding has been studied in detail in vitro and the results from chapter 4
build on this. Our approach differed from the literature as we did not aim to
investigate how aSYN internalisation occurs but how its entry may be blocked.
Examining the neuroprotective role of the PNN in PD builds on an existing body
of literature which has demonstrated a neuroprotective role against ROS and in
AD. This work sought to establish a link between the two areas by investigating
a role for the PNN in neuronal resistance. ldentifying neuronal resistance is a
novel approach in PD, preventing direct comparison with the literature. Chapter
4 demonstrated the PNN reduces seeding in HEK cells and reduced oligomer
internalisation and p-aSYN pathology development in neurons. However, we did
not directly show the PNN acting as a barrier. The PNN has been shown to
reduce oligomeric tau internalisation. Though they showed an increase in tau
positive PNN neurons after 24hours which may be indicative of a slowing of
uptake rather than a block (Suttkus, et al., 2016b). We also observed aSYN
internalisation in PNN neurons at 24hours. Based on the results of chapter 4
alone it cannot be discerned whether the PNN blocked or slowed uptake.
Indeed, even the significant increase in the internalisation and p-aSYN
pathology after PNN degradation is consistent with either a slowing or a
blocking effect. Fortunately, our work in chapter 5 does allow us to discern
between them as we failed to detect any LP positive PNN neurons, indicating
the PNN blocks aSYN internalisation rather than slows it. A future experiment
utilising live cell imaging and fluorescently labelled aSYN could prove directly if
the PNN acts as barrier.

Suttkus et al. (2016b) showed colocalization between the PNN and oligomeric
tau after 4 hours of incubation. We did not observe colocalization at 24hours
despite showing aSYN/PNN glycan binding. The 24 hour time frame was
chosen because aSYN species are completely internalised by this point ( Lee et
al., 2008). The main aim of this study was to determine whether the PNN
prevented oligomeric internalisation and subsequent seeding, not whether the
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PNN colocalised with aSYN. However now this has been established this
should be rectified and colocalization should be investigated after a shorter
period of incubation.

One unifying factor in protein-mediated aSYN internalisation is that all identified
proteins are glycoproteins bearing HS (Holmes, et al., 2013; Mao, et al., 2016;
Ihse, et al., 2017; Hudak, et al., 2019). Based on this it is perhaps not surprising
we identified a PNN GAG chelation effect. The interaction between aSYN
species and CS-E has not been previously identified. The presence of other CS
subtypes, CS-A and DS, have been shown to affect aSYN aggregation
propensity and seeding capacity but neither directly interacted with aSYN, as
determined by NMR, in agreement with our results (Mehra, et al., 2018). The
effects observed in this study are most likely due to a molecular crowding
phenomenon (Ray, et al., 2020). As discussed, we cannot rule out a general
electrostatic interaction due to the heterogeneity of the GAG source material,
but we consider it unlikely as there was no interaction between CS-D and aSYN
species despite having the same charge ratio as CS-E. This argues for a
specific interaction between CS-E and aSYN but it should be confirmed using
synthetic disaccharides. This would also have the advantage of revealing the
minimum binding unit (Sugiyama, et al., 2008; Djerbal, et al., 2019; Nadanaka,
et al., 2020).

Chapter 4 has made the first step in establishing the PNN as a neuroprotective
barrier in PD by establishing it as a neuronal resistance factor. However, there
are some limitations to the study. A direct resistance phenotype for PNN
neurons against p-aSYN could not be established due to the lack of somatic
pathology. However, we rectified this by confirming the sparing of PNN
populations in PD brains in the subsequent chapter. ChABC treatment also
removes the loose ECM as well as the PNN raising the possibility of a role for
the loose ECM. Soria et al. (2020) showed that the loose ECM is not spared in
a model of synucleinopathy due to microglia-mediated degradation, making a
loose ECM contribution less likely but as our culture did not contain microglia it
cannot be ruled out.

We have demonstrated a neuroprotective role for the PNN against free aSYN in
the extracellular milieu, a key mechanism of spread in PD (Lee, et al., 2014,
Jiang, et al., 2017). However, as mentioned in chapters 4 and 5, the
connectome and synaptic transmission is another key mechanism of spread.
We have not demonstrated whether the PNN protects neurons from synaptic
transmission of aSYN. The PNN is a key part of the tetrapartite synapse and
surrounds the synaptic cleft, enhancing synaptic signalling (Dityatev and
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Rusakov, 2011). However, while it surrounds the cleft it is usually excluded from
it (one exception are the Calyx of Held synapses) and thus would not be able to
act as a barrier against aSYN transmission (Lendvai, et al., 2013; Blosa, et al.,
2015). Our study does not address this question, but a future study must. Cell
culture in microfluidic chambers allows synaptic aSYN transmission to be
interrogated in vitro (Gribaudo, et al., 2019). We suggest this be combined with
our neuronal culture to investigate the role of the PNN in synaptic transmission
of aSYN.

6.4 PNN populations are unaffected in PD

This study was designed as a proof of principle experiment to establish the
relevance of the PNN-mediated neuroprotective phenomenon demonstrated in
the previous chapter. We have shown that PNN populations are spared in
multiple LP affected areas. The regions investigated develop LP at different
time points during PD and thus allowed us to investigate whether the PNN was
neuroprotective for a limited time i.e., before extensive cell death and
microgliosis. As PNN populations were unaffected in AON and SN we
concluded the PNN is protective throughout the PD time course. The aim of this
chapter was to establish the PNN as a neuroprotective factor underlying
neuronal resistance to LP. This had not been investigated before. Also, data of
PNN populations in the human brain is sparse so our results help to fill this gap.
However, this current study is underpowered due to the small cohort. While this
is sufficient to establish a proof of principle to warrant further research it should
be kept in mind when drawing conclusions. A follow-up study should be
performed to increase the cohort number and rectify the non-specific neuronal
stain used.

Many factors govern neuronal vulnerability in PD and we have established the
PNN as one of them. However, it is possible that the presence of a PNN is
incidental to determining neuronal susceptibility and not casual. In this case, the
PNN would be segregating with other vulnerability/resistance factors not
investigated by this study, e.g., arborisation degree, aSYN or CaBP expression.
We showed in chapter 4 that PNN degradation was sufficient to remove the
neuroprotective phenotype but other factors could still be at work. CaBPs are
expressed by interneurons and can be used to broadly classify interneuron
subtypes (Mayer, et al., 2018). PV interneurons are the predominant subtype of
PNN neurons in the CNS and thus PV expression could be a confounding
factor. PV expression in PD has been investigated and presents a complex
picture. In the AON, an PV positive cell density increased 3-fold while a
decrease was seen in the amygdala (50%) and SNr (10%) (Hardman, et al.,
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1996; Flores-Cuadrado, et al., 2017; Ubeda-Bafion, et al., 2017). In the SNr, no
cell loss was seen indicating it was the PV immunoreactivity that was lost. PV
expression is dynamic and changes with the network state (Donato, et al.,
2013). It is likely the conflicting expression changes between regions reflects an
alteration in the neuronal networks as they compensate for dysfunction and cell
loss. In the Hc PV expression negatively correlated with aSYN pathology, but a
high proportion of PV cells colocalised with aSYN pathology (Flores-Cuadrado,
et al., 2016). Compared to other CaBP interneurons, PV positive interneurons
showed the highest proportion of aSYN pathology demonstrating they are not
protected from LP. PV neurons themselves are not a homogenous population
but differ in neuropeptide expression and arborisation (Markram, et al., 2004).
PNN neurons are only a subset of PV interneurons and could account for LP
resistant PV population. This should be examined through co-staining of post-
mortem tissue. Neuronal susceptibility is the product of multiple cellular factors
and no single factor is sufficient to cause LP. We have revealed that the PNN is
a factor underlying neuronal resistance. Indeed, we have demonstrated the
introduction of a PNN in a HEK cell line reduces aSYN seeding. This, and other
results in chapter 4, give a strong indication the PNN is not an incidental factor
but this cannot be ruled out conclusively. Future studies should investigate this
interplay to give insight into the strength of contribution of a PNN and solidify its
role as a factor of neuronal resistance in PD.

6.5 Mechanism for PNN neuroprotection in PD

During this project, we have shown the PNN reduces pathogenic aSYN
internalisation and p-aSYN pathology development. Removal of the PNN
destroys neuronal resistance, increasing internalisation and pathology
development. PNN populations are unaffected in PD, by either LP or neuronal
loss, demonstrating that the neuroprotection phenomenon observed in vitro is
conserved in the human disease. Furthermore, we have highlighted that PNN
GAGs can bind to monomeric and oligomeric aSYN, hinting at a possible
chelation mechanism underlying PNN neuroprotection. In this section, we will
bring these results together to postulate a mechanism for PNN neuroprotection
in PD and how the PNN fits into wider PD pathophysiology.

Pathogenic aSYN is released into the extracellular space upon neuronal death

or as part of compensation mechanism by neurons to decrease cellular aSYN

load (Lee, et al., 2005; Danzer, et al., 2012; Jiang, et al., 2017). Once in the

extracellular space it is either taken up by neighbouring cells or is degraded by

extracellular proteases. In PD, only neurons go on to develop LP while glia

degrade the pathogenic aSYN. Several neuronal internalisation mechanisms
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have been identified for aSYN species (discussed in greater detail in chapter 1
and 4) but all require access to the membrane. Once internalised a proportion
of the aSYN escapes from the endo-lysosomal system, gaining access to the
cytoplasm where it then recruits naive aSYN. The PNN is a dense pericellular
barrier that can prevent membrane access. We propose the PNN protects
neurons by denying aSYN access to the cell membrane, thereby blocking
internalisation. We have shown that oligomeric aSYN internalisation is greatly
reduced in PNN neurons and p-aSYN pathology induction by PFF is also
reduced. This demonstrates that the PNN plays a neuroprotective role against
oligomer and fibrillar aSYN.

The PNN can block aSYN internalisation by two mechanisms. Firstly, we
propose that the interposition of the dense, polyanionic barrier denies aSYN
access by preventing diffusion. Although the pore size of the PNN has not been
directly investigated it can be extrapolated from the literature. Diffuse
pericellular nets show a molecular sieving effect, halting 40 nm particles from
reaching the cell surface (Chang, et al., 2016; Scrimgeour, et al., 2017). The
PNN is thinner than the pericellular nets but is a denser, highly aggregated
structure. The PNN-HEK cell coat can only be removed by washing with high
concentrations of detergent while the diffuse pericellular net can be removed by
washing with high salt (Kwok, et al., 2010). The PNN is expected to be denser
than the PNN-HEK counterpart as it contains crosslinkers such as TnR and
Sema3a (Morawski, et al., 2014; Dick, et al., 2013). The presence of these
crosslinkers is further expected to reduce pore size and diffusion through the
PNN. Pathogenic aSYN species used in this study are larger than 40 nm and
therefore should be excluded. PFFs are elongated structures with a narrow
diameter but their rigid nature most likely prevents their diffusion through the
PNN (Fig. 30). Monomeric aSYN is smaller than oligomeric species and highly
flexible, so it is unlikely diffusion of monomeric aSYN is hindered.

Secondly, we have highlighted that PNN GAGs, HS and CS-E can bind to
oligomeric and monomeric aSYN species. We suggest that PNN GAGs can
chelate aSYN, trapping it on the PNN surface. However, this raises the
question: how long is aSYN trapped? The Kbp for the interactions is in the
micromolar range, a similar range to other GAG interactions. This binding is
relatively weak when compared to other PNN binding molecules, e.g. Sema3a
and Otx2, signifying the interaction is not especially long-lived. However, the
high GAG density within the PNN and the multiple binding sites per chain mean
the aSYN/GAG interaction must be considered in terms of avidity: while any
single interaction is short lived, the sum of all interactions could lead to aSYN

persisting on the PNN. Experimentally we did not observe aSYN binding to the
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PNN though this is likely due to late time frame used (24 hours), indicating that
PNN-mediated chelation of aSYN is shorter than 24 hours. Both mechanisms
work synergistically to reduce aSYN membrane access. Furthermore, it will
prolong the time aSYN spends in the ECS, increasing the chance of
degradation (Fig. 30). Chelation of aSYN in the ECS has already been shown to
reduce pathology development and improve behavioural outcomes in an animal
model (Tran, et al., 2014) However, this neuroprotective mechanism has
several implications that will be addressed in the next section.
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Figure 30: Proposed mechanism of PNN in PD pathophysiology

Pathogenic aSYN is released into the extracellular space where it is then taken up by
neighbouring neurons, seeding further pathology. Neurons with a PNN are protected as aSYN
cannot diffuse through the PNN. This prolongs the time aSYN spends in the extracellular space,

increasing the likelihood of degradation by microglia and extracellular proteases.

6.6 Implications and future directions

We have posited a mechanism to explain the PNN resistance phenomenon in
PD. The creation of any theory raises further questions which must be
answered to determine if the hypothesis is true.
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In the last section, we briefly touched on how long aSYN stays on the PNN but
a further question that must be asked is what is the fate of PNN-bound aSYN?
There are several possible fates. First, it most likely diffuses away due to the
weak binding. A second fate could be further aggregation. The binding of aSYN
to anionic vesicles potentiates their aggregation by increasing the nucleation
rate by three orders of magnitude. It does this by raising the local concentration
of the aSYN through chelation and by perhaps favouring nucleation-prone
conformations (Galvagnion, et al., 2015). The PNN could operate in the same
manner. aSYN/GAG Kb is 10fold weaker than published aSYN/lipid Kb.
However, for this effect to occur, there must be a sufficient concentration of free
aSYN in the ECS. To our knowledge, the extracellular concentration of CNS
aSYN in PD or in physiological conditions has not been measured. This should
be addressed to resolve whether the PNN could act as a pro-aggregation
surface. A third fate for PNN bound aSYN is degradation. Degradation can
occur via several routes: extracellular proteases, microglia, or astrocytes (Fig.
30). Internalisation by glia is a double-edged sword as it leads to aSYN
degradation but also gliosis (Fellner, et al., 2013; Rannikko, et al., 2015; Kim, et
al., 2013; Kim, et al., 2016; Zhang, et al., 2005). However, potentiating aSYN
degradation by microglia via antibody administration has shown benefit,
reducing pathology development and improving behavioural outcomes (Tran, et
al., 2014).

Internalisation of aSYN by glia, especially microglia can cause
neuroinflammation, contributing to neuronal dysfunction and disease
progression (Zhang, et al., 2005; Booth, et al., 2017). By chelating aSYN on its
surface the PNN could potentiate gliosis by acting as an antigen presenting
surface, a similar principle has been shown for astrocytes (Rostami, et al.,
2020). Microglial activation in PD is complex and dynamic. Microglial activation
is a broad term and can pivot the microglia towards a harmful or neuroprotective
state. This complexity arises from the diverse ligand milieu microglia are
exposed to during PD progression, the composition of which will change during
the disease time course. This is seen in the variation of inflammation state
between brain regions (Lopez Gonzélez, et al., 2016). During PD progression
there are multiple sources of microglial activation, aSYN, neuronal death,
reactive astrocytes, cytokines etc, which occur at different time points in PD
progression (Dijkstra, et al., 2014). This discussion will focus on the direct
effects of microglial activation by aSYN as this pertains to the PNN.
Internalisation of aSYN by microglia can occur via binding to CD36, TL4 or TL2
(Lee, et al., 2008b; Kim, et al., 2013; Fellner, et al., 2013; Rannikko, et al.,
2015; Kim, et al., 2016). This leads to their polarisation to an inflammatory
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phenotype and ROS production, resulting in neuronal toxicity (Zhang, et al.,
2005; Kim, et al., 2013; Hoffmann, et al., 2016; Kim, et al., 2016). However, a
neuroprotective role has also been identified (Choi, et al., 2020). Incorporating
microglia into the PNN neuroprotection mechanism (Fig. 30) raises two
implications that must be addressed: (1) are the PNN neurons spared from
microglial-mediated toxicity and (2) does the PNN exacerbate microgliosis and
neuronal dysfunction in the local area.

There are conflicting reports regarding the interaction between PNNs and
microglia. Physiologically, microglia have been shown to remodel the PNN
during learning, facilitating plasticity (Stamenkovic, et al., 2017; Nguyen, et al.,
2020). In disease and stress conditions the PNN has been shown to be both
vulnerable and resistant. Microglial activation by trimethyltin did not affect PNN
ensheathed neurons while LPS administration caused a decrease (Schippel, et
al., 2002; Crapser, et al., 2020). It is well-documented that the PNN protects
neurons from ROS-mediated toxicity, a key mechanism in microglial-mediated
neuronal toxicity (Morawski, et al., 2010a; Suttkus, et al., 2014). PNNs are lost
early in prion disease, followed by subsequent PV cell loss (Belichenko, et al.,
1999; Franklin, et al., 2008). PNN loss was also observed in a ALS mouse
model (Forostyak, et al., 2020). In AD, PNNs densities are unchanged across
multiple brain regions and mouse models but one group showed a loss in the
middle frontal gyrus and in a mouse model (Briickner, et al., 1999; Morawski, et
al., 2010a; Morawski, et al., 2012b; Lendvali, et al., 2013; Crapser, et al., 2020;
Reid, et al., 2021). Our results have shown in PD, a sparing of PNN populations
in multiple brain region, which would not be expected if they were vulnerable to
microglia-mediated toxicity.

How can these conflicting results be reconciled? One explanation is the degree
of inflammation. Both prion disease and AD have higher levels of inflammation
compared to PD, as measured by gene expression changes (Lopez Gonzélez,
et al., 2016). In AD, the level of inflammation changes between regions and
stage of disease progression, this could account for the conflicting sparing and
destruction of PNNs reported in AD (L6pez-Gonzalez, et al., 2015). We have
identified and discussed PNN heterogeneity during this work, another
explanation for differing reports of PNN resistance could be due to the
heterogeneity of the PNNs themselves as PNNs differ in composition and
thickness (Smith, et al., 2015; Ueno, et al., 2018a). However, differential PNN
vulnerability has yet to be shown. We did not find any regional differences in
PNN vulnerability in PD brains and comparison of PNN knock-out animals did
not show any difference in resistance to ROS (Suttkus, et al., 2014). In

summary, while it is possible the PNN can be degraded by microglia in PD, no
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supporting evidence has been discovered to support the assumption. Differing
PNN vulnerability could be tested in our PNN culture by comparing resistance of
immature PNNs to mature PNNSs.

Does the PNN induce local microgliosis, creating a more toxic environment for
neighbouring, PNN negative neurons? Our results did not investigate this due to
the non-specificity of our neuronal stain. If this is the case, then we would
expect to see an increase in microglia density around PNNs and increased
neuronal loss in PNN rich areas. This should be investigated in a future study
through immunohistochemical staining.

Discussed briefly earlier in this chapter was the question of how aSYN synaptic
transmission interacts with PNN neuroprotection. This is a limitation of the work
but should be addressed in future studies through in vitro culture and in vivo
injection models. Currently, reconciling synaptic transmission and PNN
neuroprotection would go beyond the experimental data. The segregation
observed in the PD brain and in the pattern of spreading in a PPN injection
model (discussed in chapter 5) hint that reconciliation is possible but direct
evidence is needed (Henrich, et al., 2020). As mentioned, the PNN is but one
factor underlying neuronal resistance and vulnerability in PD, it is likely that it is
the interaction of the PNN with other factors that dictate vulnerability to aSYN
transmission.
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Chapter 7 Conclusions

The overall aim of this study was to investigate a putative neuroprotective role
of the PNN in PD. To this end an in vitro PNN culture was established which
accurately replicated mature PNNs as they would appear in the aged CNS.
aSYN was purified for use in this study and two distinct aggregated species
were created and characterised (oligomers and PFF).

The PNN culture created in this study also modelled PNN maturation and
heterogeneity as seen in vivo. These were characterised using quantitative
methods to understand the PNN population as a whole. As the PNN population
matured and aged the predominant morphology transitioned from a punctate to
a reticular morphology. A population of early mature PNNs were identified that
were biochemically and morphologically distinct from the remaining PNN
population, this hints that different maturation mechanisms control PNN
development in different sub-populations. Acan was the principal PNN CSPG in
the mature culture but not during PNN maturation. Use of this model will give
further insight into mechanisms governing PNN maturation and functions arising
from PNN composition.

The presence of a PNN reduced internalisation of aSYN oligomers by two-thirds
in PNN neurons compared to neurons lacking a PNN. Degradation of the PNN
was sufficient to ablate this resistance. The introduction of a PNN-like coat on
the surface of HEK cells is sufficient to reduce oligomer uptake and seeding.
The PNN and loose ECM were also shown to negatively regulate p-aSYN
pathology development as ChABC prior to exposure with PFF, significantly
increased the extent of pathology development. PNN GAGs, CS-E and HS,
were found to interact with monomeric and oligomeric aSYN, raising the
possibility of a chelation mechanism by the PNN. PNN populations were spared
in PD patient brains, validating the resistance effect established in vitro. PNN
densities were unchanged compared to NDC and no LP was detected in PNN
neurons, corroborating our in vitro findings. We also observed the segregation
of LP and areas of high PNN and loose ECM density, raising the possibility that
the ECM is a factor governing LP spread in PD.

Together these results establish the PNN as a neuroprotective barrier in PD by
preventing neuronal uptake of pathogenic aSYN and subsequent LP
development. This identifies the PNN as a neuronal resistance factor
contributing to the selective neuronal vulnerability and the pattern of LP spread
seen in PD. This work has highlighted the importance of the ECM, specifically
the PNN, in PD pathophysiology by establishing it as a factor governing
selective neuronal resistance in PD.
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