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Abstract

Nigrostriatal dopamine neurons have long, highly arborised axons, indicating a re-
quirement for axonal translation. The axonal ‘translatome’ will reflect the neuronal
response to local stressors that precedes cell death in Parkinson’s disease (PD) as
well as revealing key transcriptional differences between protected and vulnerable
dopaminergic populations. The translating ribosome affinity purification (TRAP)
technique enables the capture of translating ribosomes specifically in dopaminer-
gic neurons by expressing an enhanced green fluorescence protein (eGFP)-tagged
ribosomal subunit driven by a cell type-specific promoter.

We have produced a novel transgenic mouse line by crossing a human alpha-
synuclein overexpression model, previously generated by our lab, with a dopamine
transporter (DAT)-Cre driven TRAP line. This thesis describes the collection and
analysis of translating mRNA from dopaminergic cell bodies and terminals of 3 and
18-month control and Parkinsonian mice for sequencing. The expression features
that best distinguished dopaminergic neurons from neighbouring cell types were
first identified. This information was used to prioritise genes located within linkage
regions of PD GWAS loci. Novel candidate genes were identified, including the
Calcium Sensing Receptor. Comparison of axonal and somal samples demonstrated
compartmental specialisation, with autophagic function, MAPK signalling, and
markers of axonal homeostasis preferentially expressed in axons. Comparison
between dorsal and ventral striatal axons identified a series of genes with greater
dorsal expression and prior evidence of a role in axonal degeneration. These genes
were considered putative markers of selective vulnerability. With age, coordinated
changes in expression were observed in genes related to autophagy, oxidative stress
and endocytic recycling. These changes were specific to the dopaminergic neuron
and can be used to better understand the role of each gene in dopaminergic function.
Results from this thesis have been collated and summarised in the form of a public
dopaminergic expression atlas.
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1. Introduction

1.1 Parkinson’s Disease

1.1.1 Introduction

Parkinson’s Disease (PD) is the fastest growing neurological disorder in the World
(Dorsey and Bloem 2018). It is estimated that the number of active cases will rise
from 7 million in 2020 to 13 million by 2040 (Dorsey, Elbaz, et al. 2018). The total
economic burden in the U.S. alone is estimated at $51.9 billion, annually, due to
direct medical costs and indirect costs associated with management of changes in
lifestyle (Yang, Hamilton, et al. 2020). In order to develop treatments or prevention

strategies for PD, the mechanisms of disease progression must be understood.

1.1.2 Clinical Presentation and Neuropathology

PD was first described over 200 years ago by James Parkinson in “An essay
on the shaking palsy” (republished as (Parkinson 2002)). Clinical observations
from this report form part of the diagnostic criteria of PD. Cardinal motor signs
are tremor, rigidity, bradykinesia and postural instability (Gelb et al. 1999). A

majority of patients are not confirmed with PD until postmortem confirmation of
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neuropathology, because motor symptoms can develop due to other neurological
causes. Non-motor features include dementia, depression, psychosis, autonomic

dysfunction, and oculomotor and olfactory deficits.

PD is characterised by the selective loss of A9 dopaminergic neurons of the sub-
stantia nigra pars compacta (SNpc) and intracellular accumulation of a-synuclein
in Lewy bodies (LBs). Both features are diagnostic of PD only when found
together, as LBs are detectable in other diseases, termed Lewy Body Disorders
or synucleinopathies (Dickson et al. 2009; Halliday et al. 2011; McKeith et al.
1996). Gross atrophy of the brain is generally not observed, in contrast to other
neurodegenerative diseases, such as Alzheimer’s Disease. In early-stage PD, loss of
dopaminergic neurons is focussed to the ventrolateral substantia nigra, but spreads
with age (Fearnley and Lees 1991; Damier et al. 1999). Prodromal degeneration
indicates a need to identify biomarkers of early disease and modifying therapies

before the development of symptoms (Dijkstra et al. 2014; Iacono et al. 2015).

LBs were first described over 100 years ago as neuronal inclusions in the brainstem
of PD patients (Lewy 1912). They are spherical, eosinophilic, found in all brain
regions affected by PD and are primarily composed of a-synuclein (Spillantini,
Schmidt, et al. 1997; Spillantini, Crowther, et al. 1998). Insoluble cytoskeletal
proteins can also be found in LBs (Galloway et al. 1992). Lewy neurites (LNs)
have been described, in which a-synuclein aggregates in neuronal processes (Forno
1987). As the course of disease develops, LB pathology spreads throughout the
brain (Braak et al. 2003). The Braak hypothesis stages this spread in tandem
with clinical symptom progression: In prodomal disease, LB pathology is present
only in the lower brainstem and olfactory bulb (stages 1 and 2), moving to the
basal ganglia with the onset of motor deficits (stages 3 and 4), and finally to the
cortical and limbic regions with the development of neuropsychiatric symptoms

(stages 5 and 6). This hypothesis has its criticisms; neuronal degeneration and early
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toxic oligomeric a-synuclein pathology is not considered, and not all symptoms are

explained (Roberts and Brown 2015; Chaudhuri et al. 2006).

The properties of LBs in disease are not clear. There are examples of familial PD
patients with no LB pathology (Gaig et al. 2007; Doherty et al. 2013) and clinically
normal brains with pathology (Markesbery et al. 2009). The abundance of LBs
does not reliably correlate with symptoms (Colosimo 2003; Parkkinen, Kauppinen,
et al. 2005; Parkkinen, Pirttild, et al. 2008). A non-toxic role of LBs has therefore
been suggested. Oligomeric a-synuclein, the precursor to the fibrillar form found
in LBs, is neurotoxic and detectable in postmortem brains of PD patients (Winner
et al. 2011; Nésstrom et al. 2011; Roberts and Brown 2015; Tofaris, Razzaq, et al.
2003). Attention has therefore focussed on the role of oligomeric a-synuclein in

PD pathology (discussed later in this chapter).

1.1.3 Aetiology

Genetic and environmental factors contribute to the risk of PD development. The
interaction of these factors with cellular and molecular biology has been the subject

of intensive study, as described below.

Genetic Factors

Heritability of PD is estimated to be 27 %, with monogenic causes accounting for
5-10 % of cases (Goldman et al. 2019; Thomas and Beal 2007). Genome-wide
associations studies of increasing power have detected loci with significant associ-
ation to disease risk, explaining between 16 and 36 % of heritable risk (Dardiotis
et al. 2013; Nalls, Blauwendraat, et al. 2019; Satake et al. 2009; Simén-Sanchez
et al. 2009; Pankratz et al. 2012; Hamza et al. 2010; Nalls, et al. 2014; Chang et al.

2017). There remains a large component of heritable risk that is therefore unknown.

Loci associated with disease risk are often in linkage disequilbrium with multiple

“tagging” variants, as part of a haplotype block (Gabriel 2002). Tagging variants
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may span large ranges of the genome, including numerous genes that could have
a disease-relevant role. Identifying or prioritising causative genes affected at these

loci is a current challenge.

The A53T mutation in SNCA, the gene encoding a-synuclein, causes autosomal
dominant PD and was the first monogenic cause identifed (Polymeropoulos 1997).
Additional SNCA mutations have since been discovered, causing familial PD or
dementia with Lewy Bodies: A30P (Kriiger et al. 1998); E46K (Zarranz et al. 2003);
H50Q (Appel-Cresswell et al. 2013; Proukakis et al. 2013); G51D (Lesage, Anheim,
et al. 2013); AB3E (Ghosh et al. 2014; Pasanen et al. 2014). With particular
relevance to this thesis, copy number variants of SNCA in the form of duplications
(Chartier-Harlin et al. 2004; Ibanez et al. 2004) and triplications (Singleton 2003;

Olgiati et al. 2015) have been found to cause PD.

LRRK?2 mutations are the second most common autosomal-dominant cause of PD,
accounting for up to 10 % of familial cases (Lesage and Brice 2009). These include
G2019S (Gilks et al. 2005), found in 1.6 % of a cohort of patients with idiopathic

PD, R1441C (Zimprich et al. 2004) and 12020T (Gloeckner et al. 2005).

Parkin, phosphate and tensin homolog-induced putative kinase 1 (PINK1) and
Daisuke-Junko-1 (DJ-1) are the most characterised genes associated with PD through

autosomal recessive inheritance.

Parkin mutations are the most common cause of autosomal recessive PD (Klein and
Lohmann 2008; Nuytemans et al. 2010; Ferreira and Massano 2016). They account
for 10-20 % of cases of early onset (< 40-50 years) PD and were first identified
as a cause of juvenile Parkinsonism (Kitada et al. 1998). PINK1 mutations are a
less common cause of PD, while DJ-1 mutations are considered rare, accounting
for around 1 % of early-onset cases (Nuytemans et al. 2010; Abou-Sleiman et al.
2003). The clinical features of all three mutation-driven diseases are similar, with

gradual disease progression that is L-DOPA-responsive.
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Non-genetic Factors

The prevalence of PD varies by sex and ethnicity: Distinguishing between cul-
tural exposure to environmental risk factors and genetic background is therefore
difficult (Van Den Eeden 2003). Age is the major factor contributing to PD risk
(Collier et al. 2011): A study of dopaminergic neurons in normal aged non-human
primates indicated degenerative mechanisms in common with PD. Aged neurons
have therefore been described as “pre-Parkinsonian”, with a combination of genetic
and environmental risk factors accelerating the rate of degeneration (Collier et al.
2011). The “multiple hit” hypothesis posits that accumulation of toxic and genetic
factors accelerates dopaminergic ageing, leading to PD (Carvey et al. 2006; Sulzer
2007). More recently, PD has been proposed to be a consequence of ageing, with
the suggestion that research into ageing and PD should be coordinated together,

because of a strong overlap in relevant biology (Rodriguez et al. 2015).

Selective destruction of dopaminergic neurons in the SNpc was found in users of
intravenous drugs contaminated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) (Williams 1984; Langston et al. 1983). The toxic metabolite of MPTP, 1-
methyl-4-phenylpyridinium ion (MPP™) is a complex I inhibitor that is structurally
very similar to paraquat, a herbicide (differing only by one methyl group). Al-
though there is heterogeneity between the findings of epidemiological studies, long-
term exposure to herbicides/pesticides/insecticides that act through interference
with the electron transport chain is considered a risk factor for PD (de Lau and
Breteler 2006; Liou et al. 1997). Chronic rotenone exposure in rats results in
nigrostriatal dopaminergic degeneration with accumulation of a-synuclein-positive
intracytoplasmic inclusions (Betarbet et al. 2000).

Exposure to heavy metals is also associated with PD risk (including aluminium,

dental amalgam, copper, iron, lead, manganese and zinc) (Lai et al. 2002; Pow-

ers et al. 2003).
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Cigarette smokers and coffee drinkers have a lower risk of developing PD (Hernan
et al. 2002; Checkoway et al. 2002; Ritz et al. 2007; Costa et al. 2010). Proposed
mechanisms of smoking-related protection from degeneration include nicotinergic
stimulation of dopamine release and antioxidant activity (Quik 2004). The use of
the non-steroidal anti-inflammatory drug, ibuprofen is also associated with reduced
risk, likely due to anti-inflammatory and antioxidant activity (Samii et al. 2009;

Chaturvedi and Beal 2008).

1.1.4 Treatment

Treatment of PD is symptomatic; there are no treatments currently available to
delay, stop or reverse progression. The action of most drugs licensed for PD

treatment is to increase the level of striatal dopamine to ameliorate motor deficits.

L-DOPA is a dopamine precursor that can be orally administered and is able to
cross the blood brain barrier (Fahn 2014). It was first prescribed in the 1960’s and
is still in use today. In 80-90 % of patients, long-term usage leads to the devel-
opment of involuntary movements, termed L-DOPA-induced dyskinesias (Ahlskog

and Muenter 2001; Hauser and Zesiewicz 2007).

Monoamine oxidase B (MAO-B) inhibitors are also used as a treatment strategy,
slowing the metabolism of dopamine into 3,4-dihydroxyphenylacetic acid (DOPAC)
and increasing striatal DA content, as a result. MAO-B inhibitors, such as selegiline
and rasagiline can be used in isolation or in combination with L-DOPA (Bonifacio
et al. 2007; Riederer and Laux 2011; Fernandez and Chen 2007).

Selective dopamine receptor agonists are also in use, with lower incidence of dyski-
nesias reported in patients given long-acting agonists (Stocchi 2009).

Deep brain stimulation of the globus pallidus or subthalamic nucleus is an alterna-
tive method of alleviating motor symptoms of PD (Kleiner-Fisman et al. 2006; Breit

et al. 2004). There has been uncertainty over the exact mechanism of action, but
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it is believed to work through modulation of oscillatory activity, synaptic plasticity
and potentially neurogenesis (Eisinger et al. 2019; Dostrovsky and Lozano 2002;
Vitek 2002; Benabid et al. 2002). Combination therapy allows for a lower dosage

of L-DOPA to be administered, reducing dyskinetic side-effects.

Treatment of PD lacks disease-modifying agents, due to complexity of the disease
and a lack of prodromal biomarkers. A continued effort to understand the mecha-
nisms of degeneration is required in order to develop disease-modifying therapeu-

tics.

1.2 Alpha-synuclein

There has been extensive investigation into the structural and functional prop-
erties of a-synuclein. To understand how these properties can confer PD risk or
contribute to PD pathology, SNCA variants from familial cases have been modelled

in vitro and in wvivo.

1.2.1 Structure

SNCA is located on human chromosome 4q21.3-q22 and contains five coding exons,
with alternative splicing of at least three 5’ exons (Gamez-Valero and Beyer 2018).
It is a 14 kDa protein, 140 amino acids long, although alternative splicing may
result in shorter or longer forms (Yates et al. 2020). It is divided into three domains,
based on structural characteristics: (1) An amphipathic N-terminal alpha-helical
region; (2) a central hydrophobic, non-amyloid component; and (3) an acidic C-
terminal region (Lashuel et al. 2012).

The N-terminal domain of a-synuclein contains seven 11-residue imperfect repeats,
each including a consensus sequence; KTKEGV. This motif is shared with the a-
helical domain of apolipoproteins, allowing a-synuclein to interact with lipids in

a similar manner (Davidson et al. 1998; Bussell and Eliezer 2003; Bussell 2005).
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PD-related SNCA mutations, A30P, E46K, H50Q, G51D, A53T and A53E are all
located within this domain. The non-amyloid component domain in the central
region is responsible for a-synuclein’s propensity to aggregate by forming cross -
sheets (Uéda et al. 1993; Giasson and Lee 2001; Tuttle et al. 2016). The N-terminal
and non-amyloid component domain are relatively conserved between species, how-
ever the C-terminal varies considerably (Recchia et al. 2004). Phosphorylation of
Serine 129 in the C-terminal of a-synuclein is associated with increased aggregation
(Anderson et al. 2006; Fujiwara et al. 2002; Samuel et al. 2016), and this post-
translational modification has also been reported in accumulations of a-synuclein
in postmortem PD brains and animal models of synucleinopathies (Tenreiro et al.
2014; Oueslati 2016). Additional a-synuclein modifications include ubiquitination
(Hasegawa et al. 2002; Tofaris, Layfield, et al. 2001), nitration (Giasson, Jakes, et al.
2000) and C-terminal truncation (Liu, Giasson, et al. 2005; Oueslati et al. 2010).

The conformation of a-synuclein changes according to environmental conditions,
interactions, subcellular localisation and the presence of sequence mutations (Fields
et al. 2019). The native state of a-synuclein is disputed, with reports of an unfolded
conformation or the existence of tetrameric alpha-helical oligomers, resistant to
fibrillisation (Bartels et al. 2011; Wang, Perovic, et al. 2011; Fauvet et al. 2012;

Burré et al. 2014; Smaldone et al. 2015).

1.2.2 Cellular Properties of a-synuclein

a-synuclein associates with synaptic vesicles in the presynaptic terminal (and is
named accordingly (Iwai et al. 1995)), promoting vesicle trafficking and fusion
by interacting with synaptobrevin-2 of the SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptors) complex (Maroteaux et al. 1988;
Wong and Krainc 2017). When large a-synuclein oligomers form, they preferentially
bind to synaptobrevin-2, inhibiting SNARE complex assembly, disrupting vesicle

motility and dopamine release, however (Burre et al. 2010; Choi, Choi, et al. 2013).
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Loss of a-synuclein results in an increase in dopamine release, suggesting that
monomeric and oligomeric forms regulate dopamine release with different effects

(Anwar et al. 2011; Senior et al. 2008).

a-synuclein oligomers can bind to the translocase of the outer mitochondrial mem-
brane (TOM20) and prevent interaction with its co-receptor, TOM22, leading to
inhibition of protein import, including complex I subunits (Di Maio et al. 2016).
Mitochondria of A53T or A30P mutant neuroblastoma cells exhibit reduced mi-
tochondrial transmembrane potential, cellular respiration capacity and increased
reactive oxygen species (ROS) production. a-synuclein can also exert pathological
effects on mitochondrial membrane fusion, fission, mitophagy, complex I activity
and maintenance of membrane potential (Cole et al. 2008; Chen and Chan 2009;

Devi et al. 2008).

Mutant and over-expressed forms of a-synuclein have been found to accumulate
in the endoplasmic reticulum (ER) and cause ER stress (Colla et al. 2012). Mito-
chondrial and ER stress-induced ROS production has been found to contribute to
cell death in A53T mutant cells (Smith et al. 2005). ER accumulation also results
in leakage of Ca?t into the cytosol; increased mitochondrial uptake potentiates
ROS production (Nunnari and Suomalainen 2012; Gorlach et al. 2015; Paupe

and Prudent 2018).

Cell-to-cell propagation of a-synuclein may occur in a prion-like fashion: LB pathol-
ogy has been demonstrated in foetal dopaminergic neuron grafts 10 years after
transplantation, suggesting spread from diseased to healthy neurons (Kordower
et al. 2008; Li, Englund, et al. 2008). Spread and seeded aggregation of monomeric
a-synuclein has been demonstrated both in wvitro and in wvivo (Luk, Song, et al.
2009; Luk, Kehm, et al. 2012). In mice, intracerebral injection of brain lysates from
aged, symptomatic Ab3T mutant mice into young, asymptomatic mice accelerated

aggregation and symptom progression, even at regions far from the injection site
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(Mougenot et al. 2012). There is evidence to suggest that immunisation against
the C-terminus of a-synuclein could be used to promote the clearance of toxic a-
synuclein species and to reduce synaptic pathological deficits (Masliah, Rockenstein,

Mante, et al. 2011; Masliah, Rockenstein, Adame, et al. 2005).

1.2.3 Transgenic Mouse Models of a-synuclein Parkinson’s
Disease

Transgenic rodent models often use strong heterologous promoters to drive expres-
sion of small cDNA constructs, surpassing physiological or disease-relevant levels
and patterns of expression (Fernagut and Chesselet 2004). The use of promoters,
such as the prion (Giasson, Duda, et al. 2002; Gispert 2003; Lee, Stirling, et al.
2002), Thy-1 (Neumann et al. 2002) and rat TH promoter (Richfield et al. 2002)
has resulted in a lack of a-synuclein expression in non-dopaminergic neurons or

alternatively, ectopic over-expression in cell types not typically involved in PD.

Bacterial artificial chromosomes (BACs) are large DNA vectors capable of holding
the entire genomic locus of a gene, including native promoters and regulatory ele-
ments (Shizuya and Kouros-Mehr 2001; Shizuya, Birren, et al. 1992). By producing
BAC-transgenic animals containing the entire locus, endogenous spatio-temporal
expression is accurately reproduced (Heintz 2001). a-synuclein BAC-transgenic
mice have been produced (Hansen et al. 2011; Kuo et al. 2010; Taylor et al. 2014;
Yamakado et al. 2012).

a-synuclein transgenic mouse models that over-express the human wild-type, A53T
or A30P have been shown to exhibit PD-like phenotypes (Visanji et al. 2016).
A toxic gain-of-function mechanism is supported by the finding that expression
levels of a-synuclein correlate with the severity of pathology in these models. Sev-
eral clinical features of PD are recapitulated by a-synuclein transgenic models:

Virally induced over-expression of a-synuclein in dopaminergic neurons results
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in neuronal death, a reduction in striatal dopamine content and motor deficits

(Kirik et al. 2002).

The Wade-Martins laboratory have developed a BAC transgenic mouse model
(SNCA-OVX) that over-expresses human a-synuclein at 1.9 times the normal level,
reproducing the change in expression observed in patients with SNCA locus trip-
lication (Janezic et al. 2013). SNCA-OVX mice exhibit selective degeneration of
dopaminergic neurons of the SNpc by 18 months with motor deficits. Young mice
display synaptic release abnormalities in axons of the dorsal striatum (caudate
putamen). This mouse was produced on a Snca—/- background, to avoid functional
compensation or interaction between the two forms. Importantly, the SNCA-OVX
mouse recapitulates the age-dependent progression of dopaminergic neuron loss,

with disease-relevant levels of expression of a-synuclein.

1.3 Dopaminergic Axons in Parkinson’s Disease

Prevailing concepts of neurodegeneration focus on death of the neuronal soma,
with less focus on the role of axon (Burke and O’Malley 2013). There is increasing
evidence that axonal degeneration precedes somatic degeneration in PD and that

mechanisms differ (Finn et al. 2000; Raff 2002).

Axonal Loss Before the Cell body

Striatal or specifically putaminal deficits in dopaminergic innervation may precede
and be more severe than cell body loss in the SNpc: Fearnley and Lees (1991) used
neuron count values regressed to clinical duration to estimate that motor symptoms
develop after 31 % loss of dopaminergic neurons in the SNpc. This finding was
supported by the observation that in postmortem tissue with incidental Lewy
Bodies, mean age-adjusted dopaminergic neuronal loss was 27 %. The authors

suggested that these may represent pre-clinical PD patients. Ma et al. (1997) and
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Greffard et al. (2006) performed similar age-regressed predictions and estimated

a 30 % loss at the time of motor onset.

To study striatal dopaminergic terminal loss, postmortem neurochemical studies
and functional imaging have been performed. Riederer and Wuketich (1976) used
caudate dopamine content measurements from postmortem tissue and age of onset
information to predict a 68 to 82 % decrease in caudate dopamine at the time of
clinical presentation. To address concerns over the validity of postmortem measure-
ment of dopamine levels, Scherman et al. (1989) measured vesicular monoamine
transporter (VMAT?2) binding sites using tritiated a-dihydrotetrabenazine and
estimated a 49 % decrease in binding sites at the time of clinical onset.

In PD patients with early unilateral motor signs, PET imaging was used to de-
termine the range of dopaminergic terminal loss within which motor symptoms
develop (Lee, Samii, et al. 2000). Signs appeared between 51 and 62 % loss for
a VMAT?2 ligand and 56 and 71 % loss for a dopamine transporter (DAT) ligand.
More recently, the same group demonstrated that the age of onset influences the
percentage terminal loss required before motor onset, with 71 % loss required in

younger patients (< 44 years old) (de la Fuente-Fernandez et al. 2011).

Axonal Vulnerability Exposed by a-synuclein and MPTP in the Axon
Multiple sources of evidence indicate a role for a-synuclein in axonal pathology
that may precede somal degeneration. A key example is the SNCA-OVX model
in which release deficits from caudate putamen axon terminals are present at 3
months of age, before the loss of SNpc dopaminergic neurons or development of
motor symptoms (Janezic et al. 2013).

Using a pre-digestion technique in paraffin-embedded tissue, the distribution of a-
synuclein aggregates within the cell can be visualised (Kramer and Schulz-Schaeffer
2007). This technique led to the finding that aggregates were predominantly found

in the neuropil and not in the cell body in brains of dementia with Lewy Body
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patients. Building upon this, Orimo et al. (2008) performed TH-, neurofilament-
and a-synuclein immunostaining in cardiac sympathetic axons and ganglia of PD
patients and demonstrated a distal-dominant accumulation, preceding aggregation

in the neuronal somata or neurites.

In mice expressing a C-terminal truncated form of a-synuclein, loss of striatal
dopamine content was observed without dopaminergic neuron loss (Tofaris 2006).
A follow up investigation of these mice found a redistribution of SNARE proteins
SNAP-25, syntaxin-1 and synaptobrevin-2, indicating a toxic gain of function of
a-synuclein, specifically at the synapse (Garcia-Reitbock et al. 2010). In primary
neuronal cultures, intraneuronal a-synuclein aggregation has been shown to initi-
ate in the pre-synaptic terminal, with subsequent spread to the soma (Volpicelli-

Daley et al. 2011).

The effects of MPP+ exposure have also been studied in dopaminergic neuronal
axons: Aside from its role in inhibiting Complex I activity, and causing synap-
tic vesicle redistribution, MPP* impairs microtubule assembly (Cappelletti et al.
1999a; Cappelletti et al. 1999b). By specific binding to tubulin, MPP increases the
probability of microtubules shortening. Decreased neuritic trafficking of organelles
(including mitochondria) results, coupled with somatic activation of Caspase 3
(Cartelli et al. 2010). The combination of microtubule trafficking defects with
mitochondrial dysfunction and potentially impaired autophagy likely creates a
multiple-hit scenario for dopaminergic axons that impedes homeostatic regulation

and leads to stress and death as a result.

Aside from vulnerabilities exposed by a-synuclein and toxin exposure, dopaminergic
axons exhibit additional functional and morphology properties that distinguish
them from other axons. These distinguishing features likely contribute to their
vulnerability. Dopaminergic mitochondria were compared to non-dopaminergic

neurons by two independent groups; both found that they are only 40 % of the
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size of non-dopaminergic mitochondria (Kim-Han et al. 2011; Liang et al. 2007). It
was also shown that they traffic almost three times slower than non-dopaminergic
mitochondria. This rate of trafficking seems counterintuitive, as dopaminergic
axons span massive distances through the striatum, each occupying 2.7 % of striatal

volume and synapsing with approximately 75,000 neurons (Matsuda et al. 2009).

Degeneration in Dopaminergic Axons

Programmed axon degeneration (referred to as Wallerian degeneration) is a compo-
nent of neurological diseases including Alzheimer’s disease, Parkinson’s disease and
peripheral neuropathies (Coleman and Hoke 2020). Over the past three decades,

several proteins have been found to mediate or regulate the course of degeneration.

Slow Wallerian Degeneration ( Wid®) is a chimeric protein, joining the N-terminal
70 amino acids of ubiquitination factor Ube/b with the full sequence of Nmnatl
through an 18 amino acid linker region. Wid® mice demonstrated ten-fold delayed
Wallerian degeneration of peripheral nerve axons after axotomy and in response
to a range of genetic and toxic stimuli (Coleman 2002; Feng et al. 2010; Coleman
and Freeman 2010). Paradoxically, Nmnat! is primarily localised to the nucleus.
Targeted mutations in the linker region of Wid® demonstrated that this region
confers a nuclear localisation signal: Weakening this signal promoted axonal sur-
vival (Beirowski et al. 2009). In the same study, native Wid® was detected in
axonal fractions, mitochondria and microsomes, shifting the focus away from an
exclusively nuclear role of Nmnat-related axon protection.

WId® is a mutant protein, while NMNATZ2 is endogenously expressed in axons
and is now known to play a critical role in blocking axonal degeneration (Conforti
et al. 2014; Gerdts et al. 2016; Llobet Rosell and Neukomm 2019). Activation
of Wallerian degeneration is now thought to be due to loss of axonal NMNAT?2
expression, which can occur within hours of blocking its axonal trafficking or

synthesis Gilley and Coleman (2010). NMNAT?2 loss leads to an increase in the

14



1. 1. Introduction

expression of sterile alpha and TIR motif-containing protein 1 (SARM1) which

triggers axonal death.

The Wallerian pathway and mitochondrial dysfunction may share overlapping im-
portance in PD degeneration: Pharmacological uncoupling of mitochondria causes
axonal degeneration that is prevented by deletion of Sarm! (Loreto et al. 2015;
Summers et al. 2014). Wid® expression was also found to be protective against

MPTP-induced dopaminergic neuron loss (HASBANI and OMALLEY 2006).

1.4 Gene Expression Profiling in Dopaminergic
Neurons

To infer the functional activity of cell populations of interest, gene expression
can be measured. Multiple techniques can be used to assay the abundance of
a gene’s cognate transcripts or proteins, such as quantitative polymerase chain
reaction, microarray, next-generation sequencing, immunochemical methods and
mass spectrometry. Measures of transcript abundance are an approximation of
gene expression however, due to regulatory mechanisms at the post-transcriptional,
translational and post-translational level (de Sousa Abreu et al. 2009). The squared
Pearson correlation coefficients between mRNA and protein abundance is ~0.4 (de

Sousa Abreu et al. 2009; Maier et al. 2009).

Throughput, cost, result turnaround and analytical support are additional consid-
erations. Next-generation sequencing is currently a common method used to esti-
mate genome-wide expression from messenger RNA (mRNA). Often the primary
aim of RNA sequencing studies is to compare gene expression between groups
of samples from different biological conditions, such as age or genotype. “Dif-
ferentially expressed” features (genes, transcripts) are used to infer changes in

cellular or tissue activity.
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1.4.1 Translating Ribosome Affinity Purification

A problem with measuring transcript or protein expression is variation in sample
composition: If mixed cell-type samples are studied and the biological condition
of interest induces a change in cellular composition, differential expression results

can be dominated by that change (Oldham, Langfelder, et al. 2012).

Single-cell sequencing helps to address this issue, as distinct populations can be
separated before sequencing (by fluorescence or immunocapture-based sorting) or
after sequencing (by clustering). This technique presents new challenges, however:
Tissue dissociation can introduce technical artifacts in expression, including the
increased expression of markers of cellular stress (van den Brink et al. 2017). In
addition, the composition of adult tissues, such as brain can render the isolation
of rare cell types very challenging. Finally, current library preparation methods
are not able to reliably capture information for the entire transcriptome, leading

to stochastic detection of gene expression across cells (Kharchenko et al. 2014).

Translating ribosome affinity purification (TRAP) isolates mRNA from translat-
ing ribosomes through the expression a modified ribosomal subunit; eGFP-L10a
(Figure 2.1)(Heiman, Kulicke, et al. 2014; Doyle et al. 2008). By pairing the
eGFP-L10a transgene with a cell type-specific promoter, expression can be driven
in distinct populations, allowing the capture of “enriched” RNA from those cells.
This technique overcomes the aforementioned problems by capturing mRNA that is
engaged in translation and cell type-specific. “Translatomics” have recently been
found to demonstrate stronger correlation with protein abundance (R? = 0.71)
(Blevins et al. 2019).

TRAP has been used to study gene expression in dopaminergic neurons in a toxic
model of PD (Brichta, Shin, et al. 2015). Brains of mice given 5 daily intraperi-
toneal injections of either MPTP or saline were TRAP-processed to compare gene

expression. Through a “master regulator inference algorithm”, transcriptional
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Figure 1.1: Translating Ribosome Affinity Purification: Cell type-specific expression
of eGFP-L10a enables the selective immunocapture of tagged ribosomes and associated
mRNA.

regulators were predicted to drive the observed expression changes due to MPTP
administration. Satbl and Zdhhc2 were knocked down using using virally trans-
fected short hairpin RNAs, each resulting in the selective loss of SNpc neurons,
mimicking MPTP pathology. This study demonstrated a route to identifying novel
genetic features important to dopaminergic neurons. As a model, this study lacked
physiological progression: At the point of sample collection (9 days after starting
injections), over 25 % of dopaminergic neurons were lost. The study also made
no use of the additional information provided by TRAP; namely, the cell type-

specificity of each gene.

The Wade-Martins Laboratory have extensively characterised and piloted the use
of a novel triple transgenic, conditional TRAP-Parkinson’s model (Figure 1.2)
(Wagner 2017). Rosa265TRAP . DATIREScre (TRAP) mice selectively and abun-
dantly express eGFP-L10a in midbrain dopaminergic neurons. This was confirmed
by visualising colocalisation of eGFP-L10a and the dopamine transporter, DAT
(Figure 1.2). Striatal expression of eGFP-L10a could not be detected by the
staining method used, however quantitative PCR of RNA obtained by performing

TRAP in the striatum confirmed the enrichment of dopaminergic markers.

TRAP mice have subsequently been crossed with the SNCA-OVX model to enable

the study of gene expression in dopaminergic cell bodies and axons in healthy
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Figure 1.2: Rosa265TRAP ..DATIREScre yjce selectively express eGFP-L10a
in dopaminergic neurons: A thorough characterisation of a novel TRAP model was
performed by Wagner (2017). Immunohistochemical staining for GFP and DAT in
the midbrain demonstrated strong expression of eGFP-L10a that colocalised with DAT.
Striatal eGFP-L10a expression could not be detected by this method, however pilot

TRAP experiments in striatal tissue confirmed the enrichment of dopaminergic RNA.
Source: (Wagner 2017).

and Parkinsonian ageing.

1.5 Aims

The specific loss of dopaminergic neurons in PD indicates a requirement to un-
derstand the properties that uniquely distinguish this cell type from other neural
populations. The unique morphology of the dopaminergic axon and potential for
early degeneration warrants a comparison between somal and axonal expression.
By combining the use of TRAP to isolate dopaminergic-specific mRNA with the

SNCA-OVX model of PD and the process of ageing, the following aims are ad-
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dressed in this thesis:

o To identify the expression features that specifically distinguish dopamin-
ergic neurons from neighbouring cell types. To use specificity of ex-
pression to prioritise candidate causal genes located within novel PD GWAS

loci.

o To identify the genes subject to localised translation in dopaminer-

gic axons

o To characterise the changes in expression in dopaminergic cell bod-

ies and axons in age and due to overexpression of human a-synuclein

This will be described in three Chapters:

e Building a Compartment-Specific Dopamine Neuron Transcriptomic

Dataset (Chapter 3)

» Specific Expression Features in the Dopaminergic Neuron (Chapter

4)

o Compartmental and Condition-Dependent Expression in Dopamin-

ergic Neurons (Chapter 5)
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2. Material and Methods

2.1 Animal Husbandry
2.1.1 Ethical declaration

All experiments and procedures conducted on animals were carried out in accor-
dance with United Kingdom Home Office regulations under the Animal (Scientific
Proceduresmi) Act (1986), and were approved by the local ethical review board
at the University of Oxford. All mice were housed in the University of Oxford
Biomedical Services Building. Mice had access to standard food and water ad
libitum. Mouse holding rooms were maintained at 22 °C and 60 to 70% humidity
on a 12 hour light-dark cycle. All mice were bred on a C57/BL6 background. For

all experiments, animals of both sexes were used unless indicated otherwise.

2.1.2 Breeding
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Table 2.1: Transgenic mouse lines used in this thesis.

Referred to JAX Line JAX Generation Reference
in text Stock

Code
Rosa265TRAP B6.129S4- 022367  (Zhou et al. 2013)

Gt(ROSA)26SOT,th(C’AG-EGFP/Rpl]Oa,-b'[TA) th/J
DAT!RESere  BE SJL-Slc6astm?-1(ere/Bkmn /T 006660  (Bickman et al. 2006)

SNCA- B6.Cg- 023837  (Janezic et al. 2013)
OVX Tg(SNCA)OVX37Rwm
SncatmlRosl/J

Homozygous Rosa265TRAP mice were bred with homozygous DATRESere mice to
generate heterozygous Rosa265TRAP - DATIREScre offspring that were used for TRAP
experiments. Rosa26%TRAP parents were crossed and bred to be hemizygous hSNCA +
(SNCA-OVX): Offspring were a mixture of hemizygous hSNCA+ and hSNCA-.

All animals were wild-type mouse Snca®™*, due to the position of the ROSA26-

eGFP-L10a locus being on the same chromosome as Snca (chromosome 6).

2.1.3 DNA extraction from ear tissue

To genotype mice, DNA was extracted from ear tissue by digestion in 450 ul
of lysis buffer (50 mM KCl, 1.5 mM MgCl,, 10 mM Tris pH 8.5, 0.45 % CA-
630 (IGEPAL), 0.45 % Tween-20, ddH,O) and 20 g/ml proteinase K for 2 hours,
shaking at 55 $ circ$C. Once tissue was no longer visible, Proteinase K activity
was inactivated by incubating samples at 5 °C for 20 minutes. DNA samples were

stored at room temperature.

2.1.4 Genotyping PCR

To confirm the genotype of mice for study, a polymerase chain reaction (PCR) was
performed on extracted DNA. The QIAGEN HotStar Taq DNA Polymerase kit
was used to prepare master mixes for each primer pair in a 20 ul reaction. 18 ul

of master mix was added to each well of a 96-well plate and 2 pul of template DNA
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was combined. PCR was performed using a DNA Engine Tetrad 2 Peltier Thermal
Cycler (Bio-Rad) using the programme described in Table 2.3. After amplification,
the PCR product was separated using gel electrophoresis. A 2 % agarose gel
(w/v) was prepared in 1x Tris/Borate/EDTA (TBE) buffer and 0.25 g/ml ethidium
bromide was added. The Gene Ruler 1kb Plus DNA ladder was used for fragment
sizing (Thermo Scientific). Samples were run at 100 V immersed in TBE buffer for

45 minutes. Gels were imaged using the GelDoc XR system (Bio-Rad).

2.2 TRAP

All reagents specified were RNase-free, treated with diethyl pyrocarbonate (DEPC)
of cleaned with RNaseZap, RNase-free water or 100 % ethanol to minimise con-
tamination. All steps were performed in 1.5 mL Eppendorf DNA-LoBind tubes,

unless specified otherwise.

2.2.1 TRAP Reagents

1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC) powder (Generon) was stored
at 20 °C and thawed to room temperature for a minimum of 30 minutes before
opening for reconstitution. DHPC was reconstituted to 300 mM and rotated end
over end for 30 minutes. Reconstituted DHPC was stored for up to 7 days at 4

°C in its original glass container.

Table 2.2: Genotyping PCR Components

Component Volume (ul)
ddH,O 13.5

10x Buffer 2

8 mM ANTP Mix 0.4

10 mM Primer Pair 2

HotStar Taq DNA Polymerase 0.1
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Table 2.3: Genotyping PCR Programme

Temperature (°C)  Duration  No. of Cycles

95 15 mins 1
95 30 secs 34
%) 30 secs 34
72 60 secs 34
72 3 minutes 1
Room Temperature Hold 1

Table 2.4: Genotyping PCR Primer Sequences

Primer Forward Reverse Product Size (bp)
Wild-type ROSA26 Locus AAGGGAGCTGCAGTGGAGTA CCGAAAATCTGTGGGAAGTC 297
ROSA26-eGFP-L10a AAGGGAGCTGCAGTGGAGTA CGGGCCATTTACCGTAAGTTAT 284
e¢GFP-L10a 1 TATCATGGCCGACAAGCAGA CACCGTCTCCAGAAACTTGC 395
eGFP-L10a 2a CAAAGACCCCAACGAGAAGC CTCCACCGTCTCCAGAAACT 227
eGFP-L10a 2b CAAAGACCCCAACGAGAAGC TTGGCTTCATCACAGTGCTG 361
DAT Wild-type TGGCTGTTGGTGTAAAGTGG GGACAGGGACATGGTTGACT 264
DAT-Cre CCGGGCTGCCACGACCAA GGCGCGGCAACACCATTTTT 445
SNCA-OVX 3’ BAC Junction GGCCTCTGTCGTTTCCTTTCTCTG ACGTGCATAGGCAGAGCTAAAACT 450
SNCA-OVX 5 BAC Junction CACTGAGTATTGTTCTGGTAAC TCAAACATGAGAATTGGTCG 450

Cycloheximide powder was aliquoted into 1.5 ml tubes, stored at 4 °C and dissolved
on the day of use to 100 mg/ml in methanol. Solutions of cycloheximide were

stored at 4 °C for a maximum of 24 hours.

Recombinant, purified Biotinylated Protein L (Fisher Scientific) was reconstituted

to 1 pg/pl in water. FExcess was stored at -80 °C for later use.

TRAP buffers were prepared as described below. Buffers were stored at 4 °C:

Dissection Buffer

Hank’s balanced salt solution (HBSS, 10x, calcium, magnesium, no phenol red;
Invitrogen), 2.5 mM HEPES-KOH (1 M, pH 7.4; Affimetrix), 35 mM glucose
(Sigma), and 4 mM sodium bicarbonate (NaHCO3; Sigma) in RNase-free water.
Immediately before use, 100 g/ml CHX (100 mg/ml in MeOH; Sigma) was added

to a buffer aliquot.
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Tissue-lysis buffer

20 mM HEPES KOH, 150 mM KCI (potassium chloride, 2 M, RNase-free; Applied
Biosystems), and 10 mM MgCl2 (magnesium chloride, 1 M, RNase-free; Applied
Biosystems), in RNase-free water. Immediately before use, protease inhibitors (one
mini tablet per 10 ml; Mini-complete EDTA-free, Roche), 0.5 mM DTT (100 mM;
Superscript IIT kit, Invitrogen), 100 g/ml CHX (100 mg/ml in MeOH; Sigma),
and 10 1/ml rRNasin (recombinant Ribonuclease Inhibitor, 20-40 U/l; Promega)
and Superasin (SUPERase In RNase Inhibitor, 20 U/l; Applied Biosystems) were

added to each buffer aliquot.

Low-salt buffer

20 mM HEPES KOH (pH 7.4), 150 mM KCI, 10 mM MgCl2, and 1% nonylphenyl
polyethylene glycol (NP-40, 10%; AG scientific) in RNase-free water. Immediately
before use, 0.5 mM DTT, and 100 g/ml CHX were added to a low-salt buffer
aliquot. 10 1/ml rRNasin and Superasin were only added to the low-salt buffer

on TRAP day 1.

High-salt buffer

20 mM HEPES KOH (pH 7.4), 350 mM KCI, 10 mM MgCIl2, and 1% NP-40 in
RNase-free water. Immediately before use, 0.5 mM DTT, 100 g/ml CHX, and 10

1/ml RNasin and Superasin were added to a HS buffer aliquot.

2.2.2 Anti-eGFP Antibody Preparation

Monoclonal anti-eGFP antibodies (Htz-GFP-19F7 and Htz-GFP-19C8: Bioreactor
supernatant purity) were purchased from the Memorial Sloan-Kettering Mono-
clonal Antibody Facility. Upon arrival, antibodies were mixed gently, divided

into experimental aliquots and stored at -80 °C. For use, aliquots were thawed
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and centrifuged at 15,000 g for 10 minutes at 4 °C. The supernatant was used

for conjugation, as described below.

2.2.3 Streptavidin Dynabead Pre-Treatment

Streptavidin MyOne T1 Dynabeads (ThermoFisher) were washed in order to pre-
pare them for RNA handling. Beads were resuspended by vortexing to ensure
an even distribution. The required volume of beads was removed and place in
a tube for washing. Beads were collected on the sidewall of the tube using a
magnet and the supernatant was removed using an aspirator. An equal volume of
PBS was added, beads were resuspended by pipette mixing and left to stand for 2
minutes. This process was repeated, performing 3 PBS washes in total. Beads
were subsequently washed twice in 0.1 M NaOH, 0.05 M NaCl for 2 minutes,
followed by one wash in 0.1 M NaCl. Beads were finally resuspended in PBS

until biotinylation (described below).

2.2.4 Biotinylation and Antibody Binding

Within each cohort, the same common source of beads, bound to anti-eGFP an-
tibody were used, with the exception of Cohort 1 samples in which aged samples
were collected 15 months after young samples (described in (Section 3.2)).

Volumes for biotinylation and antibody conjugation were maintained close to the
original volume of dynabeads collected, as recommended by the manufacturer. A

magnet and aspirator were used for all supernatant removal steps.

Washed streptavidin MyOne T'1 dynabeads from the previous step were collected on
the magnet and resuspended in an equal volume of PBS and biotinylated protein
L. The mixture was rotated end over end for 35 minutes at room temperature.
After biotinylation, beads were washed 5 times with PBS containing 3 % IgG and
protease-free BSA (w/v). After washing, equal amounts (by mass) of each anti-

eGFP antibody were added, diluted in low salt buffer. The mixture was rotated
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end over end for 1 hour. No vortexing was performed after this step. After antibody
binding, beads were washed 3 times with low salt buffer and finally resuspended
in 200 pl of low salt buffer per sample aliquot (each TRAP sample received 200 pl
of prepared beads, however the number of beads per unit volume differed between
somal and axonal TRAP samples, as described below). Prepared beads were used

immediately or stored at 4 °C for up to 2 weeks with 0.03 % ProClin 300 added.

2.2.5 Translating Ribosome Affinity Purification

A visual guide to this protocol is shown in Figure 2.1. Numbered steps are de-

scribed:
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Material and Methods

. Mice were euthanased by cervical dislocation.

Brains were rapidly dissected on ice. The midbrain, dorsal and ventral

striatum from each mouse was collected and placed directly in ice-cold lysis

buffer.

1. To isolate midbrain, a sagittal cut was made to divide the brain into
two hemispheres. Two coronal cuts were then made at Bregma AP -2.5
mm and -4.1 mm, followed by a horizontal cut at the level of the rostral

linear nucleus. Tissue ventral to this cut was taken forward.

2. To isolate the dorsal and ventral striatum, two coronal cuts were made
at Bregma AP -0.5 mm and 1.5 mm on each hemisphere, visualising the
corpus callosum and lateral ventricles as a guide. The circumferential
boundary of the striatum was then traced by scalpel, removing the
corpus callosum, lateral ventricles and all remaining surrounding tissue.
To separate the dorsal and ventral striatum, a single, angled cut was

made at a 45 ° angle, as illustrated in Figure 2.1, Box 2.

After every fourth mouse, brains were homogenised using a 2 ml dounce

homogeniser.

Homogenised lysates were centrifuged at 2000 x ¢ for 10 minutes at 4 °C to
pellet cellular debris. Meanwhile, the next four brains were collected. Lysates
were held at this stage at 4 °C until all brain were collected, homogenised and
cellular debris pelleted. The supernatant of each lysate was transferred to
a new tube and 1/8 th volumes of DHPC and NP-40 substitute were added
(equivalent to 30 mM DHPC and 1 % NP-40 substitute). Lysates were gently
mixed by inversion before placing on ice for 5 minutes. Lysates were then
centrifuged at 20,000 x g for 10 minutes at 4 °C to pellet mitochondria and any

remaining debris that could interfere with bead-antibody-eGFP interaction.
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At this stage, a 20 pl sample of lysate was taken for extraction of TOTAL
RNA.

5. Beads coated in anti-eGFP antibody were added to each lysate. Samples

were incubated for 18 hours at 4 °C with gentle end over end rotation.

6. After 18 hours, beads were transferred from 1.5 mL tubes to an Eppendorf
DeepWell DNA LoBind 2 mL volume 96-well plate. This plate was partially
submerged in a container filled with DEPC-treated water and frozen cool
packs, to maintain cold. A magnet was positioned below the plate to collect
the beads. From the supernatant, a 20 ul sample of lysate was taken as
an additional TOTAL RNA sample. Beads were then washed six times in
high-salt buffer, transferring to a new row of the plate with each wash, to
minimise carryover of lysate material. With each wash, the resuspended bead
mixture was pipetted up and down 10 times with a 1 ml multichannel pipette

configured to 600 ul.

7. After the final wash, the plate was removed from the chilled bath and beads
were left to warm to room temperature for 1 minute. 100 ul of QTAGEN RLT
PLUS lysis buffer + 1 % beta-mercaptoethanol (B-ME) was then added to
each sample of beads. Samples were vortexed to ensure mixing within the
buffer and incubated for 10 minutes. At 10 minutes, the beads were once
again pelleted on the magnet and the supernatant was carried forward for

RNA extraction.

8. (Not shown in Figure 2.1): To extract TRAP RNA, 100 ul of RNA in RLT
PLUS buffer + B-ME was added to a QIAGEN gDNA eliminator column
for removal of genomic DNA. Columns were centrifuged immediately for 30
seconds and 8000 x ¢g. An equal volume of 70 % ethanol was added to the

flow-through, so that RNA was present in a 35 % solution. This solution was
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added to a QIAGEN RNEasy MinElute Micro column and was centrifuged at
8000 x ¢ for 15 seconds to load the RNA onto the silica membrane. Columns
were washed using 700 pl of QIAGEN RW1 buffer, 500 ul of QIAGEN RPE
buffer and 500 ul of 80 % ethanol with centifugation at 8000 x ¢ for 30
seconds after the first two washes and centrifugation at 8000 x ¢ for 2 minutes
after the 80 % ethanol wash. The lid of each column was then opened
and columns were centrifuged at 15,000 x g for 5 minutes to dry the silica
membrane and remove trace amounts of ethanol that would interfere with
downstream RNA processing. 14 ul of RNase-free water was applied to each
silica membrane and the columns were centrifuged at 14,000 x g for 1 minute
to collect the eluate of TRAP RNA. RNA was immediately aliquoted into
a “main” component, from which samples for sequencing would be obtained
and a “QC” component, from which RNA concentration and integrity could
be measured. Aliquots were snap-frozen on dry-ice and stored at -80 °C.
TOTAL RNA extraction from 20 ul lysates was performed using the same

steps.

2.2.6 Assessment of RNA Integrity

The RNA integrity of samples was estimated using the Agilent RNA 6000 Pico Kit
(Agilent) in accordance with the manufacturer’s instructions. Regeants were stored
at 4 °C between uses and were equilibrated to room temperature for 30 minutes
before use. To prepare the gel matrix, 550 ul of gel was filtered through a spin
filter centrifuged at 1500 x g for 10 minutes. To measure up to 11 samples, the dye
concentrate was vortexed, spun down and 1ul was added to 65 ul of filtered gel
matrix. This gel-dye mix was vortexed and centrifuged at 13,000 x g for 10 minutes.
9 ul of gel-dye mix was pipetted into the loading port of the assay chip. The syringe
pump was attached and pressed to the designated latch position for RNA samples.

After 30 seconds, the syringe plunger was released and after 5 seconds, was slowly
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returned to a volume of 1 ml. 9 ul of gel-dye mix was subsequently added to the
two additional gel wells. 9 ul of conditioning solution was added to the condition
well. 5 ul of RNA 6000 Pico marker was added to each sample well and the ladder
well. 1 ul of heat denatured (70 °C for 2 minutes) sample was added to each sample
well and 1 ul of ladder was added to the ladder well. The chip was horizontally

shaken for 60 seconds at 2400 rpm and was then immediately processed.

All measured samples from each cohort were of good integrity (RIN >= 7 out of 10).

2.2.7 Quantification of RNA Mass from TRAP

The quantity of RNA obtained by TRAP was measured using the low-range (1-
50 pg/pl) Quant-iT RiboGreen RNA Assay Kit (Invitrogen). All reagents were
equilibrated to room temperature before use and the fluorescent dye was protected
from light. A 10-step dilution series from 2 pg/ml to 100 pg/ml was prepared in
duplicate using supplied E. coli RNA. 1 ul of each sample was diluted in 99 ul of
TE buffer and 100 pl of working dye solution. Sample were incubated for 5 minutes

before measurement on a Synergy HT plate-reader (Biotek).

2.2.8 cDNA Synthesis

To conserve RNA for sequencing, RNA was reverse transcribed according to the
SMART-Seq2 protocol (Picelli et al. 2014). Template-switching reverse transcrip-
tion allowed the incorporation of tailed primers and subsequent PCR amplification
of cDNA. For each reaction, the following steps were performed at 4 °C, unless

stated otherwise.

1. Mix 2.3 ul of RNA with 1 ul of 10 uM Oligo-dT3oVN primer and 1 pul of

dNTP mix. Mix by flicking and spin down.

2. Incubate mix at 72 °C for 3 minutes.
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Add 5.3 pul of reverse transcription mix (Table 2.5).

Incubate mix according to Table 2.6 to reverse transcribe RNA.
Add 15 ul of PCR mix (Table 2.7) and mix.

Incubate mix according to Table 2.8 to amplify cDNA.

Incubate 25 ul of resuspended, room temperature AmpureXP beads with 25
1l of cDNA product for 10 minutes. Mix thoroughly by pipetting to ensure

a homogenous consistency.
Pellet the AmpureXP-cDNA mix using a magnetic stand.

Aspirate the supernatant and discard. Perform 2x 500 ul washes with 70 %
ethanol without resuspending the pellet. Incubate the pellet for 30 seconds

with each wash.
Aspirate all traces of ethanol and air-dry the pellet for 30 seconds.

Resuspend the pellet in 10 ul of water and incubate for 10 minutes to elute

cDNA.

Pellet the AmpureXP beads and remove and store the eluted cDNA for

quantification on the Qubit fluorometer.

2.2.9 Quantitative PCR

500 pg minimum of ¢cDNA was used per qPCR reaction. ¢DNA was combined

with a qPCR mastermix (Table 2.9). FEach reaction mix was pipetted into a

96-well plate including no template negative control reactions and amplified ac-

cording to Table 2.10.

The primer sequences used for TRAP validation are shown in Table 2.11.
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Table 2.5: SMART-Seq2 Reverse Transcription Components

Component Volume (pl)
SuperScript IT RT (200 U pll) 0.50
RNAse inhibitor (40 U pl1) 0.25
Superscript 11 first-strand buffer (5x) 2.00
DTT (100 mM) 0.50
Betaine (5 M) 2.00
MgCl2 0.06
Template-switching oligo (100 M) 0.10
Nuclease-free water 0.29

Table 2.6: SMART-Seq2 Reverse Transcription Programme

Temperature (°C)  Duration No. of Cycles

42 90 mins 1
50 2 mins 11
42 2 mins 11
70 15 mins 1
Room Temperature Hold 1

Table 2.7: SMART-Seq2 PCR Components

Component Volume (1)
RT Product 10

KAPA HiFi HotStart ReadyMix (2x) 12.50

IS PCR primers (10 uM) 0.25
Nuclease-free water 2.25

Table 2.8: SMART-Seq2 PCR Programme

Temperature (°C)  Duration No. of Cycles

98 3 mins 1
98 20 secs 18
67 15 secs 18
72 6 mins 18
72 5 mins 1
Room Temperature Hold 1
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Table 2.9: qPCR Components

Component Volume (pl)
cDNA 5
FastSYBR Green Master Mix 12.5
Forward and Reverse Primers (10 uM each) 0.2 each
Nuclease-free water 7.1

Table 2.10: qPCR Programme

Temperature (°C) Duration No. of Cycles

95 20 secs
95 3 secs
60 30 secs

1
40
40

2.2.10 RNA Sequencing

3 ng of TRAP RNA per samples in cohorts 1 and 2 were submitted to the Wellcome
Trust Centre for Human Genetics for library preparation and sequencing. Samples

were prepared using the SMARTer Low Input RNA kit (Clontech). ¢cDNA libraries

were sequenced on an Illumina HiSeq 4000 75 bp system.

200 pg of TRAP RNA per samples in cohort 3 was submitted to the Wellcome
Trust Centre for Human Genetics for library preparation and sequencing. Samples

were prepared using the SMARTer ultra-low input kit (Clontech). ¢cDNA libraries

were sequenced on a NovaSeq 6000 150 bp system.

Table 2.11: qPCR Primer Sequences

Gene  Forward Reverse Product length (bp)
Th TGTTGGCTGACCGCACAT GCCCCCAGAGATGCAAGTC

Sle6a3 ACACCCGCTGCTGAGTATTT AGGTCATCAATGCCACGACT

Gfap ACCGCATCACCATTCCTGTA GCCTTCTGACACGGATTTGG

Gad2 TGGGTTTGAGGCACACATTG GTGTGTTGAGGCTTCCCATC

34



2. 2. Material and Methods

2.3 Long-Read cDNA Library Preparation and
Sequencing

Long-read ¢cDNA libraries were produced for sequencing on the Oxford Nanopore
Technologies MinION. The PCR-~-cDNA Barcoding protocol (SQK-PCB109) was

followed, with amendments as described:

1. 7 ng of TRAP RNA was used per sample as input instead of the minimum
of 50 ng recommended. This was due to limited availability. Pooling of
12 barcoded samples after PCR overcame the minimum number of moles

required for flowcell loading.

2. RNA was added up to a volume of 9 ul in RNase-free water to a 0.2 ml PCR
tube containing 1 pul of VN primers and 1 pl of 10 mM dNTPs. Tubes were

gently flicked to mix and spun down.

3. Samples were incubated at 65 °C for 5 minutes to allow annealing of the VN

primer.

4. A mixture of 4 ul 5x reverse transcript buffer, 1 ul RNaseOUT, 1 ul water
and 2 pl strand-switching primer was added to each annealed sample. Tubes

were gently flicked to mix and spun down.
5. Samples were incubated a 42 °C for 2 minutes.

6. 1 ul of Maxima H Minus Reverse Transcriptase was added (ThermoFisher).

Tubes were gently flicked to mix and spun down.

7. Samples were incubated at 42 °C for 90 minutes, heat inactivated at 85 °C

for 5 minutes and then held a 4 °C until the next stage.
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5 pl (one quarter) of each reverse transcribed (RT) product was used in
a single PCR reaction: Four PCRs could therefore be performed from one
RT product. Using a larger volume of RT product per PCR diminished
amplication yield. The RT product was mixed with 1.5 ul barcoded primer,
18.5 pl water and 25 pl 2x LongAmp Taq Master Mix (NEB).

Samples were amplified according to Table 2.12.

After PCR, 1 ul of NEB exonuclease 1 was added to each tube with pipette
mixing. Samples were incubated at 37 °C for 15 minutes, followed by 80 °C

for 15 minutes.

Barcoded PCR reactions were pooled into a 1.5 mL Eppendorf DNA LoBind

tube.

AMPure XP beads were equilibrated to room temperature for 30 minutes
before use and were rigorously vortex and rotated end over end for resuspen-

sion.

A 0.5 x equivalent volume of AMPure XP beads was added to the volume
of PCR product. This is in contrast to 0.8 X described in the SQK-PCB109
protocol. Using a lower volume enriched for longer fragments, avoiding the
highly abundant, ~ 200 bp fragments that were found to be detrimental to

sequencing throughput.

Table 2.12: PCR Amplification of Long-Read cDNA Libraries

Temperature (°C) Duration  No. of Cycles

95 30 secs 1
95 15 secs 18
62 15 secs 18
65 6 minutes 18
65 6 minutes 1

4 Hold 1
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Sample-AMPure XP mixtures were rotated end over end for 20 minutes.

Beads were collects using a magnetic and the supernatant was removed with

an aspirator.

Beads were washed twice in 200 pl of 70 % ethanol. Beads were not resus-

pended between washes.

After the second ethanol wash, the ethanol was removed by aspiration and
the tube of beads was inspected to confirm there were no visible droplets of

ethanol that would interfere with library performance.

Before the beads dried out (a crack appears on the surface of the grouped
beads when this occurs), 12 ul of elution buffer (10 mM Tris-Cl, 1 mM
EDTA, pH 8.0) was added and the beads were gently resuspended. Bead-
buffer mixtures were left to incubate for up to half an hour (longer than the

protocol; 10 minutes) to try to maximise yield.

Beads were pelleted using the magnet. The mass of the cleaned-up PCR
product was measured using a Qubit fluorometer (ThermoFisher). The frag-
ment size distribution was measured using the Agilent High Sensitivity DNA

Kit.

Based on the mass and mean fragment size, 100 fmol of PCR product was

taken forward and diluted to 11 wul in elution buffer.

1 pl of rapid adapter was added, mixed by pipetting and spun down. The

sample was incubated for 5 minutes at room temperature.

To prime and load the MinION Mk1B flow cell, the sequencing buffer (SQB),
loading beads (LB), flush tether (FLT) and flush buffer (FB) were thawed to

room temperature. The SQB, FLT and FB were vortexed and spun down.
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The priming port cover on the flow cell was opened clockwise fully. A P1000
pipette tip was cut around 2 mm from its distal end, to create a secure fit
between the tip end and the priming port of the flow cell. A P1000 pipette
with a locking adjustment mechanism was used, to allow low resistance, slow

turning of the volume dial.

The P1000 pipette was set to 200 ul and the tip was inserted into the priming
port. The wheel was turned to 220-230 ul slowly, stopping once the yellow
flow cell buffer could be seen entering the pipette tip. At this stage, the flow
cell was checked for continuous buffer running over the sensor array and the

absence of bubbles.

The flow cell priming mix was prepared by adding 30 pl of mixed FLT to the

FB tube and mixing by vortexing.

800 pl of priming mix was then loaded into the flow cell through the priming
port. In contrast to the protocol, priming mix was added in gentle dropwise
fashion instead of forcing the pipette contents into the port. The flow cell

was left for 5 minutes after 800 ul had been delivered.

The LB were thoroughly mixed by pipetting and 25.5 ul were immediately
added to a mixture of 12 ul DNA library and 37.5 ul SQB, making a 75 ul

total volume.

The SpotON sample port was gently opened, carefully inspected for the

introduction of bubbles.

200 pl of priming mix was loaded into the flow cell through the priming port,

with the SpotON port open.

The prepared library was pipette mixed and loading through the SpotON

port in gentle, dropwise fashion.
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31. The priming port was closed fully and the SpotON samples port cover was

closed fully.

32. Samples were sequenced on a 48-hour run with mux scans run every 1.5 hours.

Live basecalling was enabled to give translocation speed estimates.

33. If the translocation speed and associated QScore fell below accepted values,
the sequencing run was paused and 250 ul of FB was added to the SpotON

port in dropwise fashion.

2.4 Computational Analysis

Data were processed up to and including read alignment using Unix-based packages.
From this stage, all further analysis and the composition of this thesis was written in
R (R Core Team 2020). Both phases of processing and analysis have been packaged
into a snakemake pipeline for reproduction (Mélder et al. 2021). The snakemake
pipeline, a full conda package list, R session info and all code for analysis and

figure generation is hosted in a GitHub repository:

GitHub Repository: THESIS PK

2.4.1 Summary of Processing

Reference Data

For short- and long-read data, GENCODE Release 25 (GRCm38) was used for
mouse-related alignment, while GENCODE Release 38 (GRCh38.p13) was used
for human data (Frankish et al. 2018). The ¢cDNA sequence for the transcribed
region of eGFP-L10a, Cre and all known isoforms of SNCA were included in all

reference FASTA sequences, in order to detect reads derived from these genes.

Transcript sequences for the exact transcribed regions of the e GFP-L10a and IRES-
C're loci could not be obtained from original sources. These sequences were therefore

determined by de novo reconstruction: Trinity (Grabherr et al. 2011) was used
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(with default parameters) to assemble contigs of overlapping reads from midbrain
TRAP data. A string-matching search was performed on the output contigs, using
manually selected regions of the Enterobacteria phage P1 genome (NC__005856.1)
to detect Cre and the eGFP region of a pcDNA3-EGFP plasmid (Addgene). The
two resulting FASTA sequences are included for reference on the associated GitHub

page for this thesis.

Short-read Data

1. In a first stage, raw FAST(Q data were:

1. Scanned for quality control issues using FASTQC (Andrews 2010) (with

default parameters)

2. Trimmed using Cutadapt (Martin 2011b), specifying adapter sequences

listed in (Table 3.4) and --minimum-length 1

3. Aligned/Quantified using Kallisto (Bray et al. 2016) (with parameter
--bias), Salmon (Patro et al. 2017) (with parameters --validateMappings
--gcBias --seqBias) and STAR (Dobin et al. 2013) 2-pass alignment
(with parameters -—outSAMtype BAM Unsorted --outSAMunmapped Within
--quantMode GeneCounts —--outFilterIntronMotifs RemoveNoncanonical
--alignSJDBoverhangMin 6 --alignSJoverhangMin 6 --outFilterType

BySJout --outSAMstrandField intronMotif)

2. Trimmed FASTQ data were then subject to the above steps to determine the

effect of trimming on alignment.

Long-read Data

Raw long-read data were processed into count data separately.

40


https://www.addgene.org/browse/sequence/305137/

2. 2. Material and Methods

1. Raw FAST5 signal was basecalled to FASTQ data using Guppy (Jain et
al. 2016) with online barcode demultiplexing (with parameters --config

dna_r9.4.1 450bps_fast.cfg --barcode_kits PBCOO1).

2. FASTQ data were mapped using minimap2 (Li 2018) (with parameters -ax

map-ont -p 1 -N 100)

3. Aligned data were quantified using Salmon (with parameters ——numGibbsSamples

20 1libType U)

Post-quantification Gene and Transcript-level Analyses

For gene-level analyses, read counts were imported using tzimeta (Love, Soneson,
Hickey, et al. 2020), summarised to gene-level counts for differential gene expression
analysis and combined with relevant biological and technical sample metadata into
a DESeq object using DESeq2 (Love, Huber, et al. 2014). Size factor estimation, dis-
persion estimation and negative binomial Walk statistics were calculated using the
DESeq function (with parameters minReplicatesForReplace = Inf for DESeq ob-
jects containing data from only cohorts 1 and 2 and ‘fitType = "local", sfType
= "poscounts", minReplicatesForReplace = Inf for DESeq objects containing

data from cohort 3, to account for dropout.

For differential transcript usage analyses, read counts were imported using tzimport

(Soneson et al. 2015) (with parameter countsFromAbundance = "dtuScaledTPM")

and combined with relevant sample metadata into a DRIMSeq object using DRIM-

Seq (Nowicka and Robinson 2016). This object was subsequently filtered to remove

low confidence features (with parametersmin_samps_gene_expr = n * 0.75, min_gene_expr
= 10, min_samps_feature_expr = 10, min_feature_expr = 10, min_samps_feature_prop

= 10, min_feature_prop = 0.1).
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Deconvolution of TRAP samples

To estimate the relative cell type composition of somal and axonal TRAP sam-
ples, CIBERSORTz (Newman et al. 2019) was used (with parameters perm: 500,
rmbatchBmode: TRUE, QN: FALSE). To generate a reference sample for each cell
type in each reference dataset, the mean gene count was calculated across all
samples of the respective cell type (Gokce et al. 2016; Zhang, Chen, et al. 2014;
Brichta and Greengard 2014).
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Building a Compartment-Specific
Dopamine Neuron Transcriptomic
Dataset

3.1 Introduction
3.1.1 Overview

This chapter describes the preparation, production and quality control

workflow of a dopamine neuron-specific RNA-Seq dataset using TRAP.

TRAP is an affinity purification method that relies on specific expression of eGFP-
L10a in the target cell type and selective capture of eGFP-L10a-bound RNA
by performing immunopurification with anti-eGFP antibody-coated paramagnetic
beads. To validate the feasibility of capturing dopaminergic RNA from dopamin-
ergic axons in the striatum, the total content of eGFP-L10a in the midbrain and
striatum of ROSA26-eGFP-L10a::DAT-Cre mice was determined. The selective
capture of dopaminergic RNA was then demonstrated by comparing cell type

marker abundance between TRAP and TOTAL samples.

In every RNA-Seq study, technical factors introduce variation in transcript abun-
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dance estimates. Unexplained technical variation confounds the accurate detection
of biological variation. At every stage of analysis for this chapter, processing
metadata were inspected for quality control and to identify sources of variation
among samples. For each quality control metric, a combination of factors were

assessed for their contribution:

e« Cohort:

— Three cohorts were collected, processed and sequenced at separate time-
points using different reagents, protocols and equipment. Cohort-dependent
differences were recorded to decide whether to combine data or analyse

separately and combine results by meta-analysis.

o Lane:

— Sequencing machines are divided into lanes, each with a fixed capacity
for read generation. To obtain a sufficient quantity of reads for gene
expression analysis, samples were sequenced across multiple lanes. Lane-

dependent variation was assessed before pooling data across lanes.

e« Condition:

— Condition-dependent variation, both technical and biological (e.g. collec-
tion batch, age, genotype, region, sex) was tested. The beta coefficient
for a condition effect could then be incorporated in the design of a

differential expression linear model, to account for this effect.

e Outliers:

— Any sample found to be more than 1.5 times the interquartile range

from the 75th/25th percentile of a QC metric was recorded. Sample
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removal was not performed until all outlier records had been tallied and

samples had been visually inspected by principal components analysis

(PCA) of count data.

Before sequencing, the yield of RNA was recorded for each TRAP sample for library
normalisation and to identify differences between technical or experimental groups.
Once sequenced, all data for Illumina-sequenced samples were stored in FASTQ
format. FASTQ files contain the read sequence, a per base quality score and
additional metadata for every read generated.

To generate gene expression count data from TRAP FASTQ data, reads were
trimmed, aligned and counted. This workflow is summarised in Figure 3.1.

Read “trimming” is the removal of bases at the 5" and/or 3’ end of a sequencing
read. Trimming was performed to maximise the likelihood of successful alignment
to the genomic/transcriptomic reference, by removing synthetic or poor quality

elements. Bases were removed due to:

o Adapter readthrough: The presence of part or all of an adapter sequence
used in library preparation.
e Poor base quality: Bases with low quality scores may be incorrect and will

not match the reference base.

Every trimmed sequencing read was aligned to its reference species’ genome or
transcriptome in order to count the number of reads that corresponded to each
gene or isoform. There are two strategies of read alignment in use in RNA-Seq

analyses currently:

o Traditional alignment searches for the exact genomic coordinates that a
read originates from. It can report mismatches, insertions and deletions.
Traditional alignment of TRAP samples was performed using STAR (Dobin
et al. 2013).
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Read Data to

Count Data

M~ Trimming

% of bp Trimmed

Allgnment - Trimmed Read Length

Alignment %

Alignment Category = — Counting

Alignment Feature +

Fragment Length = Number of Genes Detected
Per Base Sequence Content = Principal Components Analysis
Library Size < Hierarchical Clustering

Figure 3.1: Read to Count Data Workflow. A summary of the steps taken
and quality control metrics assessed to prepare gene expression count data from raw
sequencing read data. Trimming removes sequence from the 5’ and/or 3’ end of reads.
The percentage of trimmed bp per sample and the end read length were used to identify
technical differences among samples. Alignment identifies the features to which reads
correspond to. Alignment metrics were used to characterise biological and technical
differences between samples. Counting (and normalisation) is the final step, after which
count-based quality control checks were performed.

o Pseudoalignment determines which transcripts a read is compatible with
(Bray et al. 2016; Patro et al. 2017). A De Bruijn graph is generated from the
reference transcriptome, containing nodes/vertices, each containing a k-mer
associated with one or a set of transcripts. K-mers in each read are hashed to
compatible nodes of the De Bruijn graph, generating a list of transcripts the
read is compatible with. Pseudoalignment of TRAP samples was performed

using Salmon and Kallisto.
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Both strategies have advantages depending on the intended analysis. The difference
in alignment properties between each method (and their consequences for gene
expression estimation) are presented in this chapter. Differences in condition-
dependent alignment properties are also presented, which may influence count esti-

mates.

Aligned reads were then “counted”, based on the feature (gene or transcript) they
mapped to. A normalisation step was then applied to the the raw count data,

to adjust for technical biases:

« Number of reads per sample: The more reads per sample, the more reads
align to each feature.

o Feature length: Longer features capture a greater number of reads, as more
cDNA molecules are generated per feature during fragmentation for reads to

be generated from.

Further count data exploration was performed, revealing differences in library
complexity between cohorts and TRAP fractions. Principal components analysis
was finally used to identify the strongest sources of variation (both biological and

technical) in the normalised count data.

To accommodate differences in sequencing technology, raw short- and long-read
data were processed separately to count data. Count data were then compared to

determine the agreement between these two sequencing technologies.

3.1.2 Chapter aims

1. To demonstrate specific capture of dopaminergic RNA from the

midbrain and striatum of ROSA26-eGFP-L10a::DAT-Cre mice.

2. To perform quality control of Illumina sequenced TRAP data to

prepare for biological comparisons.
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3. To perform quality control of Oxford Nanopore Technologies se-

quenced TRAP data to prepare for biological comparisons.
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3.2 Results
3.2.1 eGFP Expression in Midbrain and Striatum

To measure the expression of eGFP-L10a in ROSA26-eGFP-L10a::DAT-Crre, the
content of eGFP-L10a in midbrain and striatum was measured by eGFP-targeted
ELISA (Figure 3.2 A). Midbrain tissue contained between 450-1500 pg of eGFP per
animal. Ventral striatal tissue ranged from 30-45 pg and dorsal striatal tissue from
7 to 22.5 pg; between 10 and 20-fold less than midbrain. Cortical tissue contained
comparable levels of eGFP to dorsal striatal samples, indicating possible low-level
ectopic expression of eGFP-L10a. eGFP was not detectable in the midbrain or
striatum of ROSA26-eGFP-L10a::fs/fs mice.

To demonstrate the successful capture of dopamine neuron RNA by TRAP, cell type
marker expression was compared between TRAP RNA and TOTAL RNA (RNA
extracted directly from the dissected tissue used as input material for TRAP) using
qPCR (Figure 3.2 C). Th and Slc6a3 were robustly enriched in TRAP fractions
from all regions. Th enrichment was greatest in midbrain while Slc6a3 enrichment
was greater in striatum. In midbrain, Gad2 and Gfap, markers of GABAergic
interneurons and astrocytes respectively were depleted in TRAP samples. In
striatum, however, their relative abundance was unchanged. In control experi-
ments performed in parallel in ROSA26-eGFP-L10a::fs/fs mice, RNA could not
be obtained from TRAP samples (in line with eGFP being undetected by ELISA
in ROSA26-eGFP-L10a::fs/fs tissue).

3.2.2 Cohort Design

Three cohorts of mice were collected for sequencing (Table 3.1).

o Cohort 1 was collected in 8 batches over two periods, separating young and

old samples into 4 batches each. Young and old samples from this cohort are
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Figure 3.2: Measurement of eGFP-L10a content and confirmation of capture
of dopaminergic RNA. A: eGFP content per midbrain, dorsal and ventral striatum
measured by ELISA. There is between 10 and 20 times more eGFP content in midbrain
compared to striatum. eGFP was not detectable in ROSA26-eGFP-L10a::fs/fs tissue.
MB: Midbrain, DS: Dorsal Striatum, VS: Ventral Striatum, CTX: Cortex. Comparison
by one-way ANOVA, pairwise t-testing and Benjamini & Hochberg P value adjustment.
B: Fold change of cell type markers in TRAP RNA compared to TOTAL. Th and Slc6a3
are robustly enriched in all TRAP regions. Gad2 and Gfap are depleted in midbrain
TRAP RNA, but are unchanged in striatal TRAP RNA. > 0 indicates enrichment in
TRAP RNA, < 0 indicates depletion. Comparison to zero by multiple one sample t-
testing and Benjamini & Hochberg P value adjustment. *** = P < 0.001, **= P < 0.01,
* = P < 0.1, NS = Not significant.
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from littermates.

e Cohort 2 and 3 were collected in 7 and 10 batches, respectively: In each

batch, every biological condition tested was collected to avoid confounding

(e.g. region, age, genotype and sex).

— For cohort 2 striatal samples, four animals were pooled per experimental

N to obtain sufficient RNA for the SMART-Seq2 library preparation

method.

— For cohort 3 striatal samples, only one animal was used per experimental

N. This was necessary in order to ensure samples from every biological

condition could be collected in each batch. Due to the reduced yield

of RNA obtained from striatal samples, an “Ultra-low input” library

preparation was used.

212 samples were next-generation sequenced; 170 TRAP and 42 TOTAL. The

numbers of samples per biological condition in TRAP and TOTAL samples are

shown in Table 3.2.

3.2.3 RNA yield

The yield of RNA obtained for every sequenced TRAP sample is shown in Figure

3.3.

The yield of midbrain RNA is greater in cohort 3 than cohorts 1 and 2. This may

be due to modifications to the TRAP protocol that were necessary in order to

Table 3.1: Cohort design for TRAP sequencing.

Cohort Collection Collector Comparisons Preparation  Long-read
Cohort 1 Young mice: Q1 2017, Katharina Wagner Age, Disease SMART-Seq2 No

aged mice: Q2 2018
Cohort 2 Q4 2018 Peter Kilfeather Age, Region SMART-Seq2 No
Cohort 3 Q1 2020 Peter Kilfeather Age, Region, Disease Ultra-low Yes
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Table 3.2: Numbers of TRAP and TOTAL samples sequenced for each biological
condition and the number of animals used for tissue collection.

Region Age Genotype N TRAP Samples N TOTAL Samples N Animals
MB YOUNG WT 27 5 27
MB YOUNG OVX 20 4 20
MB OLD WT 27 5 27
MB OLD OVX 20 4 20
DS YOUNG WT 12 4 27
DS YOUNG OVX 6 2 6
DS OLD WT 11 4 26
DS OLD OovX 9 2 9
VS YOUNG WT 12 4 27
VS YOUNG OVX 6 2 6
VS OLD WT 11 4 26
VS OLD OvVX 9 2 9

collect 12 samples per batch (3 regions x 2 ages x 2 genotypes) (modifications

discussed in Methods).

Striatal RNA yield was lower than midbrain samples. This was expected, based on
measured eGFP content and due to the presence of dopaminergic axons and not
cell bodies. Striatal RNA yield was lower in cohort 3 compared to cohort 2. This
may be due to the reduction in input material, using one animal per experimental
N in cohort 3 instead of four. It may also represent the effect of additional wash
steps in the modified TRAP protocol; removing more non-specifically bound RNA.
The yield from dorsal striatal samples was the lowest of all three regions. This is
in agreement with the earlier finding that eGFP content in dorsal striatum is lower
than ventral striatum and midbrain (Figure 3.2 A).

More RNA was obtained from aged TRAP samples compared to young. This
difference is present in all three cohorts. There was no difference in yield between
genotypes or collection batches of each cohort (Figure 3.3 B).

10 samples were flagged as outliers based on RNA yield, compared to their respec-

tive cohort, region and age. These are listed in Table 3.3.
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Figure 3.3: RNA yield for all TRAP samples in this study. A: Yield per
cohort per region, coloured by cohort of origin. The yield of RNA from midbrain cohort
3 samples was significantly greater than other cohorts. The yield of striatal RNA from
cohort 3 was lower than cohort 2, likely due to using 1 animal per experimental N, instead
of 4 (see Cohort Design section above). B: Yield per region per cohort, coloured by region.
Differences in yield between regions are clear in cohort 3, but an equivalent quantity of
RNA was extracted from all regions in cohort 2. C Yield per age per region per cohort,
coloured by age. A greater quantity of RNA was extracted from older samples. There
were no significant differences in yield observed due to genotype or collection batch within
cohorts (not shown). The Kruskal-Wallis test, with post-hoc pairwise Wilcoxon rank-sum
tests were used to determine significance. Tie Benjamini & Hochberg procedure was used
to adjust for multiple comparisons. *** = P < 0.001, **= P < 0.01, * = P < 0.1, NS

= Not significant.
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Table 3.3: Samples flagged as outliers due to abnormal RNA yield for their cohort,
region and age.

Cohort Sample Name Reason

C1 MB_OLD OVX_ FEMALE C1.3 High RNA Yield
C1 MB_OLD OVX_ FEMALE C1.4 High RNA Yield
C2 DS OLD WT MIXED (2.2 High RNA Yield
C2 MB_ OLD WT MIXED C2.7 High RNA Yield
C3 DS OLD_ OVX FEMALE C3.4 High RNA Yield
C3 VS OLD OVX MALE C3.3 High RNA Yield
C3 VS _OLD OVX_ MALE C3.6 High RNA Yield
C3 VS_OLD_OVX_ MALE_(C3.10 High RNA Yield
C3 DS OLD OVX MALE (3.3 High RNA Yield

C3 VS_OLD_OVX_MALE_ C3.9 High RNA Yield

3.2.4 Trimming

In cohorts 1 and 2, no common adapter sequences were detected in the input
read data. No synthetic overrepresented sequences were detected. In cohort 3,
the Illumina Universal adapter was detected in ~25 % of reads, with a strong 3’
positional bias (Figure 3.4 A). Additionally, the Clontech primer sequence, used
in library preparation for cohort 3 was detected in 100 % of samples. To remove
contaminating synthetic sequence, trimming was performed using cutadapt (Martin
2011a). The detected Illumina and Clontech sequences were manually specified as

known contaminants (Table 3.4).

In cohorts 1 and 2, trimming removed a very small number of bases from input
FASTA data. Removed bases were low quality and therefore may not be accurate.
In cohort 3, 24 to 34 % of bases were removed from every sample (Figure 3.4).

Reads were contaminated with adapter sequence, as a result of longer read length

Table 3.4: Sequences trimmed from all input reads before further processing.

Name Sequence

Mlumina adapter AGATCGGAAGAG
Clontech primer GCTAATCATTGCAAGCAGTGGTATCAACGCAGAGTACT
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(150 bp in cohort 3, compared to 75 bp in cohorts 1 and 2) and shorter mean
fragment size (3.7 B).

Interestingly, midbrain samples from cohort 3 were trimmed more than striatal
samples (Figure 3.4 C). This is a small effect, but may indicate a regional difference
in the properties of TRAP RNA that affects library preparation.

Samples in which an unusually large percentage of bases were trimmed were flagged

as outliers.

3.2.5 Alignment

Reads were aligned using Kallisto, Salmon and STAR. The percentage of reads
successfully aligned is shown in Figure 3.5, faceted by cohort and aligner. The
effect of trimming is evident in cohort 3; improving the alignment percentage for all
samples in each aligner. Kallisto, however was able to align the largest percentage
of untrimmed reads. The mean alignment percentage across all three aligners was

89.6 %, 89.4 %, and 90.3 % for cohorts 1, 2 and 3, respectively.

Of the three alignment methods, Kallisto aligned the highest percentage of trimmed
reads, followed by Salmon, then STAR (Figure 3.6 A).

A smaller percentage of reads aligned by pseudoalignment in TOTAL samples,
compared to TRAP samples (Figure 3.6 A). There was no difference in STAR

alignment percentage, however. This suggests the difference could be due to the

Table 3.5: Trimming percentage outliers

Cohort Sample Name Reason

C3 DS OLD OVX FEMALE C3.4 High bp trimming percentage
C3 DS _OLD_ WT_ FEMALE C3.TOTAL High bp trimming percentage
C3 DS _YOUNG_WT_ MALE C3.TOTAL High bp trimming percentage
C3 MB_OLD OVX FEMALE C3.7 High bp trimming percentage
C3 MB OLD WT MALE (C3.3 High bp trimming percentage
C3 MB OLD WT MALE C3.38 High bp trimming percentage
C3 MB_YOUNG_WT_ FEMALE C34 High bp trimming percentage
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Figure 3.4: Read trimming of cohort 3 data. A: Adapter content per base position
in samples from cohort 3. Reads are marked as outliers on the basis of percentage of bases
trimmed. B: Cohort 3 was the only cohort to require trimming. C: Midbrain samples
required more trimming than striatal samples (outliers removed for comparison). D:
Trimming improves the mean Phred Q-Score from 50 to 150 bp in cohort 3. The Kruskal-
Wallis test with post-hoc pairwise Wilcoxon rank-sum tests were used to determine
significance. The Benjamini & Hochberg procedure was used to adjust for multiple
comparisons. *** = P < 0.001, **= P < 0.01, * = P < 0.1, NS = Not significant.
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Figure 3.5: Alignment percentage before and after read trimming across three
different alignment tools. Trimming does not affect alignment outcomes for cohorts 1
and 2. Cohort 3’s alignment percentage is substantially improved by trimming. Kallisto
appears more capable of aligning more heavily adapter-contaminated reads, compared to
Salmon and STAR. Kallisto aligned the highest percentage of reads, followed by Salmon,
then STAR. There was no effect of sequencing lane on alignment percentage, so data are
presented as the lane averaged alignment percentage. The Wilcoxon rank-sum test was
used to determine significance. The Benjamini & Hochberg procedure was used to adjust
for multiple comparisons. *** = P < 0.001, **= P < 0.01, * = P < 0.1, NS = Not
significant.

Table 3.6: Samples flagged as outliers due to low alignment percentage.

Cohort Sample Name Reason

C3 DS _OLD_WT_ FEMALE C3. TOTAL Low alignment percentage
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presence of splice junctions in TOTAL samples that STAR is able to resolve, but
Kallisto and Salmon cannot because they are not found within reference tran-

scriptome databases.

In Salmon and STAR-~aligned striatal TRAP samples, a greater percentage of reads
aligned compared to midbrain TRAP samples. This effect was not present in

Kallisto-aligned samples.

Beyond alignment percentage, each aligner outputs metadata that categorises align-
ments based on success or cause of failure. In Figure 3.7, the proportions of reads in
each mapping category is shown per sample for cohort 3, before and after trimming.
The effect of trimming is to increase the proportion of uniquely mapped reads. In
untrimmed samples, the unmapped reads are described as “too short”. Reads
fall into this category if the number of matching bases to a reference is lower
than a defined threshold (0.66x the length of the read, in this case). Adapter

contamination is likely the cause of this failure.

Read data from all cohorts is paired end, allowing the original cDNA fragment
size to be estimated for each alignment by counting the number of bases between
read mates. In Figure 3.7 B, the estimated fragment length of every sample is

shown for each aligner.

Cohort 3 has a smaller fragment length than cohorts 1 and 2. This shorter
fragment length, combined with using 150 bp reads explains why there was adapter
contamination. There was no difference in fragment length between TRAP frac-
tions (not shown).

Surprisingly, there are large differences in estimated fragment size between aligners.
Most notably, there is a large disparity in estimates of cohort 3 fragment size
between STAR and Kallisto and Salmon. Salmon estimates of fragment length

are consistently larger.
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Figure 3.6: Alignment percentage by aligner, fraction and region. A: Alignment
percentage across three alignment methods. Kallisto successfully aligned the greatest
number of reads, followed by Salmon and STAR. B: A greater percentage of TRAP
sample reads aligned compared to TOTAL samples when using pseudoalignment. This
effect occurs in all three regions. C: In Salmon and STAR-aligned samples, striatal
TRAP samples have a greater alignment percentage than midbrain TRAP samples. This
effect is not present in Kallisto-aligned samples. The Kruskal-Wallis test with post-hoc
pairwise Wilcoxon rank-sum tests were used to determine significance. The Benjamini
& Hochberg procedure was used to adjust for multiple comparisons. *** = P < 0.001,
**=P <0.01, *=P < 0.1, NS = Not sig%iglcant.
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Figure 3.7: Alignment types including failures and fragment length per cohort
and aligner. A: The majority of failed reads in untrimmed samples created too short
an alignment (relative to total read length) to be reliably aligned. Trimming increases
the relative length of alignment, above the necessary threshold to maintain reads. B:
Estimates of cDNA fragment length per cohort per aligner. Cohort 3 is consistently
estimated to be shorter than cohorts 1 and 2, however STAR’s estimate differs strongly
to the pseudoalignment methods.
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The alignment feature percentage (Figure 3.8) showed a difference in the exonic/intronic
alignment rate between TRAP and TOTAL samples. This likely reflects a difference
in the protein-coding RNA content of TRAP samples, relative to TOTAL. As
TRAP RNA is engaged with ribosomes, we would expect a greater proportion of
exonic RNA. The alignment of reads to more than one possible gene (ambiguous
alignment rate) did not differ between TRAP and TOTAL samples. The intergenic
alignment rate (reads that align to regions between annotated genes) was lower for
most TRAP samples, compared to TOTAL (this effect was smallest in cohort 1).
This may be due to increased library complexity of TOTAL samples, containing

RNA from unannotated, rarely expressed genes.
There were no other condition-dependent differences in alignment properties.

The causes of alignment failure were determined by examining the sequence quality
and content at each read position. As a sequencing run progresses, the uncertainty
of base calls declines. This is reflected in a reduced Q-Score for bases towards the 3’
end of each read (Figure 3.9 A). The mean read quality of aligned reads was higher
than failed reads. Additionally, from ~25 bp to the 3’ end of failed reads, the quality
dropped substantially. The uncertainty of base calls in this region is likely too great

to accurately align. Information from these reads, therefore cannot be recovered.

Across the length of a sequencing read, we expect no positional bias in nucleotide
proportion. The relative proportion of each nucleotide should reflect the compo-
sition of the genome studied. In Figure 3.9 B, the per base sequence content of

aligned and failed reads from cohort 3 is presented.

In both sets of reads, there is a positional bias in the first ~20 bp. This bias is
present in cohort 1 and 2 data, also. In aligned reads, the proportion of each
nucleotide is then constant. In failed reads, the positional bias persists for the
length of all reads. This indicates overrepresentation of certain sequences that

could not be aligned to the reference.
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Figure 3.8: Alignment feature per TRAP fraction. The rate of exonic/intronic
alignment differs between fractions, indicating an increased proportion of protein-coding
mRNA in TRAP samples. The rate of alignment outside of annotated gene boundaries
is greater in TOTAL samples. The rate of ambiguous alignment (alignment to multiple
matching genes) does not differ between conditions. The Wilcoxon rank-sum test was
used to determine significance. The Benjamini & Hochberg procedure was used to adjust
for multiple comparisons. *** = P < 0.001, **= P < 0.01, * = P < 0.1, NS = Not
significant.

Given these reads only represent ~10% of the entire library, this is not a major

concern and is in line with the majority of successful RNA-Seq experiments.
3.2.6 Count Data

Transcript abundance estimates from Salmon and Kallisto were summarised to
gene-level estimates and imported into DESeq objects using tximport and DESeq2
(Love, Soneson, Robinson, et al. 2021; Love, Ahlmann-Eltze, et al. 2021). The
number of STAR-aligned reads was counted per gene per sample using a custom

bash script. Counts were integrated with sample metadata as a DESeq object.

The spearman correlation between aligners of logs-transformed mean read counts
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Figure 3.9: Per base sequence quality and content of aligned and failed reads
from cohort 3. A: Read quality for failed reads is consistently lower than aligned reads
and exhibits a heavy dropoff from ~25 bp to the 3’ terminus. B: In all reads, positional
bias is evident in the first 10-15 bp due to non-random transposase binding. Beyond this,
aligned reads show no positional bias, whereas failed reads are heavily biased.
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was calculated (Figure 3.10). There was strong correlation between all three
aligners, with Salmon the most concordant overall. Most of the variability in

abundance estimates was in lowly expressed genes.

The number of genes detected per sample differed between cohorts, TRAP fractions
and collection batches (in cohort 3) (Figure 3.11). Fewer genes were detected per
cohort 3 sample compared to cohorts 1 and 2. Across all cohorts, a greater number
of genes were detected in TOTAL samples compared to TRAP samples. In cohort

3, a greater number of genes were detected in 2 collection batches; C3.3 and C3.8.

The effect of varying sequencing depth on the number of genes detected (library
complexity) was tested to determine whether sequencing depths used were suf-
ficient and to try to determine the reason for different library complexity be-
tween cohort 3 and cohorts 1 and 2. There was no significant relationship be-
tween depth and complexity in TRAP or TOTAL samples for any cohort in this
study (Figure 3.12 A). Therefore, sequencing depths used in this study did not
limit the detection of genes for differential expression measurement. The sample
“VS_OLD_OVX_ FEMALE (C3.5” from cohort 3 contains more sequencing reads
than any other sample in the study and has comparable library complexity to

samples with fewer than half as many reads.

Count data were downsampled to normalise for sequencing depth across cohort.
Depths from 1 to 10 million total counts were tested (Figure 3.12 B). At all depths,
library complexity was not saturated, however the gain in complexity per million
reads added reduced rapidly until 5 million reads. In cohorts 1 and 2, there was no
difference in the gain in library complexity between TRAP and TOTAL samples.
Cohort 3 TOTAL samples showed a more similar profile to cohort 1 and 2 TRAP
and TOTAL samples. Cohort 3 TRAP samples, however showed a much smaller

gain in complexity for increasing read depth, compared to all other categories.
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Figure 3.10: Concordance of count estimates between aligners. The correlation
of logs-transformed read counts was calculated. Each aligner had good agreement with
the other two. The pseudoalignment methods showed the greatest correlation. Salmon
was more closely correlated to STAR counts than Kallisto to STAR.

A large number of genes contained zero counts (termed dropouts) in random subsets
of cohort 3 samples (Figure 3.13 A). The proportion of samples with dropouts
differed between cohorts and fractions (Figure 3.13 B). In cohorts 1 and 2, genes
with mean counts below 100 exhibited dropout, which was expected. A large
number of genes fall within this category, as shown in Figure 3.13 A. The proportion
of sequencing library assigned to these genes, however is very small (Figure 3.13
C), reflecting their very low abundance. In cohort 3, dropout is seen in genes with
higher count values (100-1000). In TOTAL samples from cohort 3, the dropout
proportion is lower than TRAP samples, but greater than cohorts 1 and 2. The
proportion of sequencing library assigned to dropout genes is much greater than
cohorts 1 and 2. The percentage of reads assigned to genes containing dropouts in
cohort 3, was approximately equal across cohorts, suggesting that the underlying
sample composition did not differ between cohorts.

Principal component analysis was performed to identify the primary drivers of
variation for downstream analyses and to determine whether sample exclusion was
required. Each cohort was initially analysed separately (Figure 3.14 and Figure
3.15). In cohorts 1 and 2, PCs 1 and 2 were responsible for at least 50 % of

all variation. These components reflected differences between TRAP fractions,
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Figure 3.11: The number of genes detected per sample across cohort, fraction
and collection batch. A: More genes were detected in cohorts 1 and 2 compared to
cohort 3. In each cohort, more genes were detected in TOTAL samples than TRAP
samples. B: The number of genes detected is greater in TRAP samples from collection
batches 3 and 8 of cohort 3.
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Figure 3.12: Library complexity and sequencing depth. A: There is no significant
relationship between sequencing depth and library complexity over the range of depths
used for sequencing in this study. For instance, cohort 2 samples were sequenced to almost
twice the depth of cohort 1, however the number of detected genes is approximately equal.
B: In downsampled data, the gain in library complexity for every 1 million increase in
depth is similar across cohorts 1, 2 and TOTAL samples from cohort 3. Cohort 3 TRAP
samples, however show a smaller gain in library complexity.

regions and ages. For PC3 onwards, the percentage of total variation explained
by each component was small (<3 %), although some were significantly associated
with biological conditions. In cohort 3, variation was distributed among principal

components more evenly.

The separation of cohort 1 samples along PC1 and PC2 due to fraction and age is
shown in Figure 3.15 A and B. A component of the distinct separation of samples by
age is likely due to collection of these samples at two different timepoints. Region
of origin and fraction are represented along PC1 and PC2 in cohorts 2 and 3, with
a strong separation between midbrain and striatal samples, particularly TRAP

samples (Figure 3.15 C and E). Encouragingly, there is visible separation of dorsal
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Figure 3.13: Dropout properties by cohort and TRAP fraction. In cohorts 1
and 2, genes with a mean count of greater than 100 have no dropouts in any samples.
In cohort 3, there is a greater proportion of dropouts. This proportion differs between
TRAP and TOTAL samples: In TRAP samples, for genes with a mean count of 1000,
one quarter of all samples have a count value of zero. In TOTAL samples, there are no

dropouts at this level.
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Figure 3.14: Principal components analysis: Cohort separated: Scree plots of
percentage variation explained by the top 8 PCs for each cohort. Significant effects of
biological conditions on PC coordinates are annotated. Beyond PC2, groups of PCs likely
contribute common sources of variation.

and ventral striatal TRAP and TOTAL samples, indicating gene-level differences

in expression between these regions.

Next, count data from each cohort was merged and principal component analysis
repeated to interpret the relationship between cohorts. Cohort and more specifi-
cally, library complexity was associated with PC1, with lowest complexity cohort
3 TRAP samples separating from cohort 3 TOTAL, cohort 1 and cohort 2 samples
(Figure 3.16 A). There was consistent separation of somal and axonal samples along
PC2, regardless of fraction (Figure 3.16 C). Collections C3.3 and C3.8 appeared as

intermediates between TRAP and TOTAL samples (Figure 3.16 D).

Samples from collection batches C3.3 and C3.8 were removed from downstream
analysis on the basis of increased library complexity, representing samples “half-
way” between TRAP and TOTAL. Collection batch variation was included in all

model design formulae in subsequent expression analyses.
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Figure 3.15: Principal components analysis: Cohort separated: Scree plots of
percentage variation explained by the top 8 PCs for each cohort. Significant effects of
biological conditions on PC coordinates are annotated. Beyond PC2, groups of PCs likely
contribute common sources of variation.

Samples flagged as outliers due to containing either an abnormally low or high

number of aligned reads are listed in Table 3.7.

3.2.7 Long-read Data Quality Control and Comparison to

Short-read

Twelve somal TRAP samples from cohort 3 were sequenced on the Oxford Nanopore

Technologies MinION platform. In order to improve sequencing depth, 4 flowcells
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Figure 3.16: Principal components analysis: Cohorts combined. Principal
components (PCs) 1 and 2 are plotted in each biplot. A: Cohort of origin can be
distinguished from PC1. B: TRAP and TOTAL samples can also be distinguished from
PC1, with cohort 3 TRAP samples most distinct from other groups. This suggests that
library complexity is the main driver of PC1 variation. Cohort 3 TOTAL samples are
situated closer to all cohort 1 and 2 data than cohort 3 TRAP samples. C: Samples
labelled by region of origin, showing clear separation between somal and axonal driving
PC2 variation (11 % of all variation). D: Collections C3.3 and C3.8 labelled. A greater
number of genes were detected in these samples (Figure 3.11), explaining this separation
pattern.
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Table 3.7: Samples flagged as outliers due to high or low read count.

Cohort Sample Name Reason

C3 VS_OLD_OVX_FEMALE (C3.5 High aligned read count
C3 VS OLD OVX MALE (3.8 High aligned read count

(lanes) were used. The number of reads generated by each flowcell is shown in
Figure 3.17 A. Flowcells were used in order of the number of available channels
for sequencing: FAL15042 only had approximately 400 channels. In the fourth run,
FAL02011, barcoded samples 3, 5, 6 and 9 produced very few reads. This was due

to having insufficient remaining RNA to perform library preparation.

The read length per run and per experimental condition is shown in Figure 3.17
B. There were large differences in read length between runs, that reflect a need
to refine the library preparation protocol. Old, wild-type samples contained a
mildly greater number of shorter length reads compared to other experimental
groups (Figure 3.17 C).

To measure the concordance of the long- and short-read data, the pairwise pearson
correlation between samples was calculated. A subset of genes (2666) was used
that contained at least 3 reads in every sample. Due to the issue of dropout in
short-read data from cohort 3, this number is far lower than would otherwise be
used for cohorts 1, 2 and long-read data from cohort 3. A random set of an equal
number of samples per age and genotype was taken from cohort 1 and 2 and the
sample-matched cohort 3 short-read data were used. The pairwise correlation is
represented as a heatmap in Figure 3.17 C. Cohort 1 and 2 short-read data showed a
high pairwise correlation (greater than 0.9 in every comparison). Strikingly, Cohort
3 short-read data was much less correlated with Cohorts 1 and 2 and even with
matched long-read data: Cohort 3 long-read data was well correlated with Cohorts

1 and 2 short-read (p 0.8-0.9). This was very encouraging, as it indicated that
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comparisons performed in cohorts 1 and 2 could also be performed in cohort 3

long-read data and the results combined by meta-analysis.
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Figure 3.17: Quality Control for Long-read Sequencing Data from the Oxford
Nanopore Technologies Platform. A: The number of aligned reads per sample, per
flowcell. B: The read length distribution per flowcell. A substantial number of short
(~200 bp) reads can be seen in all cohorts. C: Cumulative distribution of read length per
experimental condition. D: The pairwise correlation between long- and short-read data
from Cohorts 1, 2 and 3. Cohort 3 long-read data correlates more closely to cohort 1 and
2 short-read data than to the short-read equivalent of itself.
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3.3 Discussion

Based on the findings from this chapter;

This

ROSA26-eGFP-L10a::DAT-Cre express eGFP-L10a in the midbrain, reflect-
ing dopaminergic cell body expression. eGFP-L10a can also be detected in
the striatum, likely reflecting axonal expression, however it was detected at
comparable levels in cortical tissue, suggesting a degree of expression in other

cell types.

TRAP experiments across three cohorts of young, old, wild-type and SNCA-
OVX mice yielded sufficient high-quality RNA for next-generation sequencing

and long-read sequencing.

Choice of library preparation method and quantity of input RNA is important
in determining library complexity. Cohort 3 suffers from greater dropout and

dispersion, affecting differential expression analysis sensitivity.

The TRAP fraction is the principal source of count variation, followed by

brain region of origin.

Next-generation and long-read sequencing data produce comparable estimates

of transcript abundance.

results from this chapter guided the analysis of condition-independent and

-dependent cell type-specific expression in the subsequent chapters.

3.3.1 eGFP Expression in Midbrain and Striatum

TRAP, and varieties expressing an alternative ribosome modification have been

extensively used to capture cell-type specific RNA from cell bodies (Brichta, Shin,

et al. 2015; Dougherty, Fomchenko, et al. 2012; Dougherty, Maloney, et al. 2013;
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Heiman, Kulicke, et al. 2014; Heiman, Schaefer, et al. 2008; Nakajima et al. 2014;
Shrestha et al. 2015). There has been limited use of TRAP for axonal or cell
compartment-specific translatome profiling (Sakers et al. 2017; Shigeoka et al.

2016a).

eGFP was detected and quantified in midbrain and striatal tissue of ROSAZ26-
eGFP-L10a::DAT-Cre mice, and was not detectable in ROSA26-eGFP-L10a::fs/fs
tissue, confirmining specificity of signal to the TRAP transgene. The detection
of eGFP in cortical tissue indicates a degree of very low-level ectopic expression
of eGFP-L10a. In all dissections, careful attention was paid to avoid including
material outside of the midbrain and striatum. In previous work to establish the
TRAP protocol in ROSA26-eGFP-L10a::DAT-Cre mice, eGFP was visible in the
midbrain but not the striatum. The sensitivity and signal to background noise
ratio is most likely to be responsible for this, as eGFP was detected in all striatal
tissue samples by ELISA. Further IHC staining could be attempted with brighter
fluorophores or alternative antigen retrieval methods could be tested.

Th and Slc6a3 enrichment in TRAP samples relative to TOTAL samples confirmed
successful capture of dopaminergic RNA. The depletion Gad2 and Gfap in midbrain
samples suggests that MB TRAP samples approach a “pure” dopaminergic RNA
sample. The lack of depletion in striatal samples may be due to ectopic expression
of eGFP-L10a in GABAergic interneurons and astrocytes, incomplete removal of

non-specifically bound RNA from neighbouring cell types, or a combination of both.

3.3.2 Cohort Design

In cohort 1, young and old samples were collected one and a half years apart
with different reagents. Technical variation due to collection differences confounds
the detection of biological variation due to ageing. This is evidenced by “age”

separation of cohort 1 samples by PCA, along PC2. In cohorts 2 and 3, age

does not separate as clearly. In addition, the abundance of dopaminergic markers,
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Th and Slc6a3 differs between old and young in cohort 1, whereas it did not in

cohorts 2 and 3.

The reduction in number of mice used between cohorts 2 and 3 was necessary for
several reasons. Processing 16 mice per batch would have increased the duration
of the TRAP protocol, increasing the likelihood of sample degradation and/or
handling error. Mice from different litters would need to be pooled (unevenly).
Changes were made to the TRAP protocol (as described in Methods) to enable
the handling of up to 12 samples, while ensuring enough RNA could be obtained

from striatal samples from one animal.

The change in library preparation method in cohort 3 likely had a major effect on
sample complexity and concordance with cohorts 1 and 2. Ultra-low input methods
are most commonly used for single cell RNA-Seq datasets. These datasets typically
have much lower library complexity than bulk RNA-Seq datasets. There is debate
as to whether the reduced library complexity is due to failure of cDNA amplification
from minute starting amounts of RNA or is in fact due to the stochastic nature of
RNA expression in single cells (Svensson 2020). The higher complexity count data
produced from matched midbrain TRAP samples using the Oxford Nanopore Tech-
nologies platform indicated that the reduced input mass used for library preparation
in cohort 3 short-read samples was the cause of reduced complexity. The input mass
of RNA used in the Oxford Nanopore Technologies protocol was greater and more

similar to the input mass used for SMART-Seq2 preparations in cohorts 1 and 2.

3.3.3 RNA Yield

Cohort variability in RNA yield can be explained by a number of factors; for
example operator handling, skill development, reagent batches. This variability is
not a major concern because each cohort was prepared and sequenced separately,
already creating a source of technical variation. RNA concentration is normalised

for library preparation, also.
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Variation in yield due to brain region is likely explained by the relative abundance of
eGFP-L10a (and of dopaminergic ribosomes, therefore) in midbrain and striatum.

This is confirmed by the eGFP content in these regions.

Variation due to age, however, is unexpected. Old and young samples from cohort
1 were collected at separate time points, with different reagents, which would be
the most likely explanation had this only occurred in those samples. This pattern
occurs in all cohorts, however. In cohorts 2 and 3, samples were alternated between
left and right sides of racks and plates during TRAP processing to minimise the
likelihood of physical location influencing data variability. Biological explanations

for age differences could include:

o A change in tissue composition with age that affects antibody binding effi-
ciency.
o A change in ribosome production or stability with age.

o A change in ribosome:RNA engagement (translational efficiency) with age.

3.3.4 Trimming

As alignment tools have developed methods to “soft-clip” adapter sequences from
reads, the requirement for read trimming has been disputed (Liao and Shi 2020).
Read trimming adds additional time to an already lengthy data processing pipeline
and is viewed by some as a redundant process. From these data, it appears that
read trimming has minimal impact on alignment rates in cohort 1 and 2 data.
Without trimming of cohort 3 data, however, a substantial percentage of reads

would be lost, due to heavy adapter contamination.

3.3.5 Alignment

With a mean alignment percentage (after trimming) of 89.8 %, there were no further

concerns about read data quality that would impair count generation. Differences
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in alignment feature between fractions provides some insight into the properties of
TRAP samples and how they differ in complexity and splicing diversity compared to
TOTAL samples. The increased exonic:intronic alignment ratio in TRAP samples
suggests there may be a subset of transcripts specific to the dopamine neuron or

each dopamine neuronal compartment.

The estimated fragment length is an invaluable quality control metric to identify
causes of alignment failure and potential biases. The shorter fragment length of
cohort 3 samples was mainly responsible for causing adapter contamination. The
most reassuring finding, however, was that fragment length estimates do not differ
between TRAP and TOTAL samples in cohort 3. A difference in fragment length
would indicate differences in library preparation outcome for TRAP and TOTAL

samples, confounding their comparison with one another.

3.3.6 Count Data

The decision to use Salmon counts for downstream count-based analyses was based
on a recent finding by the package authors that when used alone, pseudoalignment
can underperform in accuracy compared to conventional alignment under various
experimental circumstances (Srivastava et al. 2020). The authors introduced “se-
lective alignment”; a refinement of their original pseudoalignment algorithm that
reintroduces alignment scoring to help discern between identical mapping loci along
a reference. Without knowledge of the true expression levels in every sample, the
accuracy of Salmon, Kallisto and STAR cannot be determined from these data.
Kallisto aligned the greatest number of reads, however its count estimates were
marginally less correlated to STAR counts than Salmon.

The difference in library complexity (number of genes detected) between TRAP and
TOTAL samples is most likely a property of TRAP. The number of genes actively
expressed in dopamine neurons will be a subset of all genes expressed in cell types

of the midbrain or striatum. This reduction in library complexity could be used
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as a surrogate measure of TRAP success, instead of cell type marker enrichment
which may be less reliable. The increased complexity of collection batches C3.3
and C3.8 may be due to insufficient removal of non-specifically bound RNA from

the surface of the paramagnetic beads used during the TRAP protocol.

The lack of relationship between sequencing depth and library complexity at the
range of depths used for each cohort is encouraging, as it confirms that all de-
tectable genes are counted. The near-saturation of sequencing depth in cohort 3
samples provides some explanation for the unusual feature of dropouts in genes with
higher gene counts (100-1000): With increasing depth beyond saturation, reads are
assigned to existing features within the library, increasing the divide between zero
and “detected”. This creates a situation where a count value of 500, for example,
is not comparable to a count value of 500 in a more complex library, such as in

cohorts 1, 2 or in long-read data from cohort 3.

From principal components analysis, fraction and region are the strongest drivers
of variation in this dataset. This will allow the genes and transcripts that define
dopamine neuron cell bodies and axons to be identfied in the next chapters. Age
and genotype is responsible for variation that is shared across multiple PCs. In
some cases, a subset of samples separate, while others do not. Importantly, the
methods used for testing differential expression in the next chapters are sensitive

to these cases and will report differential expression for closer inspection.

The decision to analyse each cohort of data individually and to subsequently
perform a meta-analysis is driven by the difference in library complexity between
cohort 3 short read data and cohorts 1 and 2. Although PCA confirmed a similar
pattern of separation according to fraction and region across cohorts, the effect
of library preparation method on dispersion estimates (next chapter) would harm

detection power from cohort 1 and 2 samples.
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The correlation between long-read sequencing data generated on the Oxford Nanopore
Technologies platform and cohort 1 and 2 short-read data was very encouraging.
The complexity of cohort 3 samples sequenced on this platform exceeded that of
their short-read counterparts, closely matching the complexity of cohort 1 and 2
short read samples. Based on these findings, long-read data is included in age and

disease-related comparisons in subsequent chapters.
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Specific Expression Features in the
Dopaminergic Neuron

4.1 Introduction
4.1.1 Overview

This chapter describes the “steady state” expression features of dopamin-

ergic neurons in the cell body and axon.

Previous studies have aimed to characterise the fundamental expression proper-
ties of mouse or human dopaminergic neurons; using microarrays with neurons
purified by laser capture microdissection (LCM) (Greene 2006; Chung et al. 2005)
or fluorescence-activated cell sorting (FACS)(Poulin et al. 2014) or using next-
generation sequencing with LCM (Nichterwitz et al. 2016; Aguila et al. 2021),
FACS (Kramer, Risso, et al. 2018; Hook et al. 2018; Tiklova et al. 2019) or droplet-
based single cell dissociation (Saunders et al. 2018; La Manno et al. 2016). These
studies have provided evidence for the existence of subpopulations of dopaminergic
neurons within the midbrain that are regionally localised (such as between the SNpc
and VTA) and more heterogeneously mixed. Drawbacks of these investigations,

however, include sensitivity to measuring gene expression, lack of a comparison
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of expression between dopaminergic neurons and other cell types and technical
biases induced by tissue handling and cell preparation methods. The technical
biases are evidenced by the substantial amount of filtering required of raw data:
Zeisel et al. (2018) performed droplet-based single cell sequencing of multiple brain
regions and of ~510,000 cells sequenced, ~161,000 cells were retained for cell type
clustering. Similar data filtering was required in (Saunders et al. 2018; Oldham

and Kreitzer 2018).

Brichta, Shin, et al. (2015) performed TRAP in young (four months old) mice in a
toxic model of PD, however no comparison was performed between TRAP samples
and input midbrain tissue. At the time of writing, no study has aimed to describe

the local translation of transcripts in dopaminergic axons.

To identify genes that were translated in the dopaminergic cell body and axon,
gene and transcript-level abundance estimates were compared between TRAP and
TOTAL samples from the midbrain and striatum. The results of these comparisons
were used to assess cell type specificity by grouping genes according to a database
of cell type markers. Genes were ranked by enrichment, with classic dopaminergic
markers ranking highly. Among this list, however were genes that do not currently
have a reported association with dopaminergic biology or PD; potential roles for

these genes are discussed.

Cell type specificity analysis in axonal TRAP samples indicated enrichment of
dopaminergic neuron RNA, but also other cell type RNA. A deconvolution method
was used to estimate the relative proportion of different cell types in axonal TRAP
samples. Two additional criteria were applied to minimise the likelihood of incor-
rectly categorising genes as “axonally translated”. Among the most enriched genes
include several known to play an important role in dopaminergic biology. The

possible axonal role of less studied, but highly enriched genes is discussed.
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Splicing diversity in the dopaminergic neuron was explored by comparing transcript-
level abundance estimates between TRAP and TOTAL samples. For many genes,
dopaminergic neurons were found to express an alternative dominant transcript
compared to neighbouring cell types. For some genes, “switching” between tran-
scripts leads to no change in gene-level abundance, but clearly indicates specific
expression properties of dopaminergic neurons. The list of genes considered “trans-
lated” by dopaminergic neurons was expanded from these results. The possi-
ble consequences of alternative dominant transcript expression are discussed with

some examples.

Long-read alignment data from somal TRAP samples was used to identify putative
novel transcripts. The long-read data demonstrates an impressive ability to recreate
known transcript models de movo. Very little evidence for novelty was found
however, with manual inspection of “novel” alignments revealing artefacts in long-

read generation that need to be addressed.

Enrichment data were finally used to prioritise candidate genes surrounding 90
independent PD genetic risk loci (Nalls, Blauwendraat, et al. 2019). This analy-
sis indicated an overrepresentation of dopaminergic-specific genes within regions
associated with PD risk. Prioritised results were compared with quantitative trait
loci (QTL) and nearest gene approaches. The Calcium Sensing Receptor (Casr) is
proposed as a novel lead candidate gene, based on enrichment data from the soma
and axon; supporting a specific role for this gene in dopaminergic biology.

Unless specified explicitly, all analyses in this chapter were conducted
using all samples from both ages (3 and 18 months) and genotypes
(Wild-type and SNCA-OVX). All analyses were divided according to cell
compartment, however (somal and axonal samples were analysed sepa-

rately).
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4.1.2 Chapter aims

1. To identify the set of genes and transcripts actively translated in the dopamin-

ergic cell body and axon.

2. To further identify those genes that are most selectively expressed relative to

the surrounding tissue.

3. To characterise splicing diversity within dopaminergic neurons and determine

the dominant transcript(s) expressed in this cell type.

4. To use TRAP enrichment in the soma and axon to prioritise candidate genes

in linkage regions surrounding PD GWAS loci.
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4.2 Results

4.2.1 Somal Enrichment
Summary Statistics

To identify genes enriched and depleted by TRAP, somal TRAP samples were
compared to their matched TOTAL samples. Both ages and genotypes were
included in all comparisons, unless stated otherwise. Out of 23392 genes detected
in TRAP and TOTAL somal samples of all three cohorts, 5539 were significantly
enriched by TRAP (Table 4.1). 4441 were depleted and 13412 were not significantly
changed. More abundant genes were more likely to be enriched, accounting for 73.7
% of each library, on average. Enrichment status was used to classify genes in terms
of confidence of translation; enriched genes were considered to be translated with
greatest confidence. The magnitude and significance of enrichment was used to

estimate the specificity of expression to the dopaminergic neuron.

Cell Type Specificity

To assess the specificity of TRAP at the cell body, all measured genes were scored
based on the magnitude and significance of fold enrichment (or depletion). These
scores were combined with a database of marker genes for 178 cell types to obtain
an enrichment score per cell type (Franzén et al. 2019). Dopaminergic neurons
were clearly enriched in midbrain samples: 13 markers were significantly enriched,
as shown in Table 4.2. This enrichment was selective, as markers of other cell
types were depleted (Figure 4.1 A). Collectively, no other cell types showed robust

Table 4.1: Summary of the number of genes significantly enriched, depleted and
unchanged in somal TRAP samples compared to TOTAL.

Metric Enriched Depleted Unchanged

Number of Genes 5539 4441 13412
Percentage of Library 73.7 % 9.1 % 172 %

86



4. Specific FExpression Features in Dopaminergic Neurons

enrichment (Figure 4.1 B), with the exception of adrenergic and noradrenergic

neurons that share Th, Slc18a2 and Ddc as markers.

Ontological Categorisation

To divide and characterise the large number of enriched genes into functional
groups, pathway enrichment methods were used. Gene set enrichment analysis
was used to identify terms overrepresented in the ranked list of enriched TRAP
genes. The Gene Ontology (GO): Cellular Component, Biological Process and
KEGG Pathways gene sets were used. The top 10 terms identified from each

source are presented in Table 4.3.

Ribosomal cellular component and translation-related processes were the most
enriched terms. Ribosomal terms are not uniformly enriched in ribosomal profiling
datasets (Clarke et al. 2018; Sakers et al. 2017; Shigeoka et al. 2016b), which
raises the possibility that ribosomal activity is greater in dopaminergic neurons,
compared to neighbouring cell types in the midbrain. The ribosome-dependent
nature of TRAP, however, confounds the interpretation of this result without fur-
ther validation. Furthermore, differences in ribosomal RNA handling (for example,
using ribodepletion or poly-A selection) during library preparation may account

for variation in enrichment between laboratories.

Mitochondria and related biological processes then dominate, confirming that abun-
dant expression of nuclear-encoded mitochondria-related genes is characteristic of

this cell type in this brain region.

Among the KEGG Pathways tested, Parkinson’s disease was one of the most signifi-
cantly overrepresented. Interestingly, other neurodegenerative conditions including
Huntington’s disease, prion-related disease, Amyotrophic Laterial Sclerosis and
Alzheimer’s disease all feature. This suggests that a subset of genes known to
be of shared importance across neurodegenerative conditions are translated in

dopaminergic neurons.
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Figure 4.1: Enrichment and depletion in somal TRAP samples. A: The fold
change of each gene in somal TRAP samples compared to TOTAL, plotted against the
mean expression count. More abundant genes were more likely to be enriched, however
this was to be expected. Markers of dopaminergic neurons were enriched and markers
of neighbouring cell types depleted. B: The enrichment score for cell types likely to be
resident within dissected midbrain tissue for TRAP. Dopaminergic neurons were the only
cell type, out of 178 that showed clear enrichment.
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Table 4.2: Dopaminergic marker gene enrichment in somal TRAP samples.

Gene Logs Fold Change Adjusted P Value

Th 5.85 5.52¢-301
Ddec 4.76 5.52e-301
Slc6a3 4.28 5.52e-301
Chrna6  3.78 5.52e-301
Slec18a2  3.29 5.52¢e-301
Nr4a2 4.16 5.19¢-286
Cadps2  3.78 2.18e-201
Foxa?2 4.57 4.9e-106
Ntnl 2.48 1.74e-90
Neurod6 1.45 9.22¢-18
Lmxlb  2.76 1.89e-15
Prkeg 0.351 3.95¢e-10
Kcnj6 1.43 7.86e-10

Gene set enrichment analysis also confirmed the underrepresentation of genes in-

volved in non-neuronal function (Figure 4.2).

Knowledge Deficits in Highly Enriched Genes

273 genes were enriched more than 4-fold by TRAP (Figure 4.3 A). A subset
of highly enriched genes were classic markers of dopaminergic neurons (e.g., Th,
Slc6a3, Slc18a?2). Interestingly, other genes did not have a reported association
with dopaminergic biology.

The number of publications that associate each gene with dopamine or Parkinson’s
disease-related research was parsed using the NBCI Entrez API. Synonyms and
human homologs of each gene were included in the search query, as well as the En-
sembl description field, with exceptions to remove spurious associations (Methods).
As expected, many enriched genes have been heavily investigated and discussed in

the context of dopaminergic biology and/or Parkinson’s disease (Figure 4.3 B).

Interestingly, even among the most enriched genes, several have no published

association (Figure 4.3 B). The strong enrichment of these genes suggests that
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Table 4.3: Gene ontology terms represented by somal TRAP enrichment.

Source Term name Term size Intersection size P Value

GO: Biological Process

GO:BP  Translation 605 194 5.58e-59
GO:BP  Peptide biosynthetic process 623 182 2.1e-57
GO:BP Mitochondrion organization 483 178 4.12e-54
GO:BP  Peptide metabolic process 766 217 1.2e-53
GO:BP Amide biosynthetic process 726 172 2.31e-52
GO:BP Ribonucleoprotein complex biogenesis 408 237 4.87e-47
GO:BP  Cellular protein-containing complex assembly 931 445 1.71e-46
GO:BP  Cellular amide metabolic process 971 217 6.43e-46
GO:BP  Organonitrogen compound biosynthetic process 1430 243 1.76e-44
GO:BP Protein-containing complex assembly 1350 353 7.13e-41
GO: Cellular Component
GO:CC Ribosome 229 151 4.45e-113
GO:CC Ribosomal subunit 195 142 5.94e-112
GO:CC Mitochondrial protein-containing complex 262 163 6.95e-105
GO:CC Cytoplasm 9570 1520 3.76e-94
GO:CC Protein-containing complex 4650 918 5.74e-94
GO:CC Mitochondrion 1710 463 6e-94
GO:CC Ribonucleoprotein complex 682 416 3.86e-86
GO:CC Intracellular anatomical structure 11900 1620 1.59¢-80
GO:CC Large ribosomal subunit 123 92 2.37e-T1
GO:CC  Cytosolic ribosome 109 T 2.68e-66
KEGG Pathways
KEGG Ribosome 134 114 1.08e-85
KEGG Parkinson disease 237 128 1.09e-66
KEGG Oxidative phosphorylation 124 78 8.4e-61
KEGG Huntington disease 289 134 4.11e-59
KEGG  Prion disease 251 117 1.54e-50
KEGG  Amyotrophic lateral sclerosis 348 96 2.26e-48
KEGG Pathways of neurodegeneration - multiple diseases 446 107 1.23e-47
KEGG  Alzheimer disease 345 105 6.71e-43
KEGG  Thermogenesis 219 70 8.33e-40
KEGG  Coronavirus disease - covid-19 191 80 1.43e-36

they play an important, yet understudied role in dopamine neuron function and,

through “guilt by association”, Parkinson’s disease.

Specific expression of the most enriched, underpublished genes was confirmed using
mouse RNA FISH data from the Allen Brain Atlas. Representative images of
midbrain expression of four genes; Tagin3, Cpne7, Syt17 and Fam210b are shown
in Figure 4.4. The majority of enriched genes were also confirmed as markers of
dopaminergic neurons in single-cell sequencing investigations using embryonic and
early postnatal mouse midbrain (Hook et al. 2018; Tiklova et al. 2019; La Manno

et al. 2016; Poulin et al. 2014).
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Figure 4.2: Gene set enrichment analysis: Soma TRAP. Ribosome and mitochon-
drial terms are most strongly represented among genes strongly enriched by TRAP. Terms
related to functions of other cell types, such as neuron ensheathment and gliogenesis were
depleted.

To explore the possible functional properties of enriched, underpublished genes,
high-confidence protein-protein interactions were parsed from the STRING v11
database (Szklarczyk et al. 2020). Interactions were primarily driven by evidence
of physical interaction in human fractions from the BioGRID database (Wan et al.
2015). Particular attention was given to interacting neighbours that were also
enriched by TRAP. The potential role of these genes in dopaminergic biology and

PD is discussed with a review of the surrounding literature in Section 4.3.

Transcript Usage: Diversity in the Cell Body

To find the dominant transcript(s) of genes expressed in the dopaminergic soma,
transcript abundance was calculated as a proportion of total gene abundance. The

dominant transcript accounted for a median of 75 % of total gene expression. The
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or PD-related research. The top 30 genes, ranked by fold enrichment are shown. Genes
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Figure 4.4: ISH Confirmation of dopaminergic specificity and the enrichment
status of top interacting proteins. Tagin3, Cpne7, Syt17 and Fam210b each show
clear specificity of expression to dopaminergic neurons, although a difference between
SNpc and VTA expression was not evident. Many interactors of each gene were also
enriched in somal TRAP samples, supporting a role for each network of proteins in

dopaminergic function. ISH images obtained from the Allen Brain Atlas (Sunkin et al.
2012).
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relative contribution of the dominant transcript fell as the number of annotated
transcripts increased (Figure 4.5 A). Two thirds of all genes measured expressed

multiple transcripts (Figure 4.5).

Transcript usage was compared between somal TRAP and TOTAL samples, to
identify differential transcript usage (DTU) events, specific to the dopaminergic
neuron. The primary purpose of this analysis was to highlight genes that were not
enriched by TRAP at the gene-level, but showed evidence of DTU. These genes

could also be considered translated in the dopaminergic neuron.

Evidence of significant DTU was found for 1617 genes, of which 817 were not
enriched at the gene-level by TRAP (Figure 4.5 C). In these cases, transcript
“switching” resulted in no change in gene-level expression but clear differences
in transcript-specific expression, indicating dopaminergic translation. Genes that
were not found to be significantly enriched at the gene-level, but showed evidence of
differential transcript usage were subsequently added to the list of genes considered
translated in dopamine neurons.

An example of DTU in somal TRAP samples is shown in Figure 4.5 D: Cdc42 is
a Rho-family GTPase expressed in two isoforms. Each contains a distinct 3° UTR
sequence, encoding alternative post-translational modication motifs that specialise
their function (Figure 4.6). Prenylated Cdc42 (labelled ENSMUST00000030417)
has recently been shown to be selectively localised and translated in the axon of
dorsal root ganglion neurons (Lee, Zdradzinski, et al. 2021). siRNA targeting of
the prenyl-form of Cdc42 impaired axonal growth. Prenyl-Cdc/2 was selectively
enriched in somal and axonal TRAP samples, indicating a potentially similar

mode of function.

Novel Isoform Detection Using Long-Read Data

To assess whether dopaminergic neurons express novel transcripts or genes, long

read alignment data were processed using TALON; a recently developed transcrip-
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Figure 4.5: Splicing diversity in dopaminergic neurons. A: 75% of gene expression
was mediated by the dominant transcript, with the majority of further expression being
mediated by a second, but expression of more than two transcripts at once was rare.
B: The number of genes considered for differential transcript usage analyses and the
number of associated transcripts. Single-transcript genes are included for reference. C:
Half of all genes found to exhibit differential transcript usage in somal TRAP samples
were not enriched at the gene-level; expanding the scope of what is considered translated
in dopaminergic neurons. D: Selective usage of a Cdc42 isoform involved in axonal
localisation and sustaining axonal growth. Stagewise analysis for the determination
of significant differential transcript usage was performed using stageR (Berge 2017).
Transcript-level P values are presented. *** = P < 0.001, **= P < 0.01, * = P <
0.1, NS = Not significant.
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Figure 4.6: The 5’ and 3’ UTR Structure of Cdc42

tome assembly package (Wyman et al. 2019).

Before using alignment data to classify novel transcripts, aligned reads were subject
to a series of quality control checks: Reads were tested for internal priming events by
calculating the proportion of A’s in a 20 bp window immediately following the end
of each alignment. Internal priming could lead to spurious models of prematurely
terminated transcripts, due to binding of the poly-dT reverse transcription primer
at intragenic sites of high poly-A content. Secondly, reads were filtered by read
length and the proportion of gene body covered (Figure 4.7 B). Notably, only
around one quarter of reads passed filtering and this was primarily due to low
read length: Although reads were many times longer than short-read sequencing,
the majority were not classed as “full-length”, which is a requirement for this de
novo method. Improving read length by refining the size selection step of long-read

library preparation is key to maximising full length read coverage.

Passed, aligned reads were then annotated using the Gencode mouse gene anno-
tation. Alignments that did not match with annotation entries were categorised
by the type of novelty: “Incomplete splice match” (ISM) models were models that
did not differ in internal exon boundaries, but either start from an unannotated
position or terminate prematurely. “Novel in catalog” (NIC) models do not differ
in internal exon boundaries, however the combination of exons included in the
model is not annotated. “Novel not in catalog” (NNC) models differ in internal
exon boundaries (for example, exon elongation or truncation events fall into this
category). “Genomic” models represent alignments that include intronic segments.

“Antisense” models overlap with existing models, but are in reverse orientation
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compared to the annotation. Differences in the start of the 5> UTR and end of the
3" UTR were not considered, due to variable read coverage at these areas. Models

were only considered that were detected in every sample (12 samples in total).

Around 90 % of all models identified were annotated (“known”), however these
models only accounted for around 60 % of reads (Figure 4.7 C and D). 25 % of
each library aligned to ISM models. As might be expected, less than 1 % of each
library aligned to NNC models: Detection of novel exons or exon boundaries in a

highly studied and annotated species, such as mouse would be a rare event.

Three filtering steps followed, to select for the highest confidence novel models:
CAGE-derived transcription start site (T'SS) locations were obtained from the
FANTOMS5 database and used to measure the distance between the 5 end of
each model and the nearest TSS (Abugessaisa et al. 2017). Models were classified
by whether they contained a TSS within 100 bp up or downstream of the 5’
terminus. Poly-A sites from the PolyASite 2.0 database were used to classify
models by whether a poly-A site was located within 20 bp of the 3’ terminus

(Herrmann et al. 2019).

Finally, the transcript sequence of each model was scanned to identify putative
peptides sequences: The longest identified peptide per model was submitted as a
protein BLAST query to search for evidence of existence. Only models with TSS,
poly-A and peptide-level support were retained. The proportion of models at each

level of support is shown in Figure 4.7 E, F and G.

Reassuringly, models with CAGE and poly-A support also had the most coding
potential support. When ISM models were further subdivided by whether they
cover the 5’ or 3’ end of an annotated transcript (labelled “Prefix” and “Suffix” in
Figure 4.7 F, respectively), there was a difference in CAGE and poly-A support:

Prefix models had greater CAGE support, while Suffix models had greater poly-
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A support, suggesting that these models reflect incomplete reads, as opposed to

genuinely shorter transcripts.

After filtering, approximately 8 % of the library was represented by putative novel
transcript models (Figure 4.7 H). The alignment data were manually inspected and
splice alignments were compared against matched short-read TRAP data. In every
novel model inspected, a consistent error in read generation was identified that
introduced variation of between 1 and 3 bp around splice junctions. This variation
was systematic in all samples, leading to the definition of novel models, however
there was no support for this variation in the matched short-read data. It was
concluded that the pipeline performed well for de novo construction of the majority
of transcript models (evidenced by the high number of “known” models), however

close inspection of novel models using short-read data for confirmation is essential.

4.2.2 Axonal Enrichment

Summary Statistics

To identify axonally translated genes, striatal TRAP samples were compared to
matched TOTAL samples. Out of 27050 genes detected in TRAP and TOTAL ax-
onal samples of cohorts 2 and 3, 4726 were significantly enriched by TRAP (Figure
4.4). 3873 were depleted and 18451 were not significantly changed. Enriched genes

accounted for for 77.2 % of each library, on average.

Table 4.4: Summary of the number of genes significantly enriched, depleted and
unchanged in striatal TRAP samples compared to TOTAL.

Metric Enriched Depleted Unchanged

Number of Genes 4726 3873 18451
Percentage of Library 77.2 % 4.94 % 17.9 %
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Figure 4.7: De novo transcript discovery using long-read sequencing data. A and B:
Only 26 % of long-reads were used in transcript discovery, due to a stringent selection
of full-length transcripts. C and D: The number of models (C) and percentage of
library (D) accounted for by each transcript model category. Incomplete splice match
(ISM) models accounted for a large percentage of library, due to read length preventing
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potential among transcript models at each level of CAGE and poly-A support: Models
with CAGE and poly-A support were more likely to contain a open reading frame. H:
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Cell Type Specificity

The cell type specificity of axonal TRAP data was carefully examined. Dopamin-
ergic markers were robustly enriched in axonal TRAP samples (Figure 4.8 A).
In contrast to somal TRAP samples, however, they were less abundant. Two
explanations were considered; the translational efficiency of dopaminergic markers
could be lower in the axon compared to the soma or RNA fractions from other
cell types could be present in axonal TRAP samples, reducing the proportion of
library assigned to these marker genes. Some markers of neighbouring striatal
cell types were also enriched and were more abundant than dopaminergic markers

(Figure 4.8 B).

A cell type enrichment score was calculated using the database of 178 cell type
markers. Dopaminergic neurons were enriched, however there was also enrichment

of markers of astrocytes, cholinergic neurons and oligodendrocytes (Figure 4.8 C).

A deconvolution approach was used to estimate the proportions of different cell
type RNA in axonal TRAP samples. Three datasets were tested independently,
each containing expression signatures of different cell types present in the mouse
striatum or midbrain. The estimated cell type proportions based on these signa-

tures are presented in Tables 4.5, 4.6 and 4.7.

Midbrain-derived TOTAL and TRAP samples were tested for comparison: The

neuronal proportion was greater in somal TRAP samples compared to TOTAL. In

Table 4.5: Sample composition estimates (% of Sample) based on the Gokce et al., 2016
single cell striatal signature matrix.

Region Fraction Astrocyte Ependy-C Macrophage Microglia Neuron NSC Oligodendrocyte

MB TOTAL 1.77 0.51 0.39 0.00 86.10  0.67 10.55
MB TRAP 0.74 0.34 0.05 0.00 96.81  0.26 1.80
DS TOTAL 1.81 0.00 0.15 0.01 94.13  0.00 3.89
DS TRAP 2.68 0.03 0.15 0.08 93.31 0.00 3.74
VS TOTAL 1.35 0.29 0.08 0.01 93.92  0.00 4.35
VS TRAP 2.21 0.34 0.10 0.04 93.55  0.00 3.75
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Figure 4.8: Enrichment and depletion in axonal TRAP samples. A: The fold change
of each gene in axonal TRAP samples compared to TOTAL, plotted against the mean
expression count. Dopaminergic markers were enriched, however their abundance was
lower than in somal TRAP samples. Markers of other cell types were also enriched. B:
The enrichment score for cell types likely to be resident within dissected striatal tissue
for TRAP. Dopaminergic neurons, cholinergic neurons, astrocytes and oligodendrocytes
were enriched. C: The number of genes enriched in somal and axonal TRAP samples,
with the intersection of both lists used to define axonally translated genes. D: Cre
expression in midbrain and striatal TRAP and TOTAL samples. Cre expression was
higher in midbrain and enriched by TRAP. Cre was virtually undetectable in striatal
TOTAL samples, but was enriched in TRAP samples.
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Table 4.6: Sample composition estimates (% of Sample) based on Chen et al., 2014
sorted brain cell types.

Region Fraction Astrocyte Microglia Neuron NFO OPC

MB TOTAL 0.00 1.48 71.28 25.25 0.00
MB TRAP 0.00 0.47 95.81 3.70 0.02
DS TOTAL 2.73 1.30 79.22 12.82 2.3
DS TRAP 10.14 1.74 68.01 20.01  0.09
VS TOTAL 1.07 1.29 79.69 1242 3.32
VS TRAP 7.19 1.74 71.87 18.50  0.70

Table 4.7: Sample composition estimates (% of Sample) based on a combination of
TRAP /Ribotag datasets.

Region Fraction Astrocyte D1 MSN D2 MSN Midbrain Dopamine Neuron Oligodendrocyte

MB TOTAL 11.22 0.00 3.96 42.29 42.53
MB TRAP 1.04 3.64 0.32 94.09 0.90
DS TOTAL 7.90 0.00 42.28 29.28 20.54
DS TRAP 4.21 0.00 60.01 18.50 17.28
VS TOTAL 9.63 0.00 37.10 32.63 20.64
VS TRAP 4.75 0.00 58.37 19.61 17.27

the third dataset, the estimated dopaminergic proportion was ~ 94 %. Accordingly,

the estimated proportions of astrocytes and oligodendrocytes fell to almost 0 %.

In striatum-derived samples, the estimated neuronal proportion ranged from ~ 68-
94 %, depending on the dataset. The estimated dopaminergic neuronal proportion
in axonal TRAP samples was lower than TOTAL samples. This was judged to
likely be artefactual, as enrichment of dopaminergic markers had been confirmed
and over 60 % of each axonal TRAP library was found to contain reads that aligned
to genes expressed by dopaminergic neurons (see next chapter). The estimated D2
medium spiny neuron proportion increased in axonal TRAP samples.

In pilot TRAP experiments using ROSA26-eGFP-L10a::fs/fs mice that do not ex-
press eGFP-L10a, no RNA was obtained. It was therefore considered unlikely that
non-specific binding of RNA from neighbouring cell types was a main contributor
to the cell type proportions seen in axonal TRAP samples. Additionally, markers

of other cell types were enriched, which indicated that RNA from specific cell types
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were bound. Cre expression was quantified by realigning reads from all TRAP and
TOTAL samples to the Cre locus (NC_005856.1). Cre was not detected in all
but one striatal TOTAL sample, however it was enriched in axonal TRAP samples
(Figure 4.8 D). Unless there is a requirement for axonal translation of Cre, this

indicates low-level ectopic Cre expression in some cell type(s) in striatum.

4.2.3 Axon-specific Genes

Genes enriched in axonal TRAP samples were filtered to retain those that were

also enriched in somal TRAP samples. 1979 genes remained (Figure 4.8 C).

To identify genes most specific to the axon relative to surrounding striatal tissue,
axonal TRAP samples were compared to axonal TOTAL samples (identification of
genes most specific to the axon relative to the soma is described in the next chapter).
Enriched, retained genes were ranked by the magnitude of enrichment. To further
prioritise genes most specific to the axon, striatal “expression energy” values from
the Allen Mouse Brain Atlas were parsed. The expression energy was calculated as
a function of the signal intensity from coronal and sagittal ISH experiments for each
gene. The expression energy of Th, Slc6a3 and Gad2 for comparison were 0.42,
0.06 and 18.38, respectively. 497 enriched genes with expression energy values of
0.5 or below were therefore considered specific.

The top 30 most enriched and specific genes are presented in Table 4.8. Many genes
have an established role in dopaminergic axonal biology: Autophagy-related 7 is a
key regulator of autophagy in dopaminergic axons (Friedman et al. 2012). There
is a large amount of evidence to support cholinergic receptor subunit translation
in dopaminergic axons; in particular Chrna6 (Meyer et al. 2008; Rice and Cragg
2004; Cragg 2006). Slc6a3, Th and Enl also ranking within the top 15 enriched

genes adds confidence to this approach of gene prioritisation.
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Table 4.8: The top 30 genes enriched by axonal TRAP, ranked by enrichment and
filtered for low striatal expression energy from the Allen Mouse Brain Atlas. All genes
shown are also enriched in the cell body.

Gene Description Logs Fold Striatal
Change Expres-

sion

Energy

Atg7 Autophagy related 7 8.11 0.07
Enl Engrailed 1 6.90 0.07
Slc6a3 Solute carrier family 6 6.83 0.06

(neurotransmitter transporter,
dopamine), member 3

Cspg4 Chondroitin sulfate proteoglycan 5.44 0.48
4

Rnf111 Ring finger 111 5.41 0.12

Chrna6 Cholinergic receptor, nicotinic, 4.57 0.16
alpha polypeptide 6

Yyl Yyl transcription factor 4.53 0.41

Lrguk Leucine-rich repeats and 4.22 0.11
guanylate kinase domain
containing

Th Tyrosine hydroxylase 4.12 0.42

Nufip2 Nuclear fragile x mental 3.34 0.08
retardation protein interacting
protein 2

Ubal Ubiquitin-like modifier activating 2.94 0.03
enzyme 1

Uba6 Ubiquitin-like modifier activating 2.94 0.11
enzyme 6

Tpp2 Tripeptidyl peptidase ii 2.84 0.15

Kif3a Kinesin family member 3a 2.82 0.37

Slchall Solute carrier family 5 2.68 0.15

(sodium/glucose cotransporter),
member 11

Gmps Guanine monophosphate 2.64 0.04
synthetase

Atic 5-aminoimidazole-4-carboxamide 2.61 0.11
ribonucleotide
formyltransferase /imp
cyclohydrolase

Slc18a2 Solute carrier family 18 (vesicular 2.61 0.13
monoamine), member 2

Ddc Dopa decarboxylase 2.56 0.09
(Continued on Next Page...)
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Table 4.8: The top 30 genes enriched by axonal TRAP, ranked by enrichment and
filtered for low striatal expression energy from the Allen Mouse Brain Atlas. All genes
shown are also enriched in the cell body. (continued)

Gene Description Logs Fold Striatal
Change Expres-
sion
Energy
AW551984 Expressed sequence awb51984 2.54 0.16
Copb2 Coatomer protein complex, 2.53 0.31
subunit beta 2 (beta prime)
Ncoa4 Nuclear receptor coactivator 4 2.52 0.05
Gchl Gtp cyclohydrolase 1 2.48 0.06
Foxal Forkhead box al 2.46 0.09
Dcafl12l1  Ddbl and cul4 associated factor 2.45 0.04
12-like 1
Pgd Phosphogluconate dehydrogenase 2.43 0.17
Serpinb9  Serine (or cysteine) peptidase 2.40 0.08
inhibitor, clade b, member 9
Chrnb3 Cholinergic receptor, nicotinic, 2.38 0.07
beta polypeptide 3
Naa35 N(alpha)-acetyltransferase 35, 2.38 0.14
natc auxiliary subunit
Dmd Dystrophin, muscular dystrophy 2.36 0.03

4.2.4 GWAS Prioritisation

Candidate gene prioritisation in genome-wide association studies (GWAS) of com-
plex traits is challenging: Often the defined variant is in high linkage disequilibrium
with neighbouring variants, overlapping multiple genes. Functional resources such
as tissue-specific transcriptomic data from genotyped patients are increasingly used

to aid prioritisation (Kichaev et al. 2014).

A recent meta-analysis of PD GWAS identified 38 novel and 42 previously reported,
independent loci (Nalls, Blauwendraat, et al. 2019). The study mined single cell
mouse RNA sequencing data for signatures relevant to PD risk; gene expression
specific to substantia nigra dopaminergic neurons was the most significant. Methy-

lation and expression data were taken from brain region (GTEx) and blood-derived
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datasets to identify QTL’s with significant association to PD risk. Over half of all
genes within linkage regions of the PD loci were found to be significant. In a
majority of these cases, more than one significant gene was present and the nearest
gene to the lead variant was selected. In loci without any QTL association, the
nearest gene to the lead variant was selected. This “nearest gene” approach has

been shown to have limited sensitivity for detecting causal genes (Pers et al. 2015).

Somal and axonal enrichment data were used to re-prioritise candidate genes. The
same starting set of 278 genes were used as in Nalls, Blauwendraat, et al. (2019).
These genes overlap any variant in linkage disequilibrium (r? > 0.5 or D’ > 0.5)
with a lead variant within +/- 500 kb. Axonal genes were only considered that
were retained after filtering based on expression intensity values from the Allen

Brain Atlas, as described previously.

233 mouse homologs were mapped from human genes and detectable in TRAP
samples (Figure 4.10 A). The majority of unmapped genes were not associated

with a variant and were generally not protein coding or annotated (Figure 4.10 B).

All significantly enriched and depleted genes from the candidate list were ranked by
magnitude to compare the relative number of enriched genes compared to depleted
(Figure 4.9). There were approximately 45 % more somal enriched genes than
depleted. This supports the findings from Nalls, Blauwendraat, et al. (2019) that
dopaminergic neuron gene expression is of primary importance in understanding

the effects PD associated genetic variation.

Genes that were depleted or not significantly enriched in either somal or axonal
TRAP samples were classed as “Not Dopaminergic” and removed from consider-
ation. In 39 loci in which only a single gene was present, 22 were classed as
“Not Dopaminergic”, including LRRK2 (Figure 4.10 C). In 61 loci containing
multiple candidate genes, 12 did not contain any dopaminergic genes and were

not considered further.
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From 49 remaining loci, the most enriched gene from the somal and/or axonal
compartment was selected. In two-thirds of loci, somal TRAP samples were re-
sponsible for candidate gene selection (Figure 4.10 D). In 17 loci, enrichment
values were available from both compartments. In only 3 of these cases, the same
candidate gene was identified by both compartments (Figure 4.10 E). The resulting
selected genes were compared to the selections made by Nalls, Blauwendraat,
et al. (2019): The same gene was selected in only ~ 20 % of loci, however only
25 % of genes selected by Nalls, Blauwendraat, et al. (2019) were enriched in

dopaminergic neurons.

The Calcium sensing receptor, CASR was one of the most enriched genes identified
in both somal and axonal TRAP samples (Figure 4.9). CASR was selected as
the lead gene at the novel rs55961674 locus: The nearest gene and QTL selection
methods instead selected KPNA1 as the lead gene, however there is no evidence
of dopaminergic expression from TRAP data.

Table 4.9: Candidate genes compared between somal and axonal TRAP and Nalls, 2019
selections. Axonal genes were filtered for expression intensity in the Allen Brain Atlas.
Missing values are where a selection was not possible by that method.

SNP ‘ Soma, Axon Nearest QTL
rs2904880 Sultbal Sultbal CD19 NFATC2IP
rs10748818 | Pitx3 GBF1 CUEDC2
rs12147950 | Foxal Foxal MIPOL1

rs11158026 | Gchl Gchl GCH1 GCH1
rs55961674 | Casr Casr KPNA1 KPNA1
rs114138760 | Kcnn3 PMVK

rs35749011 | Kcnn3 KRTCAP2

rs76763715 | Kcnn3 GBAP1 GBAP1
rs666463 Dnahl17 DNAH17 DNAHI17
rs17686238 | Itga2b Grn MAP3K14

rs2269906 Itga2b Grn UBTF UBTF
rs850738 Itga2b Grn FAM171A2 GRN
rs34311866 | Cplxl TMEM175 TMEMI175
rs873786 Cplx1 GAK GAK
rs12456492 Rit2 RIT2

rs9261484 | Ppplrll TRIM40  TRIM40

(Continued on Next Page...)
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Table 4.9: (continued)

SNP ‘ Soma Axon Nearest QTL
rs11950533 Pcbd2 Txndcl1b Cbhorf24 TXNDC15
rs1293298 Fdft1 CTSB CTSB
rs77351827 | Crlsl CRLS1
rs11150601 Becl7c Hsd3b7 SETD1A SETD1A
rs12497850 | Wdr6 Sle25a20 IP6K2 IP6K2
rs10221156 Tox3 CHD9 CYLD
rs3104783 Tox3 CASC16 CYLD
rs61169879 | Bripl Ints2 BRIP1 MED13
rs75859381 Rps12 RPS12
rs62333164 Sh3rfl CLCN3 NEK1
rs12600861 | Zbtb4 CHRNB1 CHRNBI1
rs12951632 | Mlx Naglu RETREG3 RETREGS3
rs1450522 B3galnt1 SPTSSB NMD3
rs11557080 Nucks1 RAB29 RAB29
rs823118 Nucks1 NUCKS1 NUCKS1
rs11578699 | Vamp4 VAMP4 VAMP4
rs1867598 Ndufaf2 Elovl7 ELOVL7 ELOVL7
rs6476434 Ube2r2 UBAP2 PRSS3
rs199351 Klhl7 GPNMB GPNMB
rs3742785 Fefl RPS6KL1  RPS6KL1
rs11658976 | Crhrl Wnt3 WNT3 WNT3
rs199453 Crhrl Wnt3 NSF
rs7221167 Crhrl Wnt3 MAPT-
AS1
rs7225002 Crhrl Wnt3 KANSL1
rs26431 Ginl PAM PAM
rs2042477 Mrpsb KCNIP3 KCNIP3
rs76949143 Sbds GS1- LINCO00174
124K5.11
rs10513789 Dcunldl MCCC1 MCCC1
rs117896735 | Tiall INPP5F SEC23IP
rs72840788 | Tiall BAG3 BAG3
rs1941685 Nol4 ASXL3
rs2280104 Ccar2 BIN3 BIN3
rs7134559 Scafll SCAF11
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Figure 4.9: Overrepresentation of dopaminergic-specific genes among PD GWAS loci:
Genes located within linkage regions of PD GWAS loci with significant evidence of enrich-
ment or depletion are shown: More genes were enriched than depleted, suggesting that
many genes with significant genetic association to PD risk are specific to dopaminergic
neurons.

4.3 Discussion
4.3.1 Somal and Axonal Enrichment

Based on the findings from this chapter;

Dopaminergic neurons translate thousands of genes at one time.
o Hundreds of these genes are expressed with specificity to the soma and axon.

o Around half of all translated multi-isoform genes express an alternative dom-
inant isoform to the tissue average. Existing annotations of splicing diversity

in the mouse are largely complete.

o FEnrichment data can be used to prioritise candidate genes within PD GWAS

loci
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Figure 4.10: GWAS candidate gene selection: Summary information. A: Most genes
within range of PD GWAS loci have mouse homologs that are detectable in mouse TRAP
data. B: Genes without mouse homologs were primarily noncoding or not fully annotated.
C: Loci containing only one gene were not considered further. The majority of multi-gene
loci contain at least one enriched gene. D: Somal TRAP samples were responsible for the
classification of lead genes from two-thirds of loci. E: In loci containing genes enriched
in both neuronal compartments, there is low agreement over which is the most enriched
and therefore the lead gene. F: Only ~ 20 % of genes selected by Nalls, Blauwendraat,
et al. (2019) were in common with genes selected by TRAP.
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This specificity information provides a framework to prioritise results of condition-
dependent comparisons, such as age, genotype and cell region, as performed in

the next chapter.

The composition of TRAP samples from the soma and axon differed: Somal
TRAP samples were estimated to contain 80-90 % dopaminergic transcripts, while
the estimated dopaminergic fraction in axonal TRAP samples was lower. The
library composition differences between samples is considered in more detail in
the next chapter. By considering somal TRAP enrichment and using orthogonal
information from striatal ISH experiments, approximately 500 highest confidence
axonal genes were identified. This filtering may be overly conservative: Genes that
are translated in both the axon and neighbouring cell types will be excluded due to
lower enrichment values and greater striatal expression intensity from ISH data. In
addition, genes or transcripts that are translated in the dopaminergic axon may not
be translated in the cell body, so these may be missed. An in vitro study of axonal
gene expression in motor neurons did find a reduction in the number of expressed
genes compared to the cell body, however 3-3500 genes were still expressed (Nijssen
et al. 2018). For these reasons, no gene is excluded from further analyses, but is

considered in light of the evidence from this chapter.

Ectopic expression of eGFP-L10a in non-dopaminergic neurons could contribute
to “background” contamination of axonal TRAP samples. This could be due to
DAT expression in other cell types, either transiently in development or persistently.
Low-level readthrough of the floxed eGFP-L10a cassette is less likely, due to the
finding that eGFP-L10a was not detectable in ROSA26-eGFP-L10a::fs/fs mice and
RNA could not be obtained by performing TRAP. A recent investigation into local
translation in astrocytes has considered a role for RNA granule movement between

neurons and astrocytes across the synaptic cleft (Sakers et al. 2017).
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Axon-localised translation has been demonstrated in retinal ganglion cell axons
in vivo (Shigeoka et al. 2016b). In this case, genes known to be involved in
synaptic transmission, endocytic recycling and calcium handling were found to
be consistently enriched in ribotag (TRAP equivalent) samples. Closely related
processes, however, were more enriched in somal samples, such as the regulation
of neuron projection development. It is not clear, therefore, why genes with
closely related function differ in expression between compartments. They may
serve additional compartment-specific functions or these differences may be due to
technical error in compartmental translatomic studies: Shigeoka et al. (2016b) con-
firmed the specific expression of the Ribotag transgene to the cell body and axonal
compartment of retinal ganglion neurons using a LacZ reporter line. They reported
non-specific binding of RNA to the beads used for pulldown, however, confounding
the reliable detection of compartment-specific transcripts. High resolution spatial
transcriptomics may enable the detection of subcellular patterns of expression in
non-transgenic animals, avoiding the need to generate reporter models of cell types

or compartments and removing a subtrate of non-specific contamination.

A critical next stage of this investigation will be to confirm the axonal expression
of these genes using single molecule ISH (smFISH). smFISH is able to resolve
individual transcripts and it is compatible with protein co-staining: The aim will
be to confirm colocalisation of axonally enriched transcripts (such as prenyl-Cdc42)

with TH or, signal permitting, eGFP.

Many genes were found to be highly specific to somal and axonal TRAP samples,
but lacked any published report of involvement in dopaminergic function. Some of
these genes were ranked as lead candidate genes within significant PD GWAS loci.

The existing literature surrounding some of these genes is discussed below.
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Calcium-Sensing Receptor (Casr)

The calcium-sensing receptor (CaSR) is a G-protein-coupled receptor that is highly
expressed in the kidney and parathyroid and among many other functions, plays a
role in divalent cation homeostasis (Riccardi and Brown 2010). Changes in extra-
cellular calcium concentration activate the receptor, leading to changes in parathy-
roid hormone release and secretion; also directly regulated by CaSR. Variation
around the CASR locus is significantly associated with hypercalcaemic disorders
and hypocalciuria (Hannan and Thakker 2013): Recently, chronic renal dysfunction
and proteinuria have been identified as independent risk factors for PD development

in older adults (Nam et al. 2019).

Casr is highly enriched in somal and axonal TRAP samples and was identified as
the lead candidate gene of the novel rs55961674 locus. Recently the CaSR has been
found to interact with tropomyosin receptor kinase B (TrkB) to mediate neurite
growth through glycogen synthase kinase phosphorylation, supporting a role for
this receptor in the brain and in axonal biology (Markworth et al. 2019).

Modulators of CaSR function, including therapeutics used for patients with sec-
ondary hyperparathyroidism are available that could be used to test for the involve-

ment of this receptor in calcium homeostasis in dopaminergic neurons (Riccardi

and Valenti 2016).

Copine VII (Cpne7)

Copines are calcium-dependent phospholipid binding proteins that contain two C2
domains, also found in protein kinase C, phopholipase C and several synaptotag-
mins (Rizo and Stidhof 1998; Nalefski and Falke 1996; Perestenko et al. 2010). They
also contain a von Willebrand factor A domain, which modulates their calcium
sensitivity and intracellular targeting. Copine-7 is preferentially localised to the

nucleus in human embryonic kidney cell line 293 cells and rapidly translocates
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to the nucleus and plasma membrane in response to ionomycin or methacholine-

application (Perestenko et al. 2010).

Copine-7 induces odontoblastic differentiation from mesenchymal stem cells by
binding to nucleolin and translocating to the nucleus (Oh et al. 2015). Odonto-
blastic cells are post-mitotic and accumulate lipofuscin with age. Copine-7 induces
autophagic activity in mature odontoblasts, promoting clearance of lipofuscin (Park
et al. 2021). Furthermore, an increase in the expression of TAU and NESTIN
proteins was observed as Copine-7 induced process elongation in odontoblasts.
Based on these findings, it could be speculated that Copine-7 plays an important
role in autophagy and axonal/dendritic extension in the dopaminergic neuron. Cell-
penetrating Copine-7-derived peptides have been developed for the purposes of
stimulating odontoblast function (Lee, Park, et al. 2019). These peptides could be

used to study the role of Copine-7 in dopaminergic neurons.

Nucleolin, which binds Copine-7 is also enriched in somal TRAP samples and
interacts with a-synuclein and DJ-1 (Jin et al. 2007). The expression of nucleolin
has been found to be reduced in human PD brain tissue and in wvitro SIRNA
targeting of nucleolin in a rotenone PD model resulted in additional generation

of oxidative stress and proteasomal inhibition (Caudle et al. 2009).

Copine-7 has also been shown to regulate rapid eye movement sleep (REMS) in
mice, however the authors did not report any movement related findings that could

be of relevance to REM sleep behaviour disorder and PD.

The highly specific expression of Cpne7, combined with multiple lines of evidence
for it playing an important role in mechanisms known to be of importance in
dopaminergic neurons (e.g. autophagy), indicates that it may be a worthwhile

candidate for further investigation.
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Transgelin-3 (Tagln3)

Transgelin-3 is an actin-binding protein that is robustly enriched in somal TRAP
samples. It shares amino acid sequence homology with Transgelin-1, Transgelin-
2 (Lees-Miller et al. (1987)) and Calponin-1 to 3 (Takahashi and Nadal-Ginard
(1991)). These family members were all depleted in somal TRAP samples, indi-
cating a specific requirement for Transgelin-3. Allen Brain Atlas data confirmed
an expression pattern resembling the substantia nigra parts and ventral tegmental
area (Figure 4.4 A). Tagln3 expression increases at defined time points in rat brain
development, with greatest expression during synaptogenesis (Depaz and Wilce
2006). It is believed to be important for maintenance of neuronal morphology
in the adult, with a homogenous distribution inside the cell. Several interacting
proteins were identified, most of which were also enriched in somal TRAP samples.
Of the interactors, FKBP1B and FABPS have a reported role in neuronal ageing
and Parkinson’s disease respectively: FKBPI1B is a ryanodine receptor-binding
protein that when disrupted causes an ageing phenotype in hippocampal neurons
(Gant et al. 2011). Co-overexpression of FABP5 and a-synuclein in Neuro-2A
cells resulted in reduced viability upon exposure to rotenone (Wang, Shinoda, et al.

2021). The interaction of TAGLNS3 in these mechanisms has not yet been explored.

Synaptotagmin 17 (Syt17)

Synaptotagmin 17 supports neurite outgrowth and axonal regrowth after injury in
hippocampal neurons (Ruhl et al. 2019). It was found to be localised to the Golgi
complex and to not play a role in exocytosis, unlike other more commonly studied
synaptotagmins. Loss of Syt17 in hippocampal neurons resulted in disrupted endo-
cytic trafficking and overexpression of AMPA receptors postsynaptically, impairing
synaptic plasticity.

No experimental interaction evidence for Syt17 was available in the STRING

database. Putative interactions between Syt17 and Cplx1, Snap25, and Stxla (all
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enriched in somal TRAP samples) were predicted on the basis of Syt interaction,
however these are to be interpreted with caution given the evidence that Syt17

does not have an exocytotic function.

Two variants, rs11343 and rs6497339 are located in a gene body intron and 3’ UTR
of Syt17 and are significant risk loci for PD (Chang et al. 2017; Nalls, Blauwendraat,
et al. 2019). Even after including surrounding genes in linkage regions of these

variants, Syt17 was still the lead selected gene.

Family With Sequence Similarity 210 Member B (Fam210b) and Nuclear
receptor coactivator 4

Fam210b is generally understudied, with only three publications associated in the
NCBI Gene database at the time of writing (Kondo, Fujiwara, et al. 2016; Sun
et al. 2017; Yien et al. 2018). It is localised to the inner mitochondrial membrane
in maturing erythroblasts, where it facilitates mitochondrial iron uptake for heme,
iron-sulfur cluster and haemoglobin synthesis and also activates ferrochelatase
(FECH) activity.

FAM210B shares a GATA-1/GATA-2 transcription factor binding site with SNCA
and FECH (Kondo, Fujiwara, et al. 2016; Scherzer et al. 2008). GATA-2 has been
reported to be expressed in human substantia nigra dopaminergic neurons, however
in somal TRAP samples it is depleted: Gatal is strongly enriched, however. The
interaction between FAM210B and a-synuclein has not been studied beyond mRNA
co-expression, but it may be very important for iron handling in dopaminergic
neurons, due to the specificity of expression.

Nuclear receptor coactivator 4, Ncoa4, is very specifically enriched in the dopaminer-
gic axon. It mediates selective autophagy of ferritin (ferritinophagy). Disruption in
ferritinophagy leads to systemic iron homeostasis deficits, affecting oxidative stress

regulation and erythropoiesis. a-synuclein has been found to impair ferritinophagy,
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not by direct interaction with NCOA4, but through disrupting trafficking of lyoso-
mal hydrolases (Baksi and Singh 2017).

These findings, together with age and SNCA-OVX-induced changes in the next
chapter point to iron homeostasis as being specifically important in dopaminergic

function.

Engrailed-1 (in the axon)

The axonal translation of Enl, a transcription factor important for dopaminergic
neuron survival may be an example of retrograde signalling to the nucleus to drive
transcriptional change in response to local cues (Ji and Jaffrey 2013). In addition
to binding DNA however, En! and En2 (also enriched in somal TRAP samples)
are also secreted and internalised between cells, regulating local translation to
guide axonal growth cone development (Brunet, Di Nardo, et al. 2007; Stettler
et al. 2012; Brunet, Weinl, et al. 2005). This could indicate an unexplored role for

Engrailed-1/2 in dopaminergic axonal function.

4.3.2 GWAS Prioritisation

Of the loci analysed in this chapter, only 25 % of the lead candidate genes selected
by Nalls, Blauwendraat, et al. (2019) showed evidence of dopaminergic expression
in TRAP data. This explains why only 20 % of selected lead candidates were
in common between their approaches (nearest gene selection and QTL analysis)
and TRAP: Cell type-specificity information is given priority and genes not en-
riched in either somal or axonal samples were not considered at all. Using cell-
type specificity, genes such as SNCA and CPLX1 were confirmed. On the other
hand, genes that were not abundantly expressed in dopaminergic neurons, such

as LRRK?2 were missed.

A refinement to this analysis could be to threshold the magnitude of enrichment:

If a locus only contained genes enriched below a set value (e.g. 2-fold) then no gene
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would be considered a lead and additional information would need to be sought.
Another improvement would be to use public cell type-specific transcriptomic data
from other cell types to assess whether the number of enriched candidate genes
is lower than dopaminergic neurons. Other cell type-data could be used to ask
whether loci and candidate genes that were discarded due to lack of dopamin-
ergic enrichment were enriched within that cell type. Other TRAP or affinity
purification-based datasets of different cell types present within the midbrain could
be used to calculate a specificity index of expression for each gene, to further select

the most specific genes to dopaminergic neurons (Dougherty, Schmidt, et al. 2010).
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Compartmental and Condition-Dependent
Eixpression in Dopaminergic Neurons

5.1 Introduction
5.1.1 Overview

This chapter describes the effects of cell compartment, ageing and over-

expression of a-synuclein on gene abundance in TRAP samples.

The functional activity of dopaminergic neurons can be estimated by identifying
expression changes that occur with ageing, disease or between subcellular compart-
ments. The sensitivity and accuracy of detection depends upon technical factors,

however, such as library composition.

To identify genes and transcripts that were differentially localised or expressed
between conditions, TRAP samples from each cohort were compared. Differences
in library composition due to experimental factors, healthy ageing and the inter-
action of ageing and a-synuclein overexpression needed to be accounted for and
the steps taken for each comparison are described at the start of this chapter.

In addition, the likelihood of axonal measurements deriving from dopaminergic
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neurons was considered for each gene, using enrichment information obtained from

the previous chapter.

To prioritise gene expression changes most specific to dopaminergic neurons, matched
TOTAL samples were compared in parallel. The results of TRAP comparisons were

flagged if the same result could be detected at a tissue-level.

Greater expression of a gene or transcript was interpreted to reflect greater demand.
Functional descriptions were based on this assumption. Analysis was not restricted
to the set of genes enriched by TRAP in either the soma or axon, however results
were subsequently filtered by these criteria.

Unless specified explicitly, all analyses in this chapter were conducted
using all samples from both ages (3 and 18 months) and genotypes
(Wild-type and SNCA-OVX). All analyses were divided according to cell
compartment, however (somal and axonal samples were analysed sepa-

rately).

5.1.2 Chapter aims

To identify dopaminergic genes and transcripts most specifically localised to

the axonal compartment of dopaminergic neurons.

o To identify genes more specifically expressed in dorsal striatal dopaminergic

axons compared to central striatal axons.

o To describe the changes that occur with age in both cell compartments.

o To describe the changes that occur due to overexpression of human a-synuclein

and how this interacts with ageing.
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5.2 Results

5.2.1 Interpretation of Expression Measurements from Ax-
onal TRAP Samples

In this chapter, comparisons were made between neuronal compartments, age
groups and disease genotypes. For comparisons between somal TRAP samples,
the interpretation of results was straightforward: Over 80 % of somal TRAP
libraries were represented by genes enriched by the TRAP protocol in this brain
region (Figure 5.1 A). These samples were exclusively enriched in dopaminer-
gic cell markers. Results were therefore filtered to retain only those genes that
were enriched or exhibited DTU and were therefore considered translated by the

dopaminergic neuron.

Interpretation of results from comparisons involving axonal TRAP samples required
extra consideration. While ~ 77 % of each axonal TRAP library was represented
by genes enriched by TRAP, markers of other striatal cell types were enriched
and therefore included in this category. The proportion of library originating from

dopaminergic neurons was not known.

To further characterise the dopaminergic specificity of axonal TRAP, genes were

categorised based on compartmental enrichment:

o Genes exclusively enriched in somal TRAP samples accounted for ~ 39 % of
each somal library. In axonal samples, however, these genes accounted for ~
15 % of each library. This category accounted for the largest number of genes

(Figure 5.1).

o Genes exclusively enriched in axonal TRAP samples accounted for ~ 22 %
of each axonal library and 8 % of somal libraries. With a small number
of exceptions, measurements of these genes were not considered to originate

from dopaminergic neurons.
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Figure 5.1: Library composition of somal and axonal TRAP samples by
enrichment category. A: The percentage of somal and axonal libraries represented
by genes of each category of enrichment. Somal TRAP samples contain a greater
percentage of reads corresponding to enriched genes and axonal TRAP samples contain
a larger percentage of reads that correspond to genes exclusively enriched in axonal
TRAP samples. B: The number of genes within each enrichment category. Exclusively
soma-enriched genes represent the largest number of genes, however they are the lowest
represented enriched group in axonal TRAP libraries.

o ~ 45 % of each somal TRAP library was represented by genes enriched in
both compartments. In axonal samples, this subset accounted for over half

of each library. This was the smallest subset of enriched genes, however.

Jointly enriched genes were initially presumed to represent the most reliable subset
for expression comparisons involving axonal TRAP samples. The smaller number
of genes within this subset could reflect reduced diversity of gene expression in
the axon: In an in wvitro transcriptomic study of motor neuron gene expression,
axons were found to express a subset of somal transcripts (Nijssen et al. 2018).
The abundance of jointly enriched genes was greater than “Soma-only” genes in

both somal and axonal TRAP samples.
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Measurements from this subset of genes were found to not be purely dopaminergic
in origin, however. Analysis of gene abundance in aged axonal TRAP samples

revealed a split expression pattern.

In a comparison between aged and young axonal TRAP samples (described in
further detail later in this chapter), 406 genes were differentially abundant. The
genes were labelled by enrichment group which illustrated a divided expression
pattern (Figure 5.2). The subset of genes exclusively enriched in axons increased in
abundance, while exclusively soma-enriched genes decreased. It was assumed that
most of the observed differences in abundance were not true changes in expression,
but instead reflected changing cell type proportions due to age. The changes could
be due to a reduction in dopaminergic neuron number, axonal density or RNA
content with age. An increase in relative cell marker abundance of astrocytes and

oligodendrocytes supported this possibility (Figure 5.2 C).

Jointly enriched genes in aged axonal TRAP samples did not follow the same
pattern of en masse down-regulation as “Soma only” genes. The majority of genes
were in fact more abundant. This was unexpected, as it indicated shared expression
of these genes between dopaminergic neurons and other cell types of the striatum.
A subset of these genes could represent upregulated expression from remaining
dopaminergic axons, however this cannot be distinguished without confirmation

by an alternative method, such as fluorescence in situ hybridisation (FISH).

Genes in each enrichment category (including exclusively axon-enriched genes)
that were less abundant in aged axonal TRAP samples were classed as putatively
dopaminergic. For every comparison in this chapter, exclusively soma-enriched
genes were prioritised from results, followed by jointly enriched, exclusively axon-

enriched and genes with no evidence of enrichment.
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Figure 5.2: Library composition changes in aged axonal TRAP samples. A: A
breakdown of differentially abundant genes in aged axonal TRAP samples by enrichment
category. The majority of exclusively soma-enriched genes were less abundant, while
levels of genes from other enrichment categories were elevated. B: The shift in cell type
marker abundance in aged axonal TRAP samples, reflecting a reduction in dopaminergic
proportion, countered with an increase in astrocyte and oligodendrocyte representation.
C: Genes with lower abundance in aged axonal TRAP samples were labelled as putatively
dopaminergic for further comparisons.
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5.2.2 Library Composition Across Cohorts in Aged Somal
TRAP Samples

The expression of dopaminergic markers ( Th, Slc6a3, Slc18a2) and non-dopaminergic
markers (Gfap, S100b, Gad?2) was compared between age groups of somal TRAP
samples from each cohort (Figure 5.3 A). The abundance of dopaminergic markers
was greater in aged samples from cohort 1: The purity of these samples was greater
than matched young samples, likely due to use of different reagents. The abundance
of non-dopaminergic markers was reduced. These differences appeared subtle,
however a gene expression comparison between ages in this cohort resulted in the
detection of thousands of genes as differentially abundant: Those that were more
abundant in old samples were also found to be enriched by TRAP (dopaminergic
transcripts), while those that were less abundant were depleted (non-dopaminergic
transcripts). This effect is summarised in Figure 5.3 B: The percentage of library

occupied by genes enriched by TRAP increased with age.

In cohorts 2 and 3, the dopaminergic proportion was reduced in aged samples.
This was a milder change than in aged axonal TRAP samples. Young and aged
samples were collected together using the same reagents, so it is likely that the
reduced dopaminergic proportion was due to differences in dopaminergic neuron
abundance, dopaminergic RNA content, dopaminergic eGFP-L10a expression or

tissue lysate properties affecting the capture of eGFP-L10a ribosomes.

By combining cohorts, the effects of library composition variation could be min-
imised, preserving changes in gene abundance that were consistent across datasets.
In this light, the artefactual increase in dopaminergic proportion in cohort 1 helped
to screen and filter changes in gene abundance in cohorts 2 and 3 that were not

true changes in expression.

125



5. Compartmental and Conditional Expression

A Cell Type Marker = Dopaminergic = Other

C1 c2 c3 C3 ONT

20
"E ————
> —— ——
o — —_—
®) 151 —— —
g e
2 —
[72]
© 101 —_— 7‘ e —
Ll>j /
Al
25 /
|
YOUNG  OLD YOUNG  OLD YOUNG  OLD YOUNG  OLD

Age and Cohort

B Enrichment
- Not enriched - Enriched

C1 Cc2

100% 1

75% 1

50% A

25% A

Percentage of Library

0% -
Young (0][¢) Young Ol Young Oold
TRAP Cohort and Age

Figure 5.3: Library composition changes in aged somal TRAP samples. A:
The abundance of dopaminergic markers (Th, Slc6a3, Slc18a2) and markers of other cell
types (Gfap, S100b, Gad?2). In cohort 1, dopaminergic marker abundance increase in aged
samples, while other cell type markers decrease. The opposite effect is seen in cohorts 2
and 3. B: The percentage of library represented by enriched genes is different between
ages in each cohort. Increased dopaminergic content in aged samples from cohort 1 is
contrasted with decreased content in cohorts 2 and 3.
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5.2.3 Local Translation: The Axon and Cell Body

Gene-level differences between the Axon and Cell Body

Based on earlier PCA and library composition analyses (Figure 3.15 and Figure
5.1), axonal and somal TRAP samples were known to differ at the gene-level.
PCA showed clear separation by cell compartment along the first two principal
components of variation in each cohort (Figure 3.15). In addition, the library
composition of axonal TRAP samples was different: Canonical markers of dopamin-
ergic neurons (e.g. Th, Slc6a3, Slc18a2) were much more abundant in somal TRAP
samples, whilst other genes, such as Atg7 and Ubr3 were found to be extremely
highly expressed in axonal TRAP samples. Axon-localised proteomics have recently
been performed in mouse dopaminergic neurons in vivo: Atg7 was found to be in
significantly greater abundance compared to the cell body, confirming this finding

from TRAP data.

Differences in abundance between the cell body and axon were only interpreted
when a gene or feature was more expressed in the axon. It was not possible to
identify soma-exclusive features, because the dopaminergic proportion in somal

TRAP samples was greater, confounding this analysis.

All detectable genes in common between datasets from each cohort were analysed
to provide the largest number of genes for normalisation. Results were filtered to
include genes that were enriched in somal TRAP samples alone or jointly with

axonal TRAP samples.

10806 genes were differentially abundant between somal and axonal TRAP samples,
of which 4502 were retained based on enrichment criteria. This number was much
larger than expected. The majority of genes were in greater abundance in the
soma; this was due to filtering results for genes that are significantly enriched

in this region (Figure 5.4 A).
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946 genes were more abundant in axonal TRAP samples, of which 742 were retained
after removing results also observed in matched TOTAL samples. In a subset
of cases, gene expression patterns opposed between TRAP and TOTAL samples,
providing stronger evidence of cell type-specific expression. Among the genes most
significantly more abundant in the axon were Autophagy-related 7 (Atg7) (Fig-
ure 5.4 B), Prosaposin (Psap), Kinesin-like Protein 3A (Kif3a), Doublecortin-like
Kinase 1 (Dclk1), Heterogeneous Nuclear Ribonucleoprotein A2/B1 (Hnrnpa2b1)
and FERM Domain Containing Kindlin 2 (Fermt2). Each gene is associated with
multiple lines of evidence supporting a role in axonal and/or dopaminergic function

and examples are discussed at the end of this chapter.

Encouragingly, gene set enrichment analysis confirmed a significant axonal enrich-
ment of genes required for organisation of neuronal projections (G0:0106027, BH
P = 7.82e-3). Genes at the leading edge of this result were Camk2b, Kalrn, Epha4,
Lzts3, Dhx36, Homerl, Sipalll, Actr2, Dnml1l, Lgmn and Arhgap33.

Transcript-level differences between the Axon and Cell Body

Alternative splicing (including alternative polyadenylation) is particularly impor-
tant in the study of axonal gene expression, as the inclusion or exclusion of sequence
motifs can guide transcript localisation and translation among many other functions
(Mayr 2018). Transcript-level abundance estimates were compared between axonal
and somal TRAP samples to identify instances of differential transcript usage
(DTU). 25 % of genes were filtered due to expression of only a single transcript or
due to insufficient read coverage of each non-dominant transcript (Figure 5.5 A).
DTU was detected in 1925 genes out of 7628 that were retained. The equivalent
comparison was run using TOTAL samples, to distinguish dopaminergic-specific
alternative splicing events and each gene was categorised by evidence of axonal
translation (Figure 5.5 B). Due to obtaining very small amounts of TRAP RNA

from axonal samples, this DTU analysis was performed using short-read data. It
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is likely, therefore that the full extent of splicing diversity between the cell body
and axon is greater than presented.

Examples of differential transcript usage of Rabgapll and Oxrl are presented in
Figure 5.5 C and D. Their structure and potential roles in dopaminergic neuronal

biology are discussed at the end of this chapter.

Gene-level differences between Axons of the Dorsal and Ventral Striatum

Axonal TRAP samples were collected from dissected dorsal and ventral striatum
separately to compare expression: Dorsal striatal tissue is innervated by axons
originating from A9 dopaminergic neurons of the SNpc whereas ventral striatal
tissue receives input from A10 dopaminergic neurons of the VTA. Comparing
expression between these two populations provides a route to identifying differences
in their activity or requirements that may confer susceptibility to degeneration.

1671 genes were differentially abundant between the two regions (Figure 5.6 A).
The distribution of enrichment categories differed by the direction of change: Genes
that were more abundant in ventral striatal samples were enriched in somal sam-
ples, while the opposite was true for more dorsally abundant genes. eGFP-L10a
expression was found to be higher in ventral striatal tissue (Figure 3.2 A) and
the estimated dopaminergic proportion in ventral axonal TRAP samples from
deconvolution was also subtly larger (Figure 4.7). It was noted therefore that
the difference in abundance may be partially due to library purity. Results of this
analysis were filtered to include only genes enriched in somal TRAP samples that

were more abundant in dorsal striatal TRAP samples.

232 genes were retained and their expression was compared with matched TOTAL
samples to identify dopaminergic-specific changes. The majority of genes shared
the same expression pattern with TOTAL samples (Figure 5.6 B). This was not
expected, as it was estimated that the dopaminergic proportion of striatal TOTAL

RNA was very small and therefore that dopaminergic-specific changes would not
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be observed at the tissue level. It is possible that shared changes reflect cell
type-independent activity. Alternatively (and not exclusively) these changes may
specifically derive from another cell type that is more abundant in the striatum

and expresses DAT/Cre/eGFP-L10a.

Many retained genes have prior support for dopaminergic and /or axonal expression,
such as Micul, Ozrl (also found to be alternatively spliced in the axon) and
subunits of the nicotinic acetylcholine receptor (Figure 5.6 C): Chrnab and Chrnb3;
two subunits of the nicotonic acetylcholine receptor are within this filtered set of
genes, for example (Wen et al. 2016). Chrnb3 expression has been reported to
concentrate in the rostral SNpc and caudolateral VTA in midbrain tissue, which
would support the finding that it is more abundant in dorsally projecting axons

in this dataset (Chakrabarty et al. 2012).

The relevance of these genes, including others that may share an expression pattern
with TOTAL samples is discussed at the end of this chapter. Through guilt by
association, genes within this more dorsally abundant set may represent important
yet understudied components that distinguish this group of neurons from their

more resilient ventral neighbours.

5.2.4 Ageing
Ageing in the Cell Body

Somal TRAP samples were compared between aged (18 - 22 months old) and
young mice (3 - 5 months old). 667 genes were differentially expressed in aged
mice. A breakdown of the enrichment category of these genes is shown in Figure
5.7 A. The majority of differentially expressed genes that were enriched were
upregulated. Dopaminergic and other cell type markers were not significantly
changed, indicating that library composition differences were not driving these
changes (Figure 5.2.2). Soma-enriched genes were retained and compared with

TOTAL samples. Most gene expression changes were TRAP-specific, as shown in
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axonal enrichment categories for differentially abundant genes. Ventrally abundant genes
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Figure 5.7 B and C. A small number of cases of opposing expression were detected,
such as upregulation of the Ca*" binding protein Secretagranin 2 (Scg2) while

tissue-level expression is reduced.

To determine pathway-level changes that occur with age in dopaminergic neurons,
the STRING database was used to extract high confidence (confidence > 0.8)
interactions between retained genes. A confidence score of 0.8 means that ap-
proximately 20 % of labelled interactions will be a false positive. Around one third
of genes were not associated with evidence for functional interaction (Figure 5.7
C). Local communities in the resulting network were identified using a fast greedy
modularisation algorithm (Figure 5.7 D), which resulted in the formation of 13
clusters of related genes. The expression of each gene in young and old somal
TRAP samples from cohort 1 is presented in Figure 5.7 F. Genes listed had the
highest degree within each cluster (termed “hub genes”). The genes within each

cluster, ranked by degree are shown in Table 5.1.

Clustered genes have well documented roles in lysosomal function, autophagy,
clathrin mediated endocytosis, regulation of oxidative stress, Ca?t mediated ex-
ocytosis, intracellular transport and iron handling. Most genes are up-regulated,
which may indicate an increased requirement for these activities. This increased
requirement may be due to greater demand for a function (e.g. acidification of
lysosomes) or it could represent a growing inefficiency in transcription, transcript
handling or translation. Interestingly, certain genes with shared roles among
clusters were downregulated, such as Beclin 1, a key regulator of autophagy. The

roles for a subset of age-dependent genes are discussed at the end of this chapter.

Table 5.1: Ageing gene expression changes in somal TRAP samples. Genes are divided
into clusters based on evidence of protein interaction. The most densely interacting gene
is highlighted in bold in each cluster.

Gene Description Aged expression

Cluster 1
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185

Atp6vOc ATPase, H+ transporting, lysosomal VO subunit Up
C
Anxal Annexin al Up
Atpbap2 ATPase, H+ transporting, lysosomal accessory protein 2  Up
Gaa Glucosidase, alpha, acid Up
Atp6v0odl ATPase, H+ transporting, lysosomal V0 subunit D1 Up
Gnaq Guanine nucleotide binding protein, alpha q polypeptide  Up
Atpbapl ATPase, H+ transporting, lysosomal accessory protein 1~ Up
Psap Prosaposin Up
Atp6vlel ATPase, H+ transporting, lysosomal V1 subunit E1 Up
Ntsrl Neurotensin receptor 1 Up
Cd47 CDA47 antigen (Rh-related antigen, integrin-associated Up
signal transducer)
Plcb4 Phospholipase ¢, beta 4 Up
Oprkl Opioid receptor, kappa 1 Up
Cluster 2
Ap2ml1 Adaptor-related protein complex 2, mu 1 subunit Down
Ap2a2 Adaptor-related protein complex 2, alpha 2 subunit Up
Wasl Wiskott-Aldrich syndrome-like (human) Up
Dnajc6 DnalJ heat shock protein family (Hsp40) member C6 Up
Picalm Phosphatidylinositol binding clathrin assembly protein Up
Synjl Synaptojanin 1 Up
Ap2bl Adaptor-related protein complex 2, beta 1 subunit Up
Amph Amphiphysin Up
Snap91 Synaptosomal-associated protein 91 Up
Pacsinl Protein kinase ¢ and casein kinase substrate in neurons 1~ Up
Aplbl Adaptor protein complex ap-1, beta 1 subunit Up
Llcam L1 cell adhesion molecule Up
Synrg Synergin, gamma Up
Pidka Phosphatidylinositol 4-kinase alpha Up
Cntnl Contactin 1 Up
Cluster 3
Hsp90aal Heat shock protein 90, alpha (cytosolic), class a Up
member 1
Pafah1bl Platelet-activating factor acetylhydrolase, isoform 1b, Up
subunit 1
Ntnl Netrin 1 Up
Canx Calnexin Up
Ago2 Argonaute risc catalytic subunit 2 Up
Elmol Engulfment and cell motility 1 Down
Ahil Abelson helper integration site 1 Up
Tsn Translin Up
Ganab Alpha glucosidase 2 alpha neutral subunit Up
Becnl Beclin 1, autophagy related Down
Hsp90abl Heat shock protein 90 alpha (cytosolic), class b member ~ Up
1
Ndell Nude neurodevelopment protein 1 like 1 Down
Cluster 4
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Sosl SOS Ras/Rac guanine nucleotide exchange factor 1 Up
Rhof Ras homolog family member f (in filopodia) Down
Ber BCR activator of RhoGEF and GTPase Up
Gab2 Growth factor receptor bound protein 2-associated Up
protein 2
Fgfrlop2 FGFR1 oncogene partner 2 Down
Gfral Glial cell line derived neurotrophic factor family receptor Up
alpha 1
Rasgrf2 RAS protein-specific guanine nucleotide-releasing factor Up
2
Srgapl SLIT-ROBO Rho GTPase activating protein 1 Up
Stk25 Serine/threonine kinase 25 (yeast) Down
Cluster 5
Syt1 Synaptotagmin i Up
Apbal Amyloid beta (a4) precursor protein binding, family a, Up
member 1
Nrxn3 Neurexin iii Up
Rimsl Regulating synaptic membrane exocytosis 1 Up
Syp Synaptophysin Up
Epb41l1 Erythrocyte membrane protein band 4.1 like 1 Up
Cplx2 Complexin 2 Up
Cluster 6
Prkar2a Protein kinase, camp dependent regulatory, type Up
ii alpha
Prkce Protein kinase c, epsilon Up
Irs4 Insulin receptor substrate 4 Up
Bad BCL2-associated agonist of cell death Down
Cluster 7
Thy1 Thymus cell antigen 1, theta Up
Sco2 SCO2 cytochrome ¢ oxidase assembly protein Up
Lsamp Limbic system-associated membrane protein Up
Cluster 8
Kpnbl Karyopherin (importin) beta 1 Up
Nup98 Nucleoporin 98 Down
Kpna6 Karyopherin (importin) alpha 6 Up
Cluster 9
Cul3 Cullin 3 Up
Uba6 Ubiquitin-like modifier activating enzyme 6 Up
Rlim Ring finger protein, lim domain interacting Up
Cdc26 Cell division cycle 26 Down
Fbxw?2 F-box and WD-40 domain protein 2 Down
Dvll Dishevelled segment polarity protein 1 Up
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Cluster 10
Cds2 CDP-diacylglycerol synthase (phosphatidate Up
cytidylyltransferase) 2
Mboat7 Membrane bound o-acyltransferase domain containing 7 Up
P1d3 Phospholipase d family, member 3 Up
Cluster 11
Taf6 TATA-box binding protein associated factor 6 Down
Usp22 Ubiquitin specific peptidase 22 Up
Tafl3 TATA-box binding protein associated factor 13 Down
Cluster 12
Sartl Squamous cell carcinoma antigen recognized by t Up
cells 1
Hnrnpa0 Heterogeneous nuclear ribonucleoprotein a0 Up
Sf3b2 Splicing factor 3b, subunit 2 Up
Pcbp2 Poly(rc) binding protein 2 Up
Cluster 13
Kifap3 Kinesin-associated protein 3 Up
Kif2la Kinesin family member 21a Up
Kif3a Kinesin family member 3a Up

Ageing in the Axon

The dopaminergic proportion in aged axonal TRAP samples was reduced, leading
to the finding that markers of dopaminergic neurons were in lower abundance while
markers of other cell types increased. To identify genes up-regulated by dopamin-
ergic neurons, the results of this comparison were filtered to remove genes enriched
exclusively in axonal TRAP samples and genes without evidence of enrichment
(Figure 5.8 A).

6 genes were up-regulated that were enriched exclusively in somal TRAP samples.
All changes were not observed in TOTAL samples. 47 genes were up-regulated that
were enriched in both TRAP compartments. 6 of these genes were also up-regulated
in somal TRAP samples, supporting their detection from dopaminergic neurons.
Nicotinamide mononucleotide adenylyltransferase 2 (Nmnat2) was up-regulated

in both neuronal compartments (Figure 5.8 C). NMNAT2 is critical for axon
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Figure 5.7: Ageing in the cell body. A: The enrichment status of differentially
expressed genes. Most down-regulated genes were either not enriched or were exclusively
enriched in somal TRAP samples. B: Ageing changes in somal TRAP samples were not
observed in TOTAL samples in most cases. C: Examples of “Specific” and “Specific
Opposing” cases of differential expression: Mitochondrial fission regulator 1 (Mtfrl)
expression is reduced in aged samples, while Secretagranin 2 (Scg2) expression is
increased. D: The number of high confidence protein-protein interactions associated
with each differentially expressed gene. E: 13 Clusters of interacting genes were formed.
F: Expression heatmap of all genes across the 13 clusters. With some exceptions, most
clusters are up-regulated with age. The gene with highest degree is annotated. P values
presented are derived from the Wald test using DESeq2 (Love, Ahlmann-Eltze, et al.
2021). *** = P < 0.001, *= P < 0.01, * = P < 0.1, NS = Not significant.
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maintenance and loss of this protein leads to Wallerian degeneration (Gilley and
Coleman 2010). Sterile alpha and TIR motif containing 1 (SARM]1) is required for
NMNAT2-deficient axonal degeneration. Interestingly, Sarm1 expression appeared
to increase specifically in dorsal striatal axonal TRAP samples, although this result
was not significant (Figure 5.8 D).

Prostaglandin E2 (Ptges2/PGE,) expression increased in both axonal compart-
ments, while remaining constant in the cell body (Figure 5.8 E). Cyclooxygenase-2
(Ptgs2/COX-2) is known to contribute to neuronal degeneration through induction
of PGE,; production: Administration of a COX-2 selective inhibitor to Neuro-
2a and SH-SY5HY cells treated with 6-OHDA reduced the cytotoxic effects of 6-
OHDA administration (Kang, Qiu, et al. 2017). The expression of Ptgs2 was
over 4-fold greater in axonal TRAP samples compared to somal TRAP samples,
while it was enriched by TRAP in both compartments. This suggests that COX-
2/PGE, activity may contribute specifically to axonal vulnerability of dopaminergic
neurons with age.

Copine-6 (Cpne6/CPNEG) was upregulated in the cell body and axonal com-
partment with age (Figure 5.8 F). More is known about the role of CPNE6 in
neuronal biology than CPNE7 (discussed in the previous chapter for its extreme
dopaminergic neuron-specific expression). It is localised to presynaptic terminals
and binds to synaptobrevin2 and other SNARE proteins, blocking spontaneous
neurotransmission in a Ca?T-dependent manner (Liu, Khvotchev, et al. 2018).
Interestingly, copine-4 is also up-regulated in the cell body with age, suggesting

that copines may have an as yet unexplored but important role in this process.

5.2.5 Overexpression of Human a-Synuclein

SNCA-OVX mice overexpress human a-synuclein protein at 1.9 times the level of
endogenous mouse a-synuclein (Janezic et al. 2013). SNCA expression was higher in

SNCA-OVX mice and enriched in somal and axonal samples by TRAP, confirming

159



5. Compartmental and Conditional Expression

A 127 B
50 1
3 o
Q
GC) 100 A c 40 -
S Q@ TRAP
© 0 Specificit
o) 47 = [l shared
9 50+ 41 et i
E £ 20 B specific
Z
6 Z 10+
0 T T 2
Axon only No enrichmentSoma and Soma only 0-
Axon Shared Specific
Enrichment Category Enrichment Category
C Nmnat2 D Sarmi
- Soma Axon - Soma Dorsal Axon  Ventral Axon
C C
S 141 * =]
(@] — o NS
&) o @) NS NS | —
g 13 4 ** g 114 I ] I o| °
@ @ ° o r=m
[%2] 5} [%2] o
O 124 + o 101 é ? o
o o )
x x
L 0 L
o 114 o 91
o) o)
3 L) J L) T 3 T ? T T T T
YOUNG OLD YOUNG OLD YOUNG OLD YOUNGOLD YOUNG OLD
Age and Region Age and Region
E Ptges2 F Cpne6
— Soma Axon - Soma Axon
S 12.01 o S 14.01 .
> >
O L —| o L —|
O 1151 NS O 13.51 *x
C [ 1
i) 9O 430+
»n 11.09 _%lo ) ) :
5 105{ =g . 5 1297 * °
x [ X
Ll 10.0 L 12.0 1 O
8‘) . 8‘) o
9 ° S 1151 ° °
YOUNG OLD YOUNG OLD YOUNG OLD YOUNG OLD
Age and Region Age and Region

Figure 5.8: Ageing in the axon. A: Breakdown of differentially expressed genes by
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to identify changes most specific to dopaminergic neurons. B: Most age-related changes
were not detected in matched TOTAL samples. C and D: An increase in Nmnat2
expression occurs in aged axonal samples, indicating an increased requirement for
NMNAT2-mediated regulation of axonal integrity. In dorsal axonal TRAP samples,
a trending increase in Sarml expression was observed. E: Ptges2 (PGEz) expression
increases in axonal TRAP samples with age. Strong compartment enrichment of PtgsI
and Ptg2 (COX-1 and COX-2) is seen in axonal TRAP samples, indicating an important
role for these enzymes in axonal function. F: Cpne6 expression increases across the cell
body and axon in age. P values presented are derived from the Wald test using DESeq2
(Love, Ahlmann-Eltze, et al. 2021). *** = P < 0.001, **= P < 0.01, * = P < 0.1, NS
= Not significant.
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transgene expression at the level of RNA. There are 17 isoforms of SNCA and
aberrant splicing can play a role in PD (Fu et al. 2013). Long-read sequencing was
performed on 6 SNCA-OVX somal TRAP samples, allowing the splicing profile of
these mice to be compared (Figure 5.10). Every isoform of SNCA was detected and
importantly, mouse Snca expression was not detected as increased in SNCA-OVX

samples, indicating that read alignment was specific to each gene.

The splicing profile of SNCA was compared between SNCA-OVX samples and
human LCM-derived and iPSC-derived dopaminergic neurons (Nichterwitz et al.
2016; Zambon et al. 2019). SNCA-203, -204, -205 and in particular, -217 were the
dominant transcripts in SNCA-OVX samples. In human iPSC-derived neurons,
SNCA-201, -203, -205 and -211 were dominant. In LCM neurons, a similar profile
was observed, with the addition of SNCA-203 and SNCA-217. SNCA-217 is the
longest of all transcripts, containing two additional exons. The dominance of this
transcript and SNCA-OVX and differences in the relative abundance of others
transcripts in SNCA-OVX samples could be due to the lack of human splicing

factors in mouse dopaminergic neurons.

In young somal SNCA-OVX TRAP samples, there were no significant differences
in gene expression compared to wild-type samples (with the exception of SNCA)
(Figure 5.11 A). This finding is in keeping with the original characterisation of
SNCA-OVX mice, in which pathology was age-dependent (with the exception of a

dopamine release deficit in the striatum of young mice: See axonal findings below).

In aged somal TRAP samples, 8 genes were significantly differentially abundant
between genotypes. These genes were not enriched by somal TRAP. Initially,
it was considered that this reflected a greater importance of non-dopaminergic
cell types in SNCA-OVX pathology. Thousands of genes were subtly, but non-
significantly different in abundance between these groups, however (Figure 5.11 A).

At a higher false discovery rate of 10 %, 50 were differentially abundant (Figure
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Figure 5.9: Human SNCA Isoforms, as described in this chapter.

5.11 B). The majority of these genes were still more abundant in SNCA-OVX
samples and not enriched by somal TRAP. Those that were less abundant were
enriched by somal TRAP. These findings resembled library composition differences

observed with ageing.

Somal TRAP samples were divided into separate datasets by genotype and the
effect of age on gene abundance was reanalysed. Due to the effect of collection
strategy in cohort 1, analysis of the interaction between ageing and SNCA overex-
pression was restricted to cohort 3 in which samples were collected together. The

number of differentially abundant genes was much larger in SNCA-OVX samples
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Figure 5.10: Splicing profile of SNCA in SNCA-OVX mice: Read alignment
successfully distinguished SNCA and Snca transcripts. SNCA in SNCA-OVX mice is
most represented by SNCA-203, -204, -205 and -217. In human cells, SNCA-201, -203,
-205, -211 and -217 are expressed. Differences in relative sequencing depth and expression
of SNCA are a limitation of this comparison.
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(Figure 5.11 C). The magnitude of commonly detected changes was greater also
(Figure 5.11 D). It was concluded that overexpression of human a-synuclein induced
a more severe reduction in dopaminergic proportion in aged TRAP samples. This
confirmed the original finding that SNCA-OVX mice display an age-dependent loss

of dopaminergic neurons of the SNpc (Janezic et al. 2013).

Due to the change in library proportion, analysis of dopaminergic-specific gene
expression was restricted to soma-enriched genes that were more abundant in
SNCA-OVX samples. 1 gene was significantly up-regulated in aged somal SNCA-
OVX TRAP samples at an FDR of 0.1, compared to matched wild-type samples;

Zfp672, a zinc finger protein of unknown function (Figure 5.11 E).

Axonal SNCA-OVX TRAP samples were collected in cohort 3 only. In young,
dorsal and ventral axonal TRAP samples analysed separately, over 100 genes were
classed as significantly differentially abundant due to genotype. Due to the high
dropout percentage and resulting dispersion observed in cohort 3 data (described
in 3.2) only 3 genes were retained after manual inspection (Figure 5.12). Of these
genes, Casein Kinase 1la has been identified as a physiological kinase regulator of
LRRK2 (Chia et al. 2014). Constitutive phosphorylation by CKla modulates the
recruitment of LRRK2 to TGN46-positive Golgi-derived vesicles. If dorsal axonal
wild-type levels of Csnklal reflect an increased requirement for Ckla activity, dor-
sal axonal SNCA-OVX samples fail to meet this demand, likely impacting LRRK2’s
functional interaction with the trans-Golgi network. Dual specificity phosphatase
8 (Dusp8) is an inhibitor of mitogen activated protein kinases (MAPKs) Jnk, Erk
and p38 (Patterson et al. 2009). MAPK signalling is important for regulation
of many processes relevant to dopaminergic and PD biology including apoptosis
and autophagy (Obergasteiger et al. 2018). Interestingly, over 20 kinases were

significantly more abundant in axonal TRAP samples than somal TRAP samples.

144



5. Compartmental and Conditional Expression

A YOUNG
1.0 1 [
S
S o051 °
e
O o,
o 009 *o )
g °
N -0.5
)
3
-1.01
1 100 10000 1 100 10000
Expression Counts
Enrichment [l Somaonly [ Axon only [l Soma and Axon [l No enrichment
B loa:s>  C ovX WT
$ 304 » 500 Total: 475
c Q
o)
15} G 400
— (O]
0 201 5 3001
5 Total: 14 °
o ) ]
£ 104 _g 200
3 S 1004 Total: 72 Total: 34
pd . .
ol [ a8
Decrease Increase Decrease Increase Decrease Increase
Change in SNCA-OVX Change in Age
Q Soma only Axon only Soma and Axon No enrichment
o °
<< e
f
3 4] 2348
£ :
£ 2 S
o . 0o : :
=S o THL enleme omias g b
£ * L Ao ® AR adalile
o °
gy — : : : > - : :
SNCA-OVX  WT SNCA-OVX  WT SNCA-OVX  WT SNCA-OVX  WT
Genotype
E  Zfp672
c
3 ct 55 C3 ONT
O NS *xk - NS *
5 99 ° ° o 5.0 *°
g 9.6 ° . *
0 93 ° e 45
S
8\ T T T T T T T T
8’ YOUNG YOUNG OLD OLD YOUNG YOUNG OLD OLD
— WT OVX WT OVX WT OvX WT OvX
Age & Genotype

Stouffer's *P*: Young Genotype = 0.62, Old Genotype = 0.0561

Figure 5.11: SNCA-OVX in the cell body: A: There were no significantly differen-
tially expressed genes in young somal SNCA-OVX TRAP samples compared to wild-type.
At 18 months, differential abundance was detected, however up-regulated genes were not
enriched in somal TRAP samples. B: The enrichment status of differentially abundant
genes from A: OLD. “Axon only” genes were up-regulated while “Soma only” genes
were down-regulated: The library composition was different. D: Results from comparing
old and young somal TRAP samples, split by genotype: A greater number of genes
are differentially abundant due to SNCA-OVX-induced changes to library composition
(neuronal loss). D: The magnitude of age-induced change was greater in SNCA-OVX
samples for genes exclusively enriched in axons or with no evidence of enrichment. E:
Zfp672, a zinc finger protein of unknown function is differentially expressed in old samples.
Zfp672 expression is reduced in aged wild-type samples, but appears to be at young levels
in SNCA-OVX samples. P values presented are derived from the Wald test using DESeq2
(Love, Ahlmann-Eltze, et al. 2021). *** = P < 0.001, **= P < 0.01, * = P < 0.1, NS
= Not significant.
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Figure 5.12: SNCA-OVX expression in young axonal TRAP samples: Three
genes identified as differentially expressed in young dorsal axonal TRAP samples com-
pared to all other samples. A role for Csnklal in phosphorylating LRRK2 has been
reported (Chia et al. 2014). P values presented are derived from the Wald test using
DESeq2 (Love, Ahlmann-Eltze, et al. 2021). *** = P < 0.001, **= P < 0.01, * = P <
0.1, NS = Not significant.

5.3 Discussion

Based on the findings from this chapter;

o The library composition of TRAP samples differs between biological condi-
tions (age and genotype), affecting interpretability of gene expression com-

parisons.

o A subset of genes are more abundantly expressed in the axonal compartment,

compared to the cell body.
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o Groups of interacting genes are differentially expressed in dopaminergic neu-
rons with age. These genes are involved in a variety of pathways, as described

below.

o The translatome of SNCA-OVX dopaminergic neurons is subtly different
compared to wild-type neurons, regardless of age. This indicates either very
subtle effect of overexpression of human a-synuclein that may require greater
sampling frequency along the ageing time course, or it may indicate a role of

a-synuclein pathology in cell types other than dopaminergic neurons.

5.3.1 Local Translation

Over 200 genes were differentially expressed between dorsal and ventral striatal
TRAP samples, revealing a potentially valuable profile of the differences between
A9 and A10 dopaminergic axons. Many of the differences were also observed in
TOTAL samples, however. This could be partially explained by expression that
is not cell type specific but rather region specific. Alternatively, the fraction of
striatal RNA derived from dopaminergic axons could be large enough for expression

differences to be detectable.

For many genes that were more abundant in the axon or in dorsal striatal TRAP
samples, there is surrounding evidence for a role in axonal biology or disease. A

subset of these genes are discussed below.

Alpha 2 catalytic subunit of AMP-activated protein kinase (AMPK)
Prkaa?2, the alpha 2 catalytic subunit of AMP-activated protein kinase (AMPK)
has a regulatory role in many functions directly relevant to PD, including macroau-
tophagy (Moors et al. 2017), mitochondrial quality control (Zhang and Lin 2016),
redox homeostasis (Jeon et al. 2012), inflammatory signalling (Pilon et al. 2004)

and the regulation of cellular energy metabolism (Curry et al. 2018). AMPK has
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received attention as a potential therapeutic target, most notably through the use
of insulin sensitisers, such as metformin. Activation of AMPK has been shown
to facilitate clearance of a-synuclein by promoting macroautophagy, however there
may be a narrow therapeutic window (Bobela et al. 2017): There are in vitro and in
vivo sources of evidence to show that activation of AMPK can lead to dopaminergic
cell death, likely through excessive macroautophagic activity (Xilouri and Stefanis
2011; Kang, Zhang, Liu, Manfredsson, He, et al. 2017). The elevated expression of
AMPK in dorsal striatal axonal TRAP samples may reflect a greater (and healthy)
local requirement for one or many of the functions of AMPK compared to ventral
axons. If this functioning were compromised, A9 dopaminergic neurons could
become more vulnerable to degeneration. Alternatively, with the accumulation
of cellular stressors over time, the requirement for AMPK activity could grow to a
level at which it becomes detrimental to the neuron. Prkaa2 abundance was not
greater in aged dorsal axonal TRAP samples, however. In this case, the demand
for AMPK may not have increased with age, however the deleterious consequences

of lifelong elevated AMPK activity may start to become apparent.

Kriippel-like factor-13 (KLF13) Kif13 (Kriippel-like factor-13, KLF13) is a
transcriptional repressor of axon growth in central nervous system neurons (Moore
et al. 2009). It is part of the Basic Transcription Element Binding (BTEB) subfam-
ily of KLFs. Recently, BTEB KLFs were found to bind c-Jun N-terminal kinase
3 (JNK3) (Apara et al. 2017). Interference with this interaction prevented neurite
growth suppression in vivo and promoted axonal regeneration in an in vivo model
of optic nerve injury. Independent studies have demonstrated a role for JNK13
in mediating the effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
and pesticide neurotoxicity (Choi, Abel, et al. 2010; Pan et al. 2009). The finding

that KIf13 expression is greater in the axonal compartment and greatest in dorsal
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axonal TRAP samples may indicate a repressed regenerative capacity in these

neurons due to KLF13-JNK3 interaction.

Actin-filament associated protein 1-like 1 Actin-filament associated pro-
tein 1L1 (Afap1i1) is robustly more abundant in dorsal axonal TRAP samples.
Immunohistochemical staining for AFAP1L1 in mouse Purkinje neurons showed
greater signal in segments extending away from the cell body, indicating axonal
localisation (Snyder et al. 2011). AFAP1L1 was found to interact with cortactin,
an adaptor protein found at sites of podosome formation. Cortactin is a substrate
of histone deacetylase-6 (HDACG6) and is essential for HDAC6-dependent F-actin
network assembly at protein aggregates (Lee, Koga, et al. 2010; Wang, Tan, et al.
2018). Failure of F-actin assembly impairs autophagosome-lysosome fusion. Over-
expression of the A53T mutant of a-synuclein or administration of MPP™ induces
HDACG6 expression and autophagic degradation (Su et al. 2011). The role of
AFAP1L1 in HDAC6-dependent autophagy has not been studied, however the
elevated expression in dorsal axonal TRAP samples suggests an important role

for this protein and potentially for HDAC6-dependent autophagy in the axon.

Downstream of tyrosine kinase/docking protein 5 (Dok5) Downstream
of tyrsoine kinase/docking protein 5 (Dok5) is a substrate of the c-Ret receptor
tyrosine kinase expressed in neuronal tissues (Grimm et al. 2001). Interaction
between Dok and c-Ret is required for ligand-induced axonal outgrowth. Doks
is also a substrate for tropomyosin-related kinase (Trk)A and TrkB signalling,
enhancing mitogen-activated protein kinase (MAPK) activity in response to brain-
derived neurotrophic factor (BDNF') or neurotrophin-3 (NT-3) administration (Shi
et al. 2006; Li, Shi, et al. 2010). BDNF/TrkB signalling promotes dopamin-
ergic neuronal survival but is directly inhibited by a-synuclein (Kang, Zhang,

Liu, Manfredsson, Benskey, et al. 2017). The elevated expression of Dok5 in
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dorsal axonal TRAP samples suggests a greater requirement for this signalling
pathway. Inhibition under conditions such as a-synuclein overexpression could

place additional stress on the axon.

Nervous system nuclear protein induced by axotomy (NNA1) Nervous
system nuclear protein induced by axotomy (NNA1), also referred to as ATP/GTP-
Binding protein 1 (AGTPBP1) and cytosolic carboxypeptidase 1 (CCP1) regulates
tubulin polyglutamylation and was found to be more abundant in dorsal axonal
TRAP samples. As the name describes, it was originally characterised by rapid
induction in motor neurons in response to sciatic nerve injury (Harris et al. 2000).
Mice lacking functional NNA1 develop adult-onset ataxia with degeneration of
Purkinje neurons, retinal photoreceptors, olfactory bulb mitral neurons and tha-
lamic neurons (Fernandez-Gonzalez 2002). Dopaminergic neuronal death was not
examined. Excessive polyglutamylation due to loss of NNA1 lead to impaired
axonal transport, organelle accumulation, axonal swelling and cytoplasmic densifi-
cation in myelinated hippocampal neurons (Magiera et al. 2018). Loss of function
variants in NNA1 have since been identified, with patients presenting with infantile-
onset neurodegeneration (Shashi et al. 2018). Immunohistochemical staining for
glutamylated and unmodified 2-tubulin in postmortem hippocampal tissue from
patients with Alzheimer’s Disease found increased intensity of the glutamylated
form in CA3 mossy fibers and apical dendrites of pyramidal neurons (Vu et al.
2017). NNA1 was identified and confirmed as the most significantly coexpressed
interaction partner of chromosome 9 open reading frame 72 (C9orf72), the most
commonly mutated gene implicated in frontotemporal dementia and amyotrophic

lateral sclerosis (FTD/ALS).

Regulator of G protein signalling 6 (RGS6) Regulator of G protein sig-

nalling 6 (RGS6) is a regulator of DoR-G;/, signalling and it is selectively expressed
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SNpc dopaminergic neurons, providing orthogonal confirmation of its higher expres-
sion in dorsal axonal TRAP samples (Luo et al. 2019). RGS6 loss is associated
with age-dependent loss of SNpc dopaminergic neurons, a-synuclein accumulation,

DyR hyperactivity and locomotor deficits.

Kinesin family member 3A (KIF3A) KIF3A is a member of the kinesin-2
family that was first described as a fast anterograde axonal motor protein (Kondo,
Sato-Yoshitake, et al. 1994). It forms a heterotrimeric complex with KIF3B and a
cargo-binding adaptor, KAP3 (both enriched in axonal TRAP samples) (Hirokawa
et al. 2010; Scholey 2013). In axon development, this complex binds and transports
TRIMA46 (also enriched in axonal TRAP samples) to the developing axon initial
segment, where TRIM46 guides neuronal polarity by building parallel, stabilised
microtubules (Ichinose et al. 2019). This process is spatially regulated; a phospho-
rylation event prevents TRIM46 binding in the somatodendritic compartment. The
greater abundance of Kif3a and associated transcripts in the axon suggests that
there is a role for this process in the distal axon. Transport of the relevant mRNA
and local translation may be a more energy efficient means. Kif3a expression was

up-regulated with age (discussed in Ageing, below).

Prostaglandin-endoperoxide synthase 2 (COX-2) Ptgs2 (COX-2) is ~ 2.5
times more abundant in dorsal axonal TRAP samples compared to ventral and
more than 4 times more abundant in the axonal compartment compared to the cell
body. COX-2 expression has been shown to be increased in dopaminergic neurons
of PD patients and MPTP-treated mice (Teismann et al. 2003). The authors
demonstrated that COX-2 inhibition prevented formation of reactive oxygen species
(ROS), including dopamine-quinone and found that cell death occurred in the
absence of evidence of microglial activation from PGE,;. They argued that COX-

2 mediated damage was due to ROS formation, while COX-1 was responsible for
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most PGE; production and sequent stimulation of an inflammatory response. Ptgs1
(COX-1) and Ptges2 (PGEy) are also robustly enriched by TRAP and Ptgs! is also
more abundant in axonal samples compared to somal. Increased Ptgs2 abundance
in dorsal striatal axonal TRAP samples could indicate a potentiation of COX-2

activity contributing to selective vulnerability in this region.

Heterogeneous nuclear ribonucleoprotein A2/B1 (HnRNP A2/B1) Hn-
RNP A2/B1 is more abundant in the axonal compartment and is a member of the
heterogeneous nuclear ribonucleoprotein particle protein family, which also includes
TDP-43 (enriched in axonal TRAP samples) and FUS/TLS. Trafficking of RNAs
containing A2 response elements into distal neurites relies on binding of HnRNP
A2/B1 and is calcium-dependent (Shan et al. 2003; Muslimov et al. 2014). A
transcriptome-wide analysis of HnRNP A2/B1 binding showed that it primarily
binds to 3" UTRs, while also regulating alternative polyadenylation (Martinez et al.
2016). For identifying the 3" UTR elements that confer localisation of transcripts
to the dopaminergic axon, HnRNP A2/B1 could be a worthwhile candidate for

RNA immunoprecipitation.

Alternative Splicing in the Axon

Rabgap1l and Ozrl are high confidence candidates for axonal translation in dopamin

ergic neurons. They both represent examples of alternative exon usage and al-

ternative polyadenylation.

Rab GAP 1-like (RABGAP1L) RABGAPIL is a TBC (Tre2, Bub2 and
Cdcl6) domain-containing Rab GAP (Popovic et al. 2012). It is recruited by
ankyrin-B (AnkB) to inactivate Rab22A and promote the polarised trafficking of
phosphatidylinositol 3-phosphate (PI3P)-positive endocytic cargo to the leading

edge of migrating fibroblasts (Qu et al. 2016). AnkB, through an interaction with
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dynactin, has been found to promote fast axonal transport of organelles and to
promote axonal growth (Lorenzo et al. 2014). This provides evidence to support a
requirement for RABGAP1L translation in axons, however the role for differential

transcript usage is less clear.

Rabgap1l-201 is more expressed in the axonal compartment, while Rabgap1l-202
is dominant in the soma. Both isoforms are protein coding. They contain alter-
native exons and 5 and 3’ UTRs, encoding proteins 815 and 370 amino acids
long, respectively.

The TBC domain of RABGAP1L contains a catalytic site required for inactivation
of Rab22A (Itoh et al. 2006; Frasa et al. 2012). TBC domain-containing Rab GAPs
including RABGAP1L have also been found to bind diectly to ATG8 modifiers and
colocalise with LC3-positive autophagy membranes (Popovic et al. 2012). Rabgap1l-
201 (more abundant in the axon) contains this domain, whereas Rabgap1(-202 does
not. They also contain alternative 3° UTRs which may guide the trafficking of
Rabgap1l-201 to the axon while retaining Rabgap1l-202 in the soma.

There is evidence for a role for RABGAP1L in neurodegeneration: Expression was
found to be reduced in postmortem hippocampal and medial saptal tissue from
AD patients (de Yebra et al. 2004). At the very least, the finding that the axonal
dominant form of Rabgapll supports autophagy while the somal dominant form

does not adds to the evidence that autophagy is of high priority in axons.

Oxidation resistance 1 (OXR1) Oxidation resistance 1 is regarded as an
essential protein in regulating the sensitivity of neurons to oxidative stress, with
Oxr1/- displaying cerebellar degeneration (Oliver et al. 2011). The dominant form
in axons (Ozrl-204) encodes an full length (866 amino acid) form, whilst the
dominant somal form (Ozr1-205) encodes a C-terminal fragment. Both forms
contain a TLDc domain required for their functional role in reducing oxidative

stress. Gross ISH of short and long forms of Ozr! did not show a difference in
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localisation to different brain regions, however the consequences of this splicing
event on subcellular localisation have not been investigated. There is increasing
evidence to support the functional role of longer 3° UTRs in guiding transcript
localisation to the axon (Miura et al. 2013). The Ozr1-204 isoform may be an

example of this process.

5.3.2 Ageing

Human dopaminergic neuronal properties change with age, although there is lim-
ited consensus as to how these changes are reflected in the mouse: In humans, the
number of nigral dopaminergic neurons falls at a rate of ~4.7 % per decade (McGeer
et al. 1977; Fearnley and Lees 1991). A total reduction in neuron number of up to
35 % has recently been reported in C57B1/6 mice, aged over 100 weeks (6 months
older than aged mice used in this investigation) (Noda et al. 2020). Greatest
neuron loss was found in the VTA, however, while there was not a significant
loss of SNpc neurons. Osterburg et al. (1981) reported no significant change in
dopaminergic neuron number in 21 - 30 month old mice: A subtle downward trend
in striatal dopamine content was observed. Noda et al. (2020) also reported halving
of mitochondrial area in aged SNpc neurons, with increased fragmentation. The
latency to fall in the accelerating rotarod test was reduced in these mice, indicating

the development of locomotor deficits.

Based on the pattern of change in gene abundance between aged and wild type
TRAP samples, it was estimated that dopaminergic neuron loss had occurred.
Stereological analysis is now underway to confirm this. The artefactually greater
dopaminergic proportion in aged somal TRAP samples from cohort 1 was fortunate
in that it served to “cancel out” the effects of the ageing-induced reduced dopamin-
ergic proportion in samples from cohorts 2 and 3. This allowed a characterisation

of both up- and down-regulated genes.
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The majority of genes found to be differentially expressed were up-regulated. This
could reflect increased demand for the proteins represented, perhaps due to pathway-
specific conditions (e.g. a greater burden of defective mitochondria requiring up-
regulation of autophagy-related genes), or it could represent a response to a more
general reduction or compromise in translational efficiency. A slowing of translation
has been reported to occur with age Rattan (1996), and the finding that many
elements of autophagic function are up-regulated could reflect raised transcrip-
tional demand for a process that is not being met by the reduced translational

capacity in the cell.

Cullin 3 (Cul3) was up-regulated with age. In a complex with Keap! and Nedd8
(both enriched in somal TRAP samples) it plays an important role in regulating the
transcriptional activity of nuclear factor erythroid 2 related factor (Nrf2) through
degradation by the ubiquitin proteasome system. Overexpression of Cul3 in breast
cancer tissue has been shown to deplete Nrf2 levels, increasing susceptibility to
oxidative stress (Loignon et al. 2009). Reactive oxygen species (ROS) can be gen-
erated from multiple sources in dopaminergic neurons: Increased Cul3 expression
with age may increase their susceptibility to ROS-induced damage. Cul3 was also
enriched and more abundant in the axonal compartment compared to the cell body:

This could indicate an increased susceptibility to oxidative stress in the axon.

Argonaute 2 (Ago2) expression increased in somal TRAP samples while tissue-
level expression decreased. This suggests an increased requirement for miRNA
processing with age. Interestingly, a role for autophagy in regulating miRNA
homeostasis has been described (Gibbings et al. 2013). In cells lacking key au-
tophagy components, such as ATG7, ubiquitinated AGO2 and DICER1 enzymes
accumulate. Additionally it was shown that autophagy was necessary for AGO2-

miRNA binding.
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Secretagranin 2 was not clustered due to a limited number of protein-protein
interactions in the STRING database. There is evidence that Scg2 could play
one or more specialised roles in dopaminergic function, however: It was robustly
differentially expressed between ages and it was alternatively spliced between somal
and axonal compartments. Scg2 has been shown to be up-regulated in hypoxic
conditions in skeletal muscle and in myocardium (Egger et al. 2007; Rgsjo et al.
2012). Through cleavage of its protein into secretoneurin it exerts anticardio-
protective properties. Secretoneurin also enhances dopamine release in a Ca?*-
dependent manner (Saria et al. 1993). This suggests at least a dual role for
Scg2 in protecting dopaminergic neurons from accumulating oxidative damage and

supporting dopamine release with age.

5.3.3 Overexpression of Human a-Synuclein

To its merit, the SNCA-OVX model provides a subtle perturbation that causes
selective, enhanced and progressive dopaminergic neuron loss with age. This
subtlety however may be an explanation for the lack of robust differential ex-

pression findings.

With approximately 15,000 dopaminergic neurons in the SNpe, loss of 30 % by 18
months would require an average daily loss of 10 neurons per day or 0.06 - 0.08
% of the population (Ip et al. 2017; Nair-Roberts et al. 2008). Each neuron will
exist along an axis of degeneration; some may function normally while others are
close to death. To capture the expression of most affected cells requires single cell

resolution or a more aggressive model.

Another consideration is cell subpopulation specificity: Findings from cohort 3
axonal data indicate that there may be SNCA-OVX-induced expression differences
in dorsal striatal samples of young mice that could help to explain early release
deficits. No changes were observed in ventral striatal samples. These samples

were regionally separated, along vulnerable neurons to be characterised. At the

156



5. Compartmental and Conditional Expression

level of the cell body, RNA from SNpc and VTA neurons was mixed, so any
distinctive responses to human a-synuclein overexpression could not be determined.
To address this, and to provide spatial context to future comparisons, a spatially
mapped transcriptomic dataset is being generated of midbrain and striatal tissue
from SNCA-OVX and wild type, young and aged mice.

The genetic background of SNCA-OVX mice used in this study was different to
the original SNCA-OVX mouse model. SNCA-OVX mice, as described in Janezic
et al. (2013) were pure C57BL/6J bred on a mouse a-synuclein-null background.
This was intended to avoid interaction between endogenous and human a-synuclein.
The ROSA26-eGFP-L10a locus is located on the same chromosome as mouse a-
synuclein (chromosome 6). To avoid unexpected genetic or phenotypic compli-
cations, SNCA-OVX mice were backcrossed onto a wild-type mouse a-synuclein
background. Therefore it is possible that the presence of mouse a-synuclein limited

the effect of human a-synuclein overexpression on neuronal function.
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Discussion

6.1 Confirmation of Results

Stereological and densitometric characterisation of the effect of ageing
and overexpression of human a-synuclein

The abundance of dopaminergic markers decreased in aged TRAP samples, while
non-dopaminergic markers increased. In SNCA-OVX TRAP samples, the abun-
dance was reduced further. This may be due to a change in relative cell type propor-
tions, caused by dopaminergic cell loss. To confirm this, stereological cell counting
of TH-positive dopaminergic neurons will need to be performed in 3- and 18-month
SNpc from Rosa265TRAPDATIRESere g d Rosa265TRAP . DATIRESere.. GNCA-OVX
mice. Stereological counting has been performed in 18-month old SNCA-OVX
mice (bred on a Snca”’/~ background) (Janezic et al. 2013): There was a 30 %
reduction in the number of TH positive neurons in the SNpc compared to mice
expressing normal levels of human a-synuclein. In 3-month old mice, there was not
a significant difference between genotypes. 3- and 18-month old animals expressing
normal levels of human a-synuclein were not directly compared.

A reduction in the number of eGFP-positive, TH-positive neurons has previously

been reported in the SNpc and VTA of 12-month old mice from an alternative
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TRAP model (Wagner 2017). Stereological cell counting of TH-positive neurons
was also performed in these animals: No significant difference was observed between
age groups, however. Count estimates were variable (2-fold variation between the
largest and smallest values) and it is likely that by 12-months, mice were not old
enough to detect a robust effect. This could indicate a reduction in expression of
eGFP-L10a with age or selective vulnerability of eGFP-L10a-expressing neurons
to degeneration. eGFP-L10a-expressing neurons accounted for less than 10 % of
all TH-positive neurons in this TRAP model, so specific loss of this subpopulation

may explain the lack of difference observed in stereological count estimates.

Dopaminergic innervation of the striatum will also be measured by TH-positive
densitometry. This will quantify the change in innervation due to age and overex-
pression of human a-synuclein. Dorsal and ventral regions of the striatum will
be considered separately. If the change in innervation with age, genotype or
region is greater than the change in neuronal number in the midbrain, results
from axonal TRAP data will need to be interpreted with respect to this. For
example, expression of Nmnat2 increased in somal and axonal TRAP samples
with age: This could indicate a greater requirement for protection from axonal
degeneration. A reduction in striatal innervation in excess of cell body loss would

support this hypothesis.

Ultrastructural evaluation of eGFP-L10a expression in striatum

The presence of ribosomes in the axoplasm of striatal dopaminergic neurons has not
been visually confirmed. eGFP signal in cell bodies or axons of the striatum was not
detectable by immunohistochemical staining during the original characterisation of
the ROSA26-eGFP-L10a::DAT-Cre mouse model (Wagner 2017). Ultrastructural
analysis of striatal dopaminergic neurons is now underway. A double-labelling

approach will be used to confirm the presence of eGFP-L10a-containing ribosomes
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in TH-positive axons. This will also permit an assessment of the presence of eGFP-

L10a in TH-negative axons.

Visualisation of transcript localisation to the axon by single molecule
fluorescent in situ hybridisation

Single molecule fluorescent in situ hybridisation (smFISH) can be used to label
individual transcripts, using probes directed at specific regions of a gene, such as
exons, UTRs and introns (Yang, Titlow, et al. 2017). Dopaminergic neurons were
found to change their expression profile according to cell compartment, age and
genotype, including the expression of alternative dominant transcripts. Examples
presented in 6 demonstrated compartmental transcript usage in Rabgap1l and Ozxri.
The axonal specification of these, and other genes needs to be confirmed through
visualisation. smFISH sections can be immunolabelled in parallel: Probes targeted
at the axon-dominant 3> UTR of Rabgapll or Ozrl can be combined with anti-
eGFP labelling to test for colocalisation of these transcripts to the ribosome of
axons. smFISH is a quantitative method. The age-dependent expression of genes
with clear axonal importance can be verified, such as in the case of increased

Nmnat2 expression with age.

6.2 Expansion of Results

Functional characterisation of dopaminergic-specific genes

Enrichment analysis of somal and axonal TRAP samples revealed many genes that
are expressed by dopaminergic neurons with high specificity. This information
guided the selection of candidate causal genes found within windows of linkage
disequilibrium with known PD GWAS variants. For a selection of these genes, there
is little to no association of their function with dopaminergic neurons, yet evidence

for their role in cell types in other regions of the body or diseases draws close
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parallels with PD biology. A particular example is the calcium sensing receptor,

CASR, as highlighted in 4.

To define a role for the calcium sensing receptor in dopaminergic neurons, Casr
expression and function need to be modulated. A mouse model has been developed
to conditionally knockout Casr in cell types expressing Cre recombinase (Toka et al.
2012). In Casr/® mice, loxP sites flank exon 3, which is contained within all four
transcripts expressed in this dataset, confirming complete targeting. Casr™**mice
could be crossed with DAT'RESe™ mice to conditionally knockout expression in
dopaminergic neurons. Depending on the investigative approach, a triple trans-

6HSTRAP allele to enable the

genic line could be generated containing the Rosa?2
transcriptomic study of gene expression in dopaminergic neurons as a result of loss
of CASR. Alternatively, or in combination, the Casr%::DAT™ESe mice could be
crossed with a transgenic model of PD, such as the SNCA-OVX line, to study the
pathological effects of overexpression of human a-synuclein without CASR activity.
There is evidence to support a pore-forming role for a-synuclein, allowing the influx

of Ca*" and causing Ca?"-mediated excitotoxicity (Zaichick et al. 2017; Angelova

et al. 2016; Danzer et al. 2007; Di Scala et al. 2016).

The process of generating and studying the effects of conditional knockout of a
dopamine-relevant gene has been demonstrated by our laboratory, through condi-
tional knockout of Atg7 in mouse dopaminergic neurons (Hunn et al. 2019). ATG7
is an essential protein in the induction of macroautophagy. Conditional knockout
of Atg7 in SNCA-OVX mice enabled the study of the interaction between impaired
macroautophagy and human a-synuclein overexpression. Mice convincingly demon-
strated a loss of SNpc dopaminergic neurons, a reduction in dopamine uptake
in the caudate putamen and accumulation of protein aggregates. Atg7 was one
of the most abundant genes in axonal TRAP samples, with greater expression

compared to the cell body and elevated expression in age, indicating an important
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role for ATGY7 in the axon. Such a role has been demonstrated in Purkinje neurons,
where loss of ATG7 expression induced axonal swelling and degeneration of axon
terminals (Komatsu et al. 2007). This illustrates (in reverse) how the use of cell
type specificity data can be used to inform candidate gene selection for further

investigation, as in the case of Casr.

Ultimately, the investigation of dopaminergic-specific genes needs to translate into
human models. Induced pluripotent stem cells (iPSC) have become a valuable
tool for modelling PD (Caiazza et al. 2020). By reprogramming patient fibroblasts
into iPSCs, the effects of disease-relevant mutations can be studied and compared
with healthy controls. A range of phenotypic assays can be used to discern the
cellular components and mechanisms affected. In this example, the role of CASR
in dopaminergic Ca?" handling could be studied. To modulate the activity of
CASR, positive and negative allosteric modulators could be used. Calcimimetics,
such as cinacalcet and calcilytics, such as Calhex-231 could be administered and
the effects on organelle-specific Ca?" flux imaged using genetically encoded calcium
indicators (Suzuki et al. 2016). To study the effects of transcriptional repression
of CASR, CRISPR interference could be used (Gilbert et al. 2014). This platform
can be knock down arrays of target genes, enabling parallel phenotypic screening.
Each selected candidate GWAS gene from 4 could be tested across a series of

assays relevant to neuronal function.

Spatial transcriptomics

While transcriptomic methods enable the measurement of thousands of different
genes in parallel, spatial contextual information is lost. For expression studies in
tissue containing mixed cell populations, this creates a problem of averaged expres-
sion and variable cell type proportions between samples. Methods, such as TRAP

and single cell RNA sequencing were developed to overcome these limitations, yet
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without spatial information, there is still uncertainty over whether a measurement

derives from a known healthy or diseased region or cell type.

This uncertainty is a limitation of the present work: SNpc and VTA dopaminergic
neurons were not separable and therefore expression measurements from somal

TRAP samples represent an averaged mixture of both populations.

Spatial transcriptomics uses arrays of location-barcoded reverse transcription primers
to synthesise cDNA from tissue sections in situ (Stahl et al. 2016). After re-
verse transcription, the cDNA is cleaved from the array, amplified by PCR and
sequenced as a standard RNA sequencing library. Using barcode information, the
original location of each sequenced read can be traced to its origin, building a
cell /population /region-specific map of expression.

Spatial transcriptomic sequencing of brains from young and aged, SNCA-OVX and
wild-type mice is now underway. This method will overcome the spatial limitations
of TRAP data and will provide sufficient resolution to not be affected by changes

in cell type proportion due to age or genotype.

6.3 Collation

Public exploration of dopaminergic expression properties

To maximise the utility and reach of the data from this study, results were collated
and summarised for presentation on a website. Users may query the expression
status of a gene or genes of interest. The expression measurements are dynam-
ically plotted for each comparison and the estimated fold change and P value
are supplied. To enable comparison with other datasets relevant to PD, results
from RNA sequencing experiments in iPSC-derived dopaminergic neurons are also
presented (Lang et al. 2019; Zambon et al. 2019; Sandor et al. 2017). Over time,
this website will present complementary data from follow up investigations, such

as the results of spatial transcriptomic sequencing.
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The results or the interpretation of the data from this study may develop over
time. For example, in the somal TRAP comparison of ageing, over 80 genes were
not included in a network analysis of protein-protein interactions, because there
was no available evidence. Members of this group are still likely to be important in
ageing, as in the example of Secretogranin-2 upregulation. Over time, interaction
data will improve and become more specific to the tissue or cell type studied. An

aim for this website is to continually integrate novel interaction data.

6.4 Considerations

Specificity of eGFP-L10a expression in the striatum

The challenge of capturing of dopaminergic eGFP-L10a in striatal tissue was signal-
to-noise ratio. Measurement of striatal eGFP content confirmed expression of
eGFP-L10a, however the level was 10-20 times lower than in the midbrain (Figure
3.2 A). eGFP was also detected in neighbouring cortical tissue at comparable levels
to the dorsal striatum. This indicated a potential mixture of sources of TRAP RNA.
In somal TRAP samples, there may be an equivalent level of ectopic eGFP-L10a
expression, however the greater abundance of eGFP-L10a in the cell bodies of

dopaminergic neurons increased the signal to noise ratio.

Dopaminergic marker genes were consistently enriched and represented in axonal
TRAP samples, confirming (indirectly) eGFP-L10a expression in the axons of these
neurons. Some markers of non-dopaminergic cells were mildly enriched in line
with expected values for non-rare cell types, however (Dougherty, Schmidt, et al.
2010). In keeping with this, nearly one quarter of axonal libraries were composed
of genes exclusively enriched by TRAP in the striatum. It is conceivable that
axons may uniquely translate genes not required in the cell body, however this

percentage was larger than expected.
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Is it differentially expressed?
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Figure 6.1: A resource for the exploration of dopaminergic gene expression data.
Users may query TRAP data to identify the conditions in which a gene of interest is
differentially expressed or all genes that are differentially expressed in a comparison.

Cre transcripts were detectable and enriched in axonal TRAP samples. Cre tran-
script enrichment in somal TRAP samples was expected, as this compartment
includes the nucleus as the site of Cre action. In the absence of evidence for an
axonal role for Cre recombinase activity however, striatal expression can only be
assumed to derive from cell bodies. The detection of Cre transcript enrichment in
axonal TRAP samples suggests constitutive regional low-level expression in adult
mice. Transient Cre expression during development or in the germline could also
contribute to the ectopic expression of eGFP-L10a in adults (Song and Palmiter
2018). Shigeoka et al. (2016a) used two Cre-responsive reporter mice to confirm
restricted expression of the RiboTag (HA-rpL22) allele to retinal ganglion cell
axons. Rosa26-StopLox-LacZ mice label the cell bodies of Cre-expressing cells and
their progeny, while Rosa26-StopLox-TauLacZ mice label the axons. Because of
the dense axonal bush formed by dopaminergic neurons in the striatum, cell body
labelling using Rosa26-StopLox-LacZ mice may be best suited to visualising the

cell type specificity of Cre expression.

If developmental Cre expression is responsible for ectopic eGFP-L10a expression

in the striatum, viral induction could be performed as an alternative. Adminis-
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tration of a Cre-dependent adeno-associated virus expressing eGFP-L10a has been
successfully used to isolate TRAP RNA from dopaminergic neurons of the VTA
(Nectow, Moya, et al. 2017; Nectow, Ekstrand, et al. 2015). The authors also
demonstrated successful administration of a retrograde tracing virus that labelled
projection-specific inputs. Use of a retrograde tracing virus in the dorsal or ventral
striatum of DAT-Cre mice could improve regional selectivity, circumventing the
need to manually dissect tissue. The dopaminergic expression of eGFP-L10a in
viral-TRAP may be lower than in ROSA26-eGFP-L10a::DAT-Cre mice, however.
Nectow, Moya, et al. (2017) reported yields of ~ 9 ng per sample which is 3-5 times

less than obtained from somal TRAP samples in this study.

DAT-Cre-driven reporter expression in clusters of non-dopaminergic neurons has re-
cently been described (Papathanou et al. 2019). Reporter expression was identified
within the amygdala, mammillary subnuclei, septum and habenula. Projections
were traced from the amygdala to the nucleus accumbens core and the bed nucleus
of the stria terminalis 6.2. Cre-activated reporters colocalised with markers of
glutamatergic and GABAergic neurons. These findings, coupled with the greater
detected eGFP content in ventral striatal samples, suggests that amygdaloid glu-
tamatergic or GABAergic neurons are a source of ectopic eGFP-L10a expression

in ROSA26-eGFP-L10a::DAT-Cre mice.

Library Preparation

The library preparation method used for cohort 3 was necessary to reverse tran-
scribe RNA from the minimal quantities (< 0.2-1 ng) obtained in each striatal
TRAP sample. This “ultra-low input” (ULI) technique is regularly used in droplet-
based single cell RNA sequencing. A larger quantity of RNA was used with the
Smart-Seq2 library preparation method for cohorts 1 and 2 and an equivalent

template-switching method developed by Oxford Nanopore Technologies was used
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Viral genetic-tracing of DAT-Cre transgenic mice
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Figure 6.2: Schematic of projections from amygdala (BLP) and lateral habenula (LHb)
identified by viral tracing in DAT-Cre mice. VTA injections confirmed projection to
the striatum. It is likely that eGFP-L10a expression in projections from the amygdala
contribute to axonal TRAP RNA. CPu, caudate putamen; LV, lateral ventricle; NAcSh,
NAc shell; OB, olfactory bulb; PFC, prefrontal cortex; RN, raphe nucleus; SN, substantia
nigra Hyp, Hypothalamus; NAcC, NAc core. Source: (Papathanou et al. 2019).

for long-read library preparation. Dropout in ULI samples affected all but around

2500 genes, increasing dispersion estimates and hampering sensitivity.

The actual library complexity of TRAP RNA from cohort 3 was not different to
samples from cohorts 1 and 2. This was demonstrated by the matched preparation
of long-read libraries from 12 somal TRAP samples. It was remarkable that gene
expression estimates from long-read sequenced data correlated more strongly with

cohort 1 and 2 samples than with their matched ULI samples from cohort 3.

A recent study compared three protocols used for low input RNA sequencing library
preparation (Wang, Rieder, et al. 2019). They found that libraries produced from
over 1000 cells were consistent between technical replicates and library preparation
methods. Inputs of 100 cells were highly variable, with poor correlation to 1000
cell samples of the same population (R? = 0.6; similar to the values obtained
when short- and long-read libraries of somal TRAP samples from cohort 3 were

compared). The ULI preparation method advises a minimum input of 10 pg RNA.
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The expected yield of RNA from a single cell is typically ~10 pg (Wang and Navin
2015). 200 pg was used for library preparation in cohort 3 samples.

Dropouts are an endemic property of current single cell RNA sequencing datasets
and strategies that attempt to account for this technical variation have been de-
veloped (Tracy et al. 2019; Duo et al. 2020; Saelens et al. 2019; Risso et al. 2018).
A recent approach has resigned to converting expression matrices from single cell
datasets to binary measurements for clustering purposes (Qiu 2020).

In future, pooling small quantities of RNA to reach the equivalent RNA content
of ~1000 cells (1 ng) would be recommended; at the cost of replicate number, but

gain of detection sensitivity.

Cell type specificity as an estimator of disease relevance and a conclusion

This study was designed to identify expression features that are most specific
to dopaminergic neurons. This aim was guided by the hypothesis that genes or
transcripts most specific to the dopaminergic neuron are more likely to play a
causal role in PD.

In a large meta-analysis of tissue specific gene expression, preferential tissue-level
expression of causal genes in disease was found in a third to half of over 1000 diseases
tested, including PD (Lage et al. 2008). The study of “heritability enrichment” has
gained increasing interest with the availability of public, genotyped, tissue-specific
datasets (Finucane et al. 2018).

Tissue-specific enrichment analysis of the GWAS loci identified by Nalls, Blauwen-
draat, et al. (2019) found that many loci were heavily enriched with genes expressed
preferentially in the brain. Dopaminergic neurons were the most significantly
implicated cell type from a meta-analysis of single cell datasets in the same study.
A single-nuclei sequencing dataset has since applied linkage disequilibrium score
regression and a method for gene-set analysis of GWAS data to identify the cell

types with greatest association to PD risk (Agarwal et al. 2020): Dopaminergic
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neurons were significantly associated. Tissue-specific datasets are now giving way
to single-cell or single-nuclei datasets that facilitate more specific profiling of in-
dividual cell types (Bryois et al. 2020).

TRAP datasets may have a very considerable advantage over tissue-specific and
single cell datasets for these investigations; sensitivity. CASR was robustly en-
riched in somal and axonal TRAP samples across all three datasets, providing
confidence that it is translated by dopaminergic neurons. It is not highly expressed,
however and approaches the limits of detection in TOTAL samples. The levels of
expression of genes such as CASR are currently too low for reliable detection in

single-cell datasets.

6.5 Conclusions

The work described in this thesis has demonstrated how cell type-specific profiling
can provide highly sensitive measures of gene expression that are specific to the
target cell population. It has provided an insight into the expression properties
of the axonal translatome, with examples of compartmental specialisation, based
on gene and transcript-level expression.

Through the use of novel PD GWAS loci, several putative novel PD genes were
identified. They will require functional follow-up which will inform on the validity
of somal and axonal TRAP data going forward. The collation of TRAP results
into a public access dataset will hopefully aid researchers to ask straightforward

questions about the role of a gene or transcript in dopaminergic function.
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.1 Session Info

## R version 4.1.1 (2021-08-10)

## Platform: x86_64-pc-linux-gnu (64-bit)

## Running under: Ubuntu 20.04.3 LTS

#it

## Matrix products: default

## BLAS:  /usr/lib/x86_64-linux-gnu/blas/libblas.s0.3.9.0

## LAPACK: /usr/lib/x86_64-linux-gnu/lapack/liblapack.s0.3.9.0

##

## locale:

## [1] LC_CTYPE=en GB.UTF-8 LC_NUMERIC=C

## [3] LC_TIME=en_GB.UTF-8 LC_COLLATE=en_GB.UTF-8

## [5] LC_MONETARY=en GB.UTF-8 LC_MESSAGES=en_GB.UTF-8

## [7] LC_PAPER=en GB.UTF-8 LC_NAME=C

## [9] LC_ADDRESS=C LC_TELEPHONE=C

## [11] LC _MEASUREMENT=en GB.UTF-8 LC_IDENTIFICATION=C

##

## attached base packages:

## [1] stats graphics grDevices datasets utils methods  base
##

## other attached packages:

## [1] cowplot_1.1.1 ggpubr_0.4.0 kableExtra_1.3.4 forcats_0.5.1
## [5] stringr 1.4.0 dplyr_1.0.7 purrr 0.3.4 readr_1.4.0
## [9] tidyr_1.1.3 tibble_3.1.2 ggplot2_3.3.4 tidyverse_1.3.1

## [13] knitr 1.33
##

## loaded via a namespace (and not attached):

171



#i#

##

#Hit

#i#

##

#it

#i#t

#it

#i#

##

#it

#i#

##

#Hit

#it

#it

#i#

##

#Hit

#i#

##

#it

[1]

[5]

[9]
[13]
[17]
[21]
[25]
[29]
[33]
[37]
[41]
[45]
[49]
[63]
[567]
[61]
[65]
[69]
[73]
[77]
[81]

[85]

nlme 3.1-152
webshot 0.5.2
backports_1.2.1
mgcv_1.8-36
gridExtra_2.3
cli_2.5.0
bookdown_0.22
digest_0.6.27
rio_0.5.27
rlang 0.4.11
generics_0.1.0
magrittr_2.0.1
munsell 0.5.0
stringi_1.6.2
grid_4.1.1
splines_4.1.1
ggsignif 0.6.2
ggvenn 0.1.8
modelr_0.1.8
assertthat_0.2.1
rstatix 0.7.0

here 1.0.1

fs 1.5.0
httr_1.4.2
utf8_1.2.1

DBI 1.1.1
tidyselect_1.1.1
rvest_1.0.0
scales_1.1.1
foreign_0.8-81
pkgconfig 2.0.3
readxl 1.3.1
jsonlite_1.7.2
Matrix_1.3-4
fansi 0.5.0

yaml 2.2.1
ggrepel 0.9.1
haven 2.4.1
codetools 0.2-18
evaluate 0.14
vectrs_0.3.8
xfun 0.24

viridisLite 0.4.0

172

lubridate_1.7.10
rprojroot_2.0.2
R6_2.5.0
colorspace_2.0-1
curl 4.3.1
xml2_1.3.2
ggridges _0.5.3
rmarkdown 2.9
htmltools 0.5.1.1
rstudioapi_0.13
zip_2.2.0
Rcpp_1.0.6
abind_1.4-5
carData_3.0-4
crayon_1.4.1

hms 1.1.0
reprex_2.0.0
data.table_1.14.0
cellranger_1.1.0
openxlsx _4.2.4

beeswarm_0.4.0

RColorBrewer_ 1.1-:
tools 4.1.1
vipor_0.4.5

withr 2.4.2
compiler 4.1.1
labeling 0.4.2
systemfonts_1.0.2
svglite_2.0.0
dbplyr 2.1.1
farver 2.1.0
car_3.0-10
ggbeeswarm_0.6.0
lifecycle_1.0.0
plyr_1.8.6
lattice_0.20-44
pillar_1.6.1
glue_1.4.2
renv_0.14.0
gtable_0.3.0
broom 0.7.7

ellipsis_0.3.2



References

Abou-Sleiman, Patrick M. et al. (Aug. 28, 2003). “The role of pathogenicDJ-1
mutations in Parkinson’s disease”. In: Annals of Neurology 54.3, pp. 283-286. DOLI:
10.1002/ana.10675. URL: http://dx.doi.org/10.1002/ana.10675.

Abugessaisa, Imad et al. (2017). “The FANTOMS5 Computation Ecosystem: Genomic
Information Hub for Promoters and Active Enhancers”. In: Springer New York,
pp- 199-217. por: 10.1007/978-1-4939-7015-5_15. URL:
http://dx.doi.org/10.1007/978-1-4939-7015-5_15.

Agarwal, Devika et al. (Aug. 21, 2020). “A single-cell atlas of the human substantia
nigra reveals cell-specific pathways associated with neurological disorders”. In:
Nature Communications 11.1. DOI: 10.1038/s41467-020-17876-0. URL:
http://dx.doi.org/10.1038/s41467-020-17876-0.

Aguila, Julio et al. (July 8, 2021). “Spatial RNA Sequencing Identifies Robust Markers
of Vulnerable and Resistant Human Midbrain Dopamine Neurons and Their
Expression in Parkinsons Disease”. In: Frontiers in Molecular Neuroscience 14. DOIL:
10.3389/fnmol.2021.699562. URL:
http://dx.doi.org/10.3389/fnmol.2021.699562.

Ahlskog, J. Eric and Manfred D. Muenter (May 2001). “Frequency of levodopa-related
dyskinesias and motor fluctuations as estimated from the cumulative literature”. In:
Movement Disorders 16.3, pp. 448-458. DOI: 10.1002/mds.1090. URL:
http://dx.doi.org/10.1002/mds.1090.

Anderson, John P. et al. (Oct. 2006). “Phosphorylation of Ser-129 Is the Dominant
Pathological Modification of ?-Synuclein in Familial and Sporadic Lewy Body
Disease”. In: Journal of Biological Chemistry 281.40, pp. 29739-29752. DOI:
10.1074/3jbc.m600933200. URL: http://dx.doi.org/10.1074/jbc.M600933200.

Andrews, S. (2010). FASTQC. A quality control tool for high throughput sequence data.

Angelova, Plamena R. et al. (Jan. 1, 2016). “Calcium is a key factor in ?-synuclein
induced neurotoxicity”. In: Journal of Cell Science. DOI: 10.1242/jcs.180737. URL:
http://dx.doi.org/10.1242/jcs.180737.

Anwar, S. et al. (May 18, 2011). “Functional Alterations to the Nigrostriatal System in
Mice Lacking All Three Members of the Synuclein Family”. In: Journal of
Neuroscience 31.20, pp. 7264-7274. DOI: 10.1523/jneurosci.6194-10.2011. URL:
http://dx.doi.org/10.1523/jneurosci.6194-10.2011.

Apara, Akintomide et al. (Sept. 4, 2017). “KLF9 and JNK3 Interact to Suppress Axon
Regeneration in the Adult CNS”. In: The Journal of Neuroscience 37.40,
pp- 9632-9644. pDo1: 10.1523/ jneurosci.0643-16.2017. URL:
http://dx.doi.org/10.1523/INEUROSCI . 0643-16.2017.

Appel-Cresswell, Silke et al. (Mar. 1, 2013). “Alpha-synuclein p.H50Q, a novel
pathogenic mutation for Parkinson’s disease”. In: Movement Disorders 28.6,
pp- 811-813. DOI: 10.1002/mds.25421. URL:
http://dx.doi.org/10.1002/mds.25421.

173


https://doi.org/10.1002/ana.10675
http://dx.doi.org/10.1002/ana.10675
https://doi.org/10.1007/978-1-4939-7015-5_15
http://dx.doi.org/10.1007/978-1-4939-7015-5_15
https://doi.org/10.1038/s41467-020-17876-0
http://dx.doi.org/10.1038/s41467-020-17876-0
https://doi.org/10.3389/fnmol.2021.699562
http://dx.doi.org/10.3389/fnmol.2021.699562
https://doi.org/10.1002/mds.1090
http://dx.doi.org/10.1002/mds.1090
https://doi.org/10.1074/jbc.m600933200
http://dx.doi.org/10.1074/jbc.M600933200
https://doi.org/10.1242/jcs.180737
http://dx.doi.org/10.1242/jcs.180737
https://doi.org/10.1523/jneurosci.6194-10.2011
http://dx.doi.org/10.1523/jneurosci.6194-10.2011
https://doi.org/10.1523/jneurosci.0643-16.2017
http://dx.doi.org/10.1523/JNEUROSCI.0643-16.2017
https://doi.org/10.1002/mds.25421
http://dx.doi.org/10.1002/mds.25421

References

Béackman, Cristina M. et al. (July 24, 2006). “Characterization of a mouse strain
expressing Cre recombinase from the 3’ untranslated region of the dopamine
transporter locus”. In: genesis 44.8, pp. 383-390. DOI: 10.1002/dvg.20228. URL:
http://dx.doi.org/10.1002/dvg.20228.

Baksi, Shounak and Neena Singh (Oct. 9, 2017). “?-Synuclein impairs ferritinophagy in
the retinal pigment epithelium: Implications for retinal iron dyshomeostasis in
Parkinsons disease”. In: Scientific Reports 7.1. DOI: 10.1038/s41598-017-12862-x.
URL: http://dx.doi.org/10.1038/s41598-017-12862-x.

Bartels, Tim, Joanna G. Choi, and Dennis J. Selkoe (Aug. 14, 2011). “?-Synuclein
occurs physiologically as a helically folded tetramer that resists aggregation”. In:
Nature 477.7362, pp. 107-110. DOI: 10.1038/nature10324. URL:
http://dx.doi.org/10.1038/naturel10324.

Beirowski, B. et al. (Jan. 21, 2009). “Non-Nuclear W1dS Determines Its
Neuroprotective Efficacy for Axons and Synapses In Vivo”. In: Journal of
Neuroscience 29.3, pp. 653-668. DOI: 10.1523/jneurosci.3814-08.2009. URL:
http://dx.doi.org/10.1523/JNEUROSCI.3814-08.2009.

Benabid, Alim L., Abdelhamid Benazzous, and Pierre Pollak (Mar. 2002). “Mechanisms
of deep brain stimulation”. In: Movement Disorders 17.53, S7T3-S74. DOI:
10.1002/mds.10145. URL: http://dx.doi.org/10.1002/mds.10145.

Berge, Koen Van Den (2017). “stageR”. In: DOI: 10.18129/B9.BIOC.STAGER. URL:
https://bioconductor.org/packages/stageR.

Betarbet, Ranjita et al. (Dec. 2000). “Chronic systemic pesticide exposure reproduces
features of Parkinson’s disease”. In: Nature Neuroscience 3.12, pp. 1301-1306. DOI:
10.1038/81834. URL: http://dx.doi.org/10.1038/81834.

Blevins, William R. et al. (July 29, 2019). “Extensive post-transcriptional buffering of
gene expression in the response to severe oxidative stress in bakers yeast”. In:
Scientific Reports 9.1. DOI: 10.1038/s41598-019-47424-w. URL:
http://dx.doi.org/10.1038/s41598-019-47424-w.

Bobela, Wojciech et al. (Nov. 3, 2017). “Modulating the catalytic activity of AMPK has
neuroprotective effects against 7-synuclein toxicity”. In: Molecular
Neurodegeneration 12.1. DOI: 10.1186/s13024-017-0220-%. URL:
http://dx.doi.org/10.1186/513024-017-0220-x.

Bonifdcio, Maria Jodo et al. (Sept. 2007). “Catechol-O-methyltransferase and Its
Inhibitors in Parkinson’s Disease”. In: CNS Drug Reviews 13.3, pp. 352-379. DOI:
10.1111/3j.15627-3458.2007.00020.x. URL:
http://dx.doi.org/10.1111/j.1527-3458.2007.00020.x.

Braak, Heiko et al. (Mar. 2003). “Staging of brain pathology related to sporadic
Parkinsons disease”. In: Neurobiology of Aging 24.2, pp. 197-211. DOT:
10.1016/s0197-4580(02) 00065-9. URL:
http://dx.doi.org/10.1016/s0197-4580(02)00065-9.

Bray, Nicolas L et al. (May 2016). “Near-Optimal Probabilistic RNA-Seq
Quantification”. In: Nature Biotechnology 34.5, pp. 525-527. DOI:
10.1038/nbt.3519.

Breit, Sorin, J?rg B. Schulz, and Alim-Louis Benabid (Aug. 19, 2004). “Deep brain
stimulation”. In: Cell and Tissue Research 318.1, pp. 275-288. DOIL:
10.1007/s00441-004-0936-0. URL:
http://dx.doi.org/10.1007/500441-004-0936-0.

174


https://doi.org/10.1002/dvg.20228
http://dx.doi.org/10.1002/dvg.20228
https://doi.org/10.1038/s41598-017-12862-x
http://dx.doi.org/10.1038/s41598-017-12862-x
https://doi.org/10.1038/nature10324
http://dx.doi.org/10.1038/nature10324
https://doi.org/10.1523/jneurosci.3814-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.3814-08.2009
https://doi.org/10.1002/mds.10145
http://dx.doi.org/10.1002/mds.10145
https://doi.org/10.18129/B9.BIOC.STAGER
https://bioconductor.org/packages/stageR
https://doi.org/10.1038/81834
http://dx.doi.org/10.1038/81834
https://doi.org/10.1038/s41598-019-47424-w
http://dx.doi.org/10.1038/s41598-019-47424-w
https://doi.org/10.1186/s13024-017-0220-x
http://dx.doi.org/10.1186/s13024-017-0220-x
https://doi.org/10.1111/j.1527-3458.2007.00020.x
http://dx.doi.org/10.1111/j.1527-3458.2007.00020.x
https://doi.org/10.1016/s0197-4580(02)00065-9
http://dx.doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1007/s00441-004-0936-0
http://dx.doi.org/10.1007/s00441-004-0936-0

References

Brichta, Lars and Paul Greengard (Dec. 15, 2014). “Molecular determinants of selective
dopaminergic vulnerability in Parkinsond€™s disease: an update”. In: Frontiers in
Neuroanatomy 8. DOI: 10.3389/fnana.2014.00152. URL:
http://dx.doi.org/10.3389/fnana.2014.00152.

Brichta, Lars, William Shin, et al. (Sept. 2015). “Identification of Neurodegenerative
Factors Using Translatome-Regulatory Network Analysis”. eng. In: Nature
Neuroscience 18.9, pp. 1325-1333. DOI: 10.1038/nn.4070.

Brunet, Isabelle, Ariel A. Di Nardo, et al. (June 2007). “The topological role of
homeoproteins in the developing central nervous system”. In: Trends in
Neurosciences 30.6, pp. 260-267. DOI: 10.1016/j.tins.2007.03.010. URL:
http://dx.doi.org/10.1016/j.tins.2007.03.010.

Brunet, Isabelle, Christine Weinl, et al. (Nov. 2005). “The transcription factor
Engrailed-2 guides retinal axons”. In: Nature 438.7064, pp. 94-98. DOTI:
10.1038/nature04110. URL: http://dx.doi.org/10.1038/nature04110.

Bryois, Julien et al. (Apr. 27, 2020). “Genetic identification of cell types underlying
brain complex traits yields insights into the etiology of Parkinsons disease”. In:
Nature Genetics 52.5, pp. 482-493. DOI: 10.1038/s41588-020-0610-9. URL:
http://dx.doi.org/10.1038/s41588-020-0610-9.

Burke, Robert E. and Karen O’Malley (Aug. 2013). “Axon degeneration in Parkinson’s
disease”. In: Ezxperimental Neurology 246, pp. 72—-83. DOI:

10.1016/j .expneurol.2012.01.011. URL:
http://dx.doi.org/10.1016/j.expneurol.2012.01.011.

Burre, J. et al. (Aug. 26, 2010). “4-Synuclein Promotes SNARE-Complex Assembly in
Vivo and in Vitro”. In: Science 329.5999, pp. 1663-1667. DOLI:
10.1126/science.1195227. URL: http://dx.doi.org/10.1126/science.1195227.

Burré, Jacqueline, Manu Sharma, and Thomas C. Siidhof (Sept. 22, 2014). “?-Synuclein
assembles into higher-order multimers upon membrane binding to promote SNARE
complex formation”. In: Proceedings of the National Academy of Sciences 111.40,
E4274-FE4283. pOI: 10.1073/pnas. 1416598111, URL:
http://dx.doi.org/10.1073/pnas.1416598111.

Bussell, R. (Mar. 1, 2005). “Helix periodicity, topology, and dynamics of
membrane-associated a-Synuclein”. In: Protein Science 14.4, pp. 862-872. DOTI:
10.1110/ps.041255905. URL: http://dx.doi.org/10.1110/ps.041255905

Bussell, Robert and David Eliezer (June 2003). “A Structural and Functional Role for
11-mer Repeats in ?-Synuclein and Other Exchangeable Lipid Binding Proteins”. In:
Journal of Molecular Biology 329.4, pp. 763-778. DOLI:
10.1016/s0022-2836 (03) 00520-5. URL:
http://dx.doi.org/10.1016/s0022-2836(03) 00520-5.

Caiazza, Maria Claudia, Charmaine Lang, and Richard Wade-Martins (2020). “What
we can learn from iPSC-derived cellular models of Parkinson’s disease”. In: Elsevier,
pp- 3-25. DOI: 10.1016/bs.pbr.2019.11.002. URL:
http://dx.doi.org/10.1016/bs.pbr.2019.11.002.

Cappelletti, Graziella, M. Grazia Maggioni, and Rosalba Maci (Mar. 30, 1999a).
“Influence of MPP+ on the state of tubulin polymerisation in NGF-differentiated
PC12 cells”. In: Journal of Neuroscience Research 56.1, pp. 28-35. DOTI:
10.1002/(sici)1097-4547(19990401)56:1<28: :aid-jnr4>3.0.co0;2-2. URL:
http://dx.doi.org/10.1002/(SICI)1097-4547(19990401)56:1%3C28: :AID-
JNR4Y3E3.0.C0;2-2.

175


https://doi.org/10.3389/fnana.2014.00152
http://dx.doi.org/10.3389/fnana.2014.00152
https://doi.org/10.1038/nn.4070
https://doi.org/10.1016/j.tins.2007.03.010
http://dx.doi.org/10.1016/j.tins.2007.03.010
https://doi.org/10.1038/nature04110
http://dx.doi.org/10.1038/nature04110
https://doi.org/10.1038/s41588-020-0610-9
http://dx.doi.org/10.1038/s41588-020-0610-9
https://doi.org/10.1016/j.expneurol.2012.01.011
http://dx.doi.org/10.1016/j.expneurol.2012.01.011
https://doi.org/10.1126/science.1195227
http://dx.doi.org/10.1126/science.1195227
https://doi.org/10.1073/pnas.1416598111
http://dx.doi.org/10.1073/pnas.1416598111
https://doi.org/10.1110/ps.041255905
http://dx.doi.org/10.1110/ps.041255905
https://doi.org/10.1016/s0022-2836(03)00520-5
http://dx.doi.org/10.1016/s0022-2836(03)00520-5
https://doi.org/10.1016/bs.pbr.2019.11.002
http://dx.doi.org/10.1016/bs.pbr.2019.11.002
http://dx.doi.org/10.1002/(SICI)1097-4547(19990401)56:1%3C28::AID-JNR4%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1097-4547(19990401)56:1%3C28::AID-JNR4%3E3.0.CO;2-2

References

Cappelletti, Graziella, M. Grazia Maggioni, and Rosalba Maci (Mar. 30, 1999b).
“Influence of MPP+ on the state of tubulin polymerisation in NGF-differentiated
PC12 cells”. In: Journal of Neuroscience Research 56.1, pp. 28-35. DOTI:
10.1002/(sici)1097-4547(19990401)56:1<28: :aid-jnr4>3.0.co0;2-2. URL:
http://dx.doi.org/10.1002/(SICI)1097-4547(19990401)56:1%3C28: :AID-
JNR4%3E3.0.C0;2-2.

Cartelli, Daniele et al. (Aug. 19, 2010). “Microtubule dysfunction precedes transport
impairment and mitochondria damage in MPP+-induced neurodegeneration”. In:
Journal of Neurochemistry 115.1, pp. 247-258. DOI:
10.1111/5.1471-4159.2010.06924 .x. URL:
http://dx.doi.org/10.1111/5.1471-4159.2010.06924 . x.

Carvey, Paul M., Ashok Punati, and Mary B. Newman (Mar. 2006). “Progressive
Dopamine Neuron Loss in Parkinson’s Disease: The Multiple Hit Hypothesis”. In:
Cell Transplantation 15.3, pp. 239-250. DOI: 10.3727/000000006783981990. URL:
http://dx.doi.org/10.3727/000000006783981990.

Caudle, W. Michael et al. (July 2009). “A role for a novel protein, nucleolin, in
Parkinson’s disease”. In: Neuroscience Letters 459.1, pp. 11-15. DOI:
10.1016/j.neulet.2009.04.060. URL:
http://dx.doi.org/10.1016/j.neulet.2009.04.060.

Chakrabarty, Koushik et al. (May 17, 2012). “Genome wide expression profiling of the
mesodiencephalic region identifies novel factors involved in early and late
dopaminergic development”. In: Biology Open 1.8, pp. 693-704. DOI:
10.1242/bi0.20121230. URL: http://dx.doi.org/10.1242/bio.20121230.

Chang, Diana et al. (Sept. 11, 2017). “A meta-analysis of genome-wide association
studies identifies 17 new Parkinson’s disease risk loci”. In: Nature Genetics 49.10,
pp- 1511-1516. DOT: 10.1038/ng.3955. URL:
http://dx.doi.org/10.1038/ng.39565.

Chartier-Harlin, Marie-Christine et al. (Sept. 2004). “?-synuclein locus duplication as a
cause of familial Parkinson’s disease”. In: The Lancet 364.9440, pp. 1167-1169. DOI:
10.1016/s0140-6736(04)17103-1. URL:
http://dx.doi.org/10.1016/S0140-6736(04)17103-1.

Chaturvedi, Rajnish K. and M. Flint Beal (Dec. 8, 2008). “Mitochondrial Approaches
for Neuroprotection”. In: Annals of the New York Academy of Sciences 1147.1,
pp- 395-412. DOI: 10.1196/annals.1427.027. URL:
http://dx.doi.org/10.1196/annals.1427.027.

Chaudhuri, K Ray, Daniel G Healy, and Anthony HV Schapira (Mar. 2006).
“Non-motor symptoms of Parkinson’s disease: diagnosis and management”. In: The
Lancet Neurology 5.3, pp. 235—245. DOI: 10.1016/s1474-4422(06)70373-8. URL:
http://dx.doi.org/10.1016/S1474-4422(06)70373-8.

Checkoway, H. et al. (Apr. 15, 2002). “Parkinson’s Disease Risks Associated with
Cigarette Smoking, Alcohol Consumption, and Caffeine Intake”. In: American
Journal of Epidemiology 155.8, pp. 732—738. DOI: 10.1093/aje/155.8.732. URL:
http://dx.doi.org/10.1093/aje/1565.8.732.

Chen, H. and D. C. Chan (Oct. 6, 2009). “Mitochondrial dynamics-fusion, fission,
movement, and mitophagy-in neurodegenerative diseases”. In: Human Molecular
Genetics 18.R2, R169-R176. DOI: 10.1093/hmg/ddp326. URL:
http://dx.doi.org/10.1093/hmg/ddp326.

176


http://dx.doi.org/10.1002/(SICI)1097-4547(19990401)56:1%3C28::AID-JNR4%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1097-4547(19990401)56:1%3C28::AID-JNR4%3E3.0.CO;2-2
https://doi.org/10.1111/j.1471-4159.2010.06924.x
http://dx.doi.org/10.1111/j.1471-4159.2010.06924.x
https://doi.org/10.3727/000000006783981990
http://dx.doi.org/10.3727/000000006783981990
https://doi.org/10.1016/j.neulet.2009.04.060
http://dx.doi.org/10.1016/j.neulet.2009.04.060
https://doi.org/10.1242/bio.20121230
http://dx.doi.org/10.1242/bio.20121230
https://doi.org/10.1038/ng.3955
http://dx.doi.org/10.1038/ng.3955
https://doi.org/10.1016/s0140-6736(04)17103-1
http://dx.doi.org/10.1016/S0140-6736(04)17103-1
https://doi.org/10.1196/annals.1427.027
http://dx.doi.org/10.1196/annals.1427.027
https://doi.org/10.1016/s1474-4422(06)70373-8
http://dx.doi.org/10.1016/S1474-4422(06)70373-8
https://doi.org/10.1093/aje/155.8.732
http://dx.doi.org/10.1093/aje/155.8.732
https://doi.org/10.1093/hmg/ddp326
http://dx.doi.org/10.1093/hmg/ddp326

References

Chia, Ruth et al. (Dec. 2014). “Phosphorylation of LRRK2 by casein kinase 17
regulates trans-Golgi clustering via differential interaction with ARHGEF7”. In:
Nature Communications 5.1. DOI: 10.1038/ncomms6827. URL:
http://dx.doi.org/10.1038/ncomms6827.

Choi, B.-K., M.-G. Choi, et al. (Feb. 19, 2013). “Large a-synuclein oligomers inhibit
neuronal SNARE-mediated vesicle docking”. In: Proceedings of the National
Academy of Sciences 110.10, pp. 4087—4092. pDoI1: 10.1073/pnas.1218424110. URL:
http://dx.doi.org/10.1073/pnas.1218424110.

Choi, Won-Seok, Glen Abel, et al. (May 2010). “JNK3 Mediates Paraquat- and
Rotenone-Induced Dopaminergic Neuron Death”. In: Journal of Neuropathology &
FEzxperimental Neurology 69.5, pp. 511-520. DOI: 10.1097/nen.0b013e3181db8100.
URL: http://dx.doi.org/10.1097/NEN.0b013e3181db8100.

Chung, Chee Yeun et al. (July 2005). “Cell Type-Specific Gene Expression of Midbrain
Dopaminergic Neurons Reveals Molecules Involved in Their Vulnerability and
Protection”. In: Human molecular genetics 14.13, pp. 1709-1725. DOTI:
10.1093/hmg/ddi178.

Clarke, Laura E. et al. (Feb. 7, 2018). “Normal aging induces Al-like astrocyte
reactivity”. In: Proceedings of the National Academy of Sciences 115.8,
E1896-E1905. DOI: 10.1073/pnas. 1800165115, URL:
http://dx.doi.org/10.1073/pnas.1800165115.

Cole, Nelson B. et al. (June 2008). “Mitochondrial translocation of ?-synuclein is
promoted by intracellular acidification”. In: Experimental Cell Research 314.10,
pp. 2076-2089. DOI: 10.1016/j.yexcr.2008.03.012. URL:
http://dx.doi.org/10.1016/j.yexcr.2008.03.012.

Coleman, M (Oct. 1, 2002). “Axon pathology in neurological disease: a neglected
therapeutic target”. In: Trends in Neurosciences 25.10, pp. 532-537. DOI:
10.1016/s0166-2236 (02) 02255-5. URL:
http://dx.doi.org/10.1016/s0166-2236(02) 02255-5.

Coleman, Michael P. and Marc R. Freeman (June 2010). “Wallerian Degeneration,
WIdS, and Nmnat”. In: Annual Review of Neuroscience 33.1, pp. 245-267. DOIL:
10.1146/annurev-neuro-060909-153248. URL:
http://dx.doi.org/10.1146/annurev-neuro-060909-153248.

Coleman, Michael P. and Ahmet Hoke (Mar. 9, 2020). “Programmed axon degeneration:
from mouse to mechanism to medicine”. In: Nature Reviews Neuroscience 21.4,
pp- 183-196. DOI: 10.1038/s41583-020-0269-3. URL:
http://dx.doi.org/10.1038/s41583-020-0269-3.

Colla, E. et al. (Mar. 7, 2012). “Accumulation of Toxic &-Synuclein Oligomer within
Endoplasmic Reticulum Occurs in a-Synucleinopathy In Vivo”. In: Journal of
Neuroscience 32.10, pp. 3301-3305. DOI: 10.1523/jneurosci.5368-11.2012. URL:
http://dx.doi.org/10.1523/JNEUROSCI.5368-11.2012.

Collier, Timothy J., Nicholas M. Kanaan, and Jeffrey H. Kordower (May 18, 2011).
“Ageing as a primary risk factor for Parkinson’s disease: evidence from studies of
non-human primates”. In: Nature Reviews Neuroscience 12.6, pp. 359-366. DOI:
10.1038/nrn3039. URL: http://dx.doi.org/10.1038/nrn3039.

Colosimo, C (July 1, 2003). “Lewy body cortical involvement may not always predict
dementia in Parkinson’s disease”. In: Journal of Neurology, Neurosurgery &
Psychiatry 74.7, pp. 852-856. DOI: 10.1136/jnnp.74.7.852. URL:
http://dx.doi.org/10.1136/jnnp.74.7.852.

177


https://doi.org/10.1038/ncomms6827
http://dx.doi.org/10.1038/ncomms6827
https://doi.org/10.1073/pnas.1218424110
http://dx.doi.org/10.1073/pnas.1218424110
https://doi.org/10.1097/nen.0b013e3181db8100
http://dx.doi.org/10.1097/NEN.0b013e3181db8100
https://doi.org/10.1093/hmg/ddi178
https://doi.org/10.1073/pnas.1800165115
http://dx.doi.org/10.1073/pnas.1800165115
https://doi.org/10.1016/j.yexcr.2008.03.012
http://dx.doi.org/10.1016/j.yexcr.2008.03.012
https://doi.org/10.1016/s0166-2236(02)02255-5
http://dx.doi.org/10.1016/s0166-2236(02)02255-5
https://doi.org/10.1146/annurev-neuro-060909-153248
http://dx.doi.org/10.1146/annurev-neuro-060909-153248
https://doi.org/10.1038/s41583-020-0269-3
http://dx.doi.org/10.1038/s41583-020-0269-3
https://doi.org/10.1523/jneurosci.5368-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.5368-11.2012
https://doi.org/10.1038/nrn3039
http://dx.doi.org/10.1038/nrn3039
https://doi.org/10.1136/jnnp.74.7.852
http://dx.doi.org/10.1136/jnnp.74.7.852

References

Conforti, Laura, Jonathan Gilley, and Michael P. Coleman (May 20, 2014). “Wallerian
degeneration: an emerging axon death pathway linking injury and disease”. In:
Nature Reviews Neuroscience 15.6, pp. 394-409. DOI: 10.1038/nrn3680. URL:
http://dx.doi.org/10.1038/nrn3680.

Costa, Joao et al. (Apr. 14, 2010). “Caffeine Exposure and the Risk of Parkinson’s
Disease: A Systematic Review and Meta-Analysis of Observational Studiess”. In:
Journal of Alzheimer’s Disease 20.s1, S221-5238. DOI: 10.3233/JAD-2010-091525.
URL: https://doi.org/10.3233/JAD-2010-091525.

Cragg, Stephanie J. (Mar. 2006). “Meaningful silences: how dopamine listens to the
ACh pause”. In: Trends in Neurosciences 29.3, pp. 125-131. DOI:
10.1016/j.tins.2006.01.003. URL:
http://dx.doi.org/10.1016/j.tins.2006.01.003.

Curry, Daniel W. et al. (June 13, 2018). “Targeting AMPK Signaling as a
Neuroprotective Strategy in Parkinsons Disease”. In: Journal of Parkinson’s Disease
8.2, pp. 161-181. po1: 10.3233/JPD-171296. URL:
https://doi.org/10.3233/JPD-171296.

Damier, P. et al. (Aug. 1999). “The substantia nigra of the human brain”. In: Brain
122.8, pp. 1437-1448. DOIL: 10.1093/brain/122.8.1437. URL:
http://dx.doi.org/10.1093/brain/122.8.1437.

Danzer, K. M. et al. (Aug. 22, 2007). “Different Species of a-Synuclein Oligomers
Induce Calcium Influx and Seeding”. In: Journal of Neuroscience 27.34,
pp- 9220-9232. poOI: 10.1523/jneurosci.2617-07.2007. URL:
http://dx.doi.org/10.1523/INEUROSCI . 2617-07.2007.

Dardiotis, Efthimios et al. (May 2013). “The interplay between environmental and
genetic factors in Parkinson’s disease susceptibility: The evidence for pesticides”. In:
Tozxicology 307, pp. 17-23. pOI: 10.1016/j.tox.2012.12.016. URL:
http://dx.doi.org/10.1016/j.tox.2012.12.016.

Davidson, W. Sean et al. (Apr. 1998). “Stabilization of ?-Synuclein Secondary Structure
upon Binding to Synthetic Membranes”. In: Journal of Biological Chemistry 273.16,
pp- 9443-9449. DOI: 10.1074/jbc.273.16.9443. URL:
http://dx.doi.org/10.1074/jbc.273.16.9443.

de la Fuente-Fernandez, Ratl et al. (Jan. 18, 2011). “Age-specific progression of
nigrostriatal dysfunction in Parkinson’s disease”. In: Annals of Neurology 69.5,
pp- 803-810. DOI: 10.1002/ana.22284. URL:
http://dx.doi.org/10.1002/ana.22284.

de Lau, Lonneke ML and Monique MB Breteler (June 2006). “Epidemiology of
Parkinson’s disease”. In: The Lancet Neurology 5.6, pp. 525-535. DOI:
10.1016/s1474-4422(06)70471-9. URL:
http://dx.doi.org/10.1016/S1474-4422(06)70471-9.

de Sousa Abreu, Raquel et al. (2009). “Global signatures of protein and mRNA
expression levels”. In: Molecular BioSystems. DOI: 10.1039/908315d. URL:
http://dx.doi.org/10.1039/b908315d.

de Yebra, Lluisa et al. (Sept. 14, 2004). “Reduced KIAA0471 mRNA expression in
Alzheimer’s patients: a new candidate gene product linked to the disease?” In:
Human Molecular Genetics 13.21, pp. 2607-2612. DOI: 10.1093/hmg/ddh293. URL:
http://dx.doi.org/10.1093/hmg/ddh293.

Depaz, Iris M. and Peter A. Wilce (Apr. 2006). “The novel cytoskeleton-associated
protein Neuronal protein 22: Elevated expression in the developing rat brain”. In:

178


https://doi.org/10.1038/nrn3680
http://dx.doi.org/10.1038/nrn3680
https://doi.org/10.3233/JAD-2010-091525
https://doi.org/10.3233/JAD-2010-091525
https://doi.org/10.1016/j.tins.2006.01.003
http://dx.doi.org/10.1016/j.tins.2006.01.003
https://doi.org/10.3233/JPD-171296
https://doi.org/10.3233/JPD-171296
https://doi.org/10.1093/brain/122.8.1437
http://dx.doi.org/10.1093/brain/122.8.1437
https://doi.org/10.1523/jneurosci.2617-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.2617-07.2007
https://doi.org/10.1016/j.tox.2012.12.016
http://dx.doi.org/10.1016/j.tox.2012.12.016
https://doi.org/10.1074/jbc.273.16.9443
http://dx.doi.org/10.1074/jbc.273.16.9443
https://doi.org/10.1002/ana.22284
http://dx.doi.org/10.1002/ana.22284
https://doi.org/10.1016/s1474-4422(06)70471-9
http://dx.doi.org/10.1016/S1474-4422(06)70471-9
https://doi.org/10.1039/b908315d
http://dx.doi.org/10.1039/b908315d
https://doi.org/10.1093/hmg/ddh293
http://dx.doi.org/10.1093/hmg/ddh293

References

Brain Research 1081.1, pp. 59-64. DOI: 10.1016/j.brainres.2006.01.126. URL:
http://dx.doi.org/10.1016/j.brainres.2006.01.126.

Devi, Latha et al. (Apr. 2008). “Mitochondrial Import and Accumulation of ?-Synuclein
Impair Complex I in Human Dopaminergic Neuronal Cultures and Parkinson
Disease Brain”. In: Journal of Biological Chemistry 283.14, pp. 9089-9100. DOTI:
10.1074/jbc.m710012200. URL: http://dx.doi.org/10.1074/jbc.m710012200.

Di Maio, Roberto et al. (June 8, 2016). “?-Synuclein binds to TOM20 and inhibits
mitochondrial protein import in Parkinsons disease”. In: Science Translational
Medicine 8.342, 342ra78-342ra78. DOI: 10.1126/scitranslmed.aaf3634. URL:
http://dx.doi.org/10.1126/scitranslmed.aaf3634.

Di Scala, Coralie et al. (June 29, 2016). “Common molecular mechanism of amyloid pore
formation by Alzheimers ?-amyloid peptide and 7-synuclein”. In: Scientific Reports
6.1. DoI: 10.1038/srep28781. URL: http://dx.doi.org/10.1038/srep28781.

Dickson, Dennis W et al. (Dec. 2009). “Neuropathological assessment of Parkinson’s
disease: refining the diagnostic criteria”. In: The Lancet Neurology 8.12,
pp- 1150-1157. DOI: 10.1016/s1474-4422(09)70238-8. URL:
http://dx.doi.org/10.1016/S1474-4422(09)70238-8.

Dijkstra, Anke A. et al. (July 3, 2014). “Stage-dependent nigral neuronal loss in
incidental Lewy body and Parkinson’s disease”. In: Movement Disorders 29.10,
pp. 1244-1251. DOI: 10.1002/mds.25952. URL:
http://dx.doi.org/10.1002/mds.25952.

Dobin, Alexander et al. (Jan. 2013). “STAR: Ultrafast Universal RNA-Seq Aligner”. In:
Bioinformatics 29.1, pp. 15-21. DOI: 10.1093/bioinformatics/bts635.

Doherty, Karen M. et al. (May 1, 2013). “Parkin Disease”. In: JAMA Neurology 70.5,
p. 571. DOI: 10.1001/jamaneurol.2013.172. URL:
http://dx.doi.org/10.1001/jamaneurol.2013.172.

Dorsey, E. Ray and Bastiaan R. Bloem (Jan. 1, 2018). “The Parkinson PandemicA Call
to Action”. In: JAMA Neurology 75.1, p. 9. DOI: 10.1001/jamaneurol.2017.3299.
URL: http://dx.doi.org/10.1001/jamaneurol.2017.3299.

Dorsey, E. Ray, Alexis Elbaz, et al. (Nov. 2018). “Global, regional, and national burden
of Parkinson’s disease, 19902016: a systematic analysis for the Global Burden of
Disease Study 2016”. In: The Lancet Neurology 17.11, pp. 939-953. DOI:
10.1016/s1474-4422(18)30295-3. URL:
http://dx.doi.org/10.1016/S1474-4422(18)30295-3.

Dostrovsky, Jonathan O. and Andres M. Lozano (Mar. 2002). “Mechanisms of deep
brain stimulation”. In: Movement Disorders 17.53, S63—S68. DOTI:
10.1002/mds.10143. URL: http://dx.doi.org/10.1002/mds.10143.

Dougherty, Joseph D., Elena I. Fomchenko, et al. (Sept. 2012). “Candidate Pathways
for Promoting Differentiation or Quiescence of Oligodendrocyte Progenitor-like
Cells in Glioma”. eng. In: Cancer Research 72.18, pp. 4856—4868. DOI:
10.1158/0008-5472.CAN-11-2632.

Dougherty, Joseph D., Susan E. Maloney, et al. (Feb. 2013). “The Disruption of Celf6,
a Gene Identified by Translational Profiling of Serotonergic Neurons, Results in
Autism-Related Behaviors”. eng. In: The Journal of Neuroscience: The Official
Journal of the Society for Neuroscience 33.7, pp. 2732-2753. DOTI:
10.1523/JNEUROSCI.4762-12.2013.

Dougherty, Joseph D., Eric F. Schmidt, et al. (Mar. 20, 2010). “Analytical approaches
to RNA profiling data for the identification of genes enriched in specific cells”. In:

179


https://doi.org/10.1016/j.brainres.2006.01.126
http://dx.doi.org/10.1016/j.brainres.2006.01.126
https://doi.org/10.1074/jbc.m710012200
http://dx.doi.org/10.1074/jbc.m710012200
https://doi.org/10.1126/scitranslmed.aaf3634
http://dx.doi.org/10.1126/scitranslmed.aaf3634
https://doi.org/10.1038/srep28781
http://dx.doi.org/10.1038/srep28781
https://doi.org/10.1016/s1474-4422(09)70238-8
http://dx.doi.org/10.1016/S1474-4422(09)70238-8
https://doi.org/10.1002/mds.25952
http://dx.doi.org/10.1002/mds.25952
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1001/jamaneurol.2013.172
http://dx.doi.org/10.1001/jamaneurol.2013.172
https://doi.org/10.1001/jamaneurol.2017.3299
http://dx.doi.org/10.1001/jamaneurol.2017.3299
https://doi.org/10.1016/s1474-4422(18)30295-3
http://dx.doi.org/10.1016/S1474-4422(18)30295-3
https://doi.org/10.1002/mds.10143
http://dx.doi.org/10.1002/mds.10143
https://doi.org/10.1158/0008-5472.CAN-11-2632
https://doi.org/10.1523/JNEUROSCI.4762-12.2013

References

Nucleic Acids Research 38.13, pp. 4218-4230. pOI: 10.1093/nar/gkq130. URL:
http://dx.doi.org/10.1093/nar/gkq130.

Doyle, Joseph P. et al. (Nov. 2008). “Application of a Translational Profiling Approach
for the Comparative Analysis of CNS Cell Types”. eng. In: Cell 135.4, pp. 749-762.
DOI: 10.1016/j.cell.2008.10.029.

Duo, Angelo, Mark D. Robinson, and Charlotte Soneson (Nov. 16, 2020). “A systematic
performance evaluation of clustering methods for single-cell RNA-seq data”. In:
F1000Research 7, p. 1141. DoI: 10.12688/f1000research.15666.3. URL:
http://dx.doi.org/10.12688/f1000research.15666.3.

Egger, Margot et al. (May 15, 2007). “Hypoxia up-regulates the angiogenic cytokine
secretoneurin via an HIF-17- and basic FGF-dependent pathway in muscle cells”. In:
The FASEB Journal 21.11, pp. 2906-2917. DOI: 10.1096/£j.06-7440com. URL:
http://dx.doi.org/10.1096/fj.06-7440com.

Eisinger, Robert S. et al. (Feb. 2019). “A review of basal ganglia circuits and
physiology: Application to deep brain stimulation”. In: Parkinsonism & Related
Disorders 59, pp. 9-20. DOI: 10.1016/j.parkreldis.2019.01.009. URL:
http://dx.doi.org/10.1016/j.parkreldis.2019.01.009.

Fahn, Stanley (Dec. 9, 2014). “The medical treatment of Parkinson disease from James
Parkinson to George Cotzias”. In: Movement Disorders 30.1, pp. 4-18. DOL:
10.1002/mds .26102. URL: http://dx.doi.org/10.1002/mds.26102.

Fauvet, Bruno et al. (May 2012). “?-Synuclein in Central Nervous System and from
Erythrocytes, Mammalian Cells, and Escherichia coli Exists Predominantly as
Disordered Monomer*”. In: Journal of Biological Chemistry 287.19,
pp. 15345-15364. DOI: 10.1074/jbc.m111.318949. URL:
http://dx.doi.org/10.1074/jbc.M111.318949.

Fearnley, Julian M and Andrew J Lees (1991). “Ageing and Parkinson’s disease:
substantia nigra regional selectivity”. In: Brain 114.5, pp. 2283-2301.

Feng, Yan et al. (Feb. 23, 2010). “WI1dS, Nmnats and axon degeneration-progress in the
past two decades”. In: Protein € Cell 1.3, pp. 237-245. DOI:
10.1007/s13238-010-0021-2. URL:
http://dx.doi.org/10.1007/s13238-010-0021-2.

Fernagut, Pierre-Olivier and Marie-Frangoise Chesselet (Nov. 2004). “Alpha-synuclein
and transgenic mouse models”. In: Neurobiology of Disease 17.2, pp. 123-130. DOLI:
10.1016/j.nbd.2004.07.001. URL:
http://dx.doi.org/10.1016/j.nbd.2004.07.001.

Fernandez, Hubert H. and Jack J. Chen (May 2007). “Monamine Oxidase Inhibitors”.
In: Clinical Neuropharmacology 30.3, pp. 150-168. DOI:
10.1097/01.wnf.0000240956.49315.be. URL:
http://dx.doi.org/10.1097/01.wnf.0000240956.49315.be.

Fernandez-Gonzalez, A. (Mar. 8, 2002). “Purkinje cell degeneration (pcd) Phenotypes
Caused by Mutations in the Axotomy-Induced Gene, Nnal”. In: Science 295.5561,
pp- 1904-1906. DOI: 10.1126/science.1068912. URL:
http://dx.doi.org/10.1126/science.1068912.

Ferreira, M. and J. Massano (June 8, 2016). “An updated review of Parkinson’s disease
genetics and clinicopathological correlations”. In: Acta Neurologica Scandinavica
135.3, pp. 273-284. DOI: 10.1111/ane.12616. URL:
http://dx.doi.org/10.1111/ane.12616.

180


https://doi.org/10.1093/nar/gkq130
http://dx.doi.org/10.1093/nar/gkq130
https://doi.org/10.1016/j.cell.2008.10.029
https://doi.org/10.12688/f1000research.15666.3
http://dx.doi.org/10.12688/f1000research.15666.3
https://doi.org/10.1096/fj.06-7440com
http://dx.doi.org/10.1096/fj.06-7440com
https://doi.org/10.1016/j.parkreldis.2019.01.009
http://dx.doi.org/10.1016/j.parkreldis.2019.01.009
https://doi.org/10.1002/mds.26102
http://dx.doi.org/10.1002/mds.26102
https://doi.org/10.1074/jbc.m111.318949
http://dx.doi.org/10.1074/jbc.M111.318949
https://doi.org/10.1007/s13238-010-0021-2
http://dx.doi.org/10.1007/s13238-010-0021-2
https://doi.org/10.1016/j.nbd.2004.07.001
http://dx.doi.org/10.1016/j.nbd.2004.07.001
https://doi.org/10.1097/01.wnf.0000240956.49315.be
http://dx.doi.org/10.1097/01.wnf.0000240956.49315.be
https://doi.org/10.1126/science.1068912
http://dx.doi.org/10.1126/science.1068912
https://doi.org/10.1111/ane.12616
http://dx.doi.org/10.1111/ane.12616

References

Fields, Carroll Rutherford, Nora Bengoa-Vergniory, and Richard Wade-Martins (Dec. 5,
2019). “Targeting Alpha-Synuclein as a Therapy for Parkinsons Disease”. In:
Frontiers in Molecular Neuroscience 12. DOI: 10.3389/fnmol.2019.00299. URL:
http://dx.doi.org/10.3389/fnmol.2019.00299.

Finn, John T. et al. (Feb. 15, 2000). “Evidence That Wallerian Degeneration and
Localized Axon Degeneration Induced by Local Neurotrophin Deprivation Do Not
Involve Caspases”. In: The Journal of Neuroscience 20.4, pp. 1333—-1341. DOI:
10.1523/jneurosci.20-04-01333.2000. URL:
http://dx.doi.org/10.1523/INEUROSCI.20-04-01333.2000.

Finucane, Hilary K. et al. (Apr. 2018). “Heritability enrichment of specifically expressed
genes identifies disease-relevant tissues and cell types”. In: Nature Genetics 50.4,
pp. 621-629. DOI: 10.1038/s41588-018-0081-4. URL:
http://dx.doi.org/10.1038/s41588-018-0081-4.

Forno, LS (1987). “The Lewy body in Parkinson’s disease.” In: Advances in neurology
45, pp. 35-43.

Frankish, Adam et al. (Oct. 24, 2018). “GENCODE reference annotation for the human
and mouse genomes”. In: Nucleic Acids Research 47.D1, pp. D766-D773. DOTI:
10.1093/nar/gky955. URL: http://dx.doi.org/10.1093/nar/gky955.

Franzén, Oscar, Li-Ming Gan, and Johan L M Bjorkegren (Jan. 1, 2019). “PanglaoDB:
a web server for exploration of mouse and human single-cell RNA sequencing data”.
In: Database 2019. DOI: 10.1093/database/baz046. URL:
http://dx.doi.org/10.1093/database/baz046.

Frasa, Marieke A. M. et al. (Jan. 18, 2012). “Illuminating the functional and structural
repertoire of human TBC/RABGAPs”. In: Nature Reviews Molecular Cell Biology
13.2, pp. 67-73. DOI: 10.1038/nrm3267. URL:
http://dx.doi.org/10.1038/nrm3267.

Friedman, L. G. et al. (May 30, 2012). “Disrupted Autophagy Leads to Dopaminergic
Axon and Dendrite Degeneration and Promotes Presynaptic Accumulation of
a-Synuclein and LRRK2 in the Brain”. In: Journal of Neuroscience 32.22,
pp- 7585-7593. DOI: 10.1523/ jneurosci.5809-11.2012. URL:
http://dx.doi.org/10.1523/JNEUROSCI.5809-11.2012.

Fu, Ru-Huei et al. (Apr. 2013). “Aberrant Alternative Splicing Events in Parkinson’s
Disease”. In: Cell Transplantation 22.4, pp. 6563-661. DOI:
10.3727/096368912x655154. URL:
http://dx.doi.org/10.3727/096368912X655154.

Fujiwara, Hideo et al. (Jan. 28, 2002). “?-Synuclein is phosphorylated in
synucleinopathy lesions”. In: Nature Cell Biology 4.2, pp. 160-164. DOI:
10.1038/ncb748. URL: http://dx.doi.org/10.1038/ncb748.

Gabriel, S. B. (May 23, 2002). “The Structure of Haplotype Blocks in the Human
Genome”. In: Science 296.5576, pp. 2225-2229. DOI: 10.1126/science.1069424.
URL: http://dx.doi.org/10.1126/science.1069424.

Gaig, C. et al. (June 1, 2007). “G2019S LRRK2 mutation causing Parkinson’s disease
without Lewy bodies”. In: Journal of Neurology, Neurosurgery € Psychiatry 78.6,
pp- 626-628. DOT: 10.1136/ jnnp.2006.107904. URL:
http://dx.doi.org/10.1136/jnnp.2006.107904.

Galloway, PG, P Mulvihill, and G Perry (1992). “Filaments of Lewy bodies contain
insoluble cytoskeletal elements.” In: The American journal of pathology 140.4,

p. 809.

181


https://doi.org/10.3389/fnmol.2019.00299
http://dx.doi.org/10.3389/fnmol.2019.00299
https://doi.org/10.1523/jneurosci.20-04-01333.2000
http://dx.doi.org/10.1523/JNEUROSCI.20-04-01333.2000
https://doi.org/10.1038/s41588-018-0081-4
http://dx.doi.org/10.1038/s41588-018-0081-4
https://doi.org/10.1093/nar/gky955
http://dx.doi.org/10.1093/nar/gky955
https://doi.org/10.1093/database/baz046
http://dx.doi.org/10.1093/database/baz046
https://doi.org/10.1038/nrm3267
http://dx.doi.org/10.1038/nrm3267
https://doi.org/10.1523/jneurosci.5809-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.5809-11.2012
https://doi.org/10.3727/096368912x655154
http://dx.doi.org/10.3727/096368912X655154
https://doi.org/10.1038/ncb748
http://dx.doi.org/10.1038/ncb748
https://doi.org/10.1126/science.1069424
http://dx.doi.org/10.1126/science.1069424
https://doi.org/10.1136/jnnp.2006.107904
http://dx.doi.org/10.1136/jnnp.2006.107904

References

Gamez-Valero, Ana and Katrin Beyer (2018). “Alternative splicing of alpha-and
beta-synuclein genes plays differential roles in synucleinopathies”. In: Genes 9.2,
p. 63.

Gant, J. C. et al. (Feb. 2, 2011). “Disrupting Function of FK506-Binding Protein
1b/12.6 Induces the Ca2+-Dysregulation Aging Phenotype in Hippocampal
Neurons”. In: Journal of Neuroscience 31.5, pp. 1693-1703. DOI:
10.1523/jneurosci.4805-10.2011. URL:
http://dx.doi.org/10.1523/JNEUROSCI.4805-10.2011.

Garcia-Reitbock, Pablo et al. (June 9, 2010). “SNARE protein redistribution and
synaptic failure in a transgenic mouse model of Parkinsons disease”. In: Brain 133.7,
pp- 2032-2044. pot1: 10.1093/brain/awql132. URL:
http://dx.doi.org/10.1093/brain/awql32.

Gelb, Douglas J., Eugene Oliver, and Sid Gilman (Jan. 1, 1999). “Diagnostic Criteria
for Parkinson Disease”. In: Archives of Neurology 56.1, p. 33. DOI:
10.1001/archneur.56.1.33. URL:
http://dx.doi.org/10.1001/archneur.56.1.33.

Gerdts, Josiah et al. (Feb. 2016). “Axon Self-Destruction: New Links among SARMI,
MAPKSs, and NAD+ Metabolism”. In: Neuron 89.3, pp. 449-460. DOLI:

10.1016/j .neuron.2015.12.023. URL:
http://dx.doi.org/10.1016/j.neuron.2015.12.023.

Ghosh, Dhiman et al. (Oct. 10, 2014). “The Newly Discovered Parkinsons Disease
Associated Finnish Mutation (A53E) Attenuates 7-Synuclein Aggregation and
Membrane Binding”. In: Biochemistry 53.41, pp. 6419-6421. DOI:
10.1021/bi5010365. URL: http://dx.doi.org/10.1021/i5010365.

Giasson, Benoit 1., John E. Duda, et al. (May 2002). “Neuronal ?-Synucleinopathy with
Severe Movement Disorder in Mice Expressing A53T Human 7-Synuclein”. In:
Neuron 34.4, pp. 521-533. DOI: 10.1016/s0896-6273(02) 00682-7. URL:
http://dx.doi.org/10.1016/S0896-6273(02)00682-7.

Giasson, Benoit 1., Ross Jakes, et al. (Feb. 15, 2000). “A panel of epitope-specific
antibodies detects protein domains distributed throughout human 7-synuclein in
lewy bodies of Parkinson’s disease”. In: Journal of Neuroscience Research 59.4,
pp. 528-533. DOIL:

10.1002/ (sici)1097-4547(20000215)59:4<528: :aid-jnr8>3.0.co0;2-0. URL:
http://dx.doi.org/10.1002/ (SICI)1097-4547 (20000215)59:4%3C528: : ATD-
JNR8%3E3.0.C0;2-0.

Giasson, Benoit I. and Virginia M.-Y. Lee (Sept. 2001). “Parkin and the Molecular
Pathways of Parkinson’s Disease”. In: Neuron 31.6, pp. 885—-888. DOI:
10.1016/s0896-6273(01)00439-1. URL:
http://dx.doi.org/10.1016/s0896-6273(01)00439-1.

Gibbings, Derrick, Serge Mostowy, and Olivier Voinnet (May 6, 2013). “Autophagy
selectively regulates miRNA homeostasis”. In: Autophagy 9.5, pp. 781-783. DOTI:
10.4161/auto.23694. URL: http://dx.doi.org/10.4161/auto.23694.

Gilbert, Luke A. et al. (Oct. 2014). “Genome-Scale CRISPR-Mediated Control of Gene
Repression and Activation”. In: Cell 159.3, pp. 647-661. DOLI:
10.1016/j.cell.2014.09.029. URL:
http://dx.doi.org/10.1016/j.cell.2014.09.029.

Gilks, William P et al. (Jan. 2005). “A common LRRK2 mutation in idiopathic
Parkinson’s disease”. In: The Lancet 365.9457, pp. 415-416. DOI:

182


https://doi.org/10.1523/jneurosci.4805-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.4805-10.2011
https://doi.org/10.1093/brain/awq132
http://dx.doi.org/10.1093/brain/awq132
https://doi.org/10.1001/archneur.56.1.33
http://dx.doi.org/10.1001/archneur.56.1.33
https://doi.org/10.1016/j.neuron.2015.12.023
http://dx.doi.org/10.1016/j.neuron.2015.12.023
https://doi.org/10.1021/bi5010365
http://dx.doi.org/10.1021/bi5010365
https://doi.org/10.1016/s0896-6273(02)00682-7
http://dx.doi.org/10.1016/S0896-6273(02)00682-7
http://dx.doi.org/10.1002/(SICI)1097-4547(20000215)59:4%3C528::AID-JNR8%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1097-4547(20000215)59:4%3C528::AID-JNR8%3E3.0.CO;2-0
https://doi.org/10.1016/s0896-6273(01)00439-1
http://dx.doi.org/10.1016/s0896-6273(01)00439-1
https://doi.org/10.4161/auto.23694
http://dx.doi.org/10.4161/auto.23694
https://doi.org/10.1016/j.cell.2014.09.029
http://dx.doi.org/10.1016/j.cell.2014.09.029

References

10.1016/s0140-6736(05) 17830-1. URL:
http://dx.doi.org/10.1016/S0140-6736(05)17830-1.

Gilley, Jonathan and Michael P. Coleman (Jan. 26, 2010). “Endogenous Nmnat2 Is an
Essential Survival Factor for Maintenance of Healthy Axons”. In: PLoS Biology 8.1.
Ed. by Ben A. Barres, €1000300. DOI: 10.1371/journal.pbio.1000300. URL:
http://dx.doi.org/10.1371/journal.pbio.1000300.

Gispert, S (Oct. 2003). “Transgenic mice expressing mutant A53T human
alpha-synuclein show neuronal dysfunction in the absence of aggregate formation”.
In: Molecular and Cellular Neuroscience 24.2, pp. 419-429. DOLI:
10.1016/s1044-7431(03)00198-2. URL:
http://dx.doi.org/10.1016/s1044-7431(03)00198-2.

Gloeckner, Christian Johannes et al. (Dec. 1, 2005). “The Parkinson disease causing
LRRK2 mutation 12020T is associated with increased kinase activity”. In: Human
Molecular Genetics 15.2, pp. 223-232. DOI: 10.1093/hmg/ddi439. URL:
http://dx.doi.org/10.1093/hmg/ddi439.

Gokce, Ozgun et al. (July 2016). “Cellular Taxonomy of the Mouse Striatum as
Revealed by Single-Cell RNA-Seq”. In: Cell Reports 16.4, pp. 1126-1137. port:
10.1016/j.celrep.2016.06.059. URL:
http://dx.doi.org/10.1016/j.celrep.2016.06.059.

Goldman, Samuel M. et al. (Mar. 11, 2019). “Concordance for Parkinson’s disease in
twins: A 20-year update”. In: Annals of Neurology 85.4, pp. 600-605. DOT:
10.1002/ana.25441. URL: http://dx.doi.org/10.1002/ana.25441.

Gorlach, Agnes et al. (Dec. 2015). “Calcium and ROS: A mutual interplay”. In: Redox
Biology 6, pp. 260-271. DOI: 10.1016/j.redox.2015.08.010. URL:
http://dx.doi.org/10.1016/j.redox.2015.08.010.

Grabherr, Manfred G et al. (May 15, 2011). “Full-length transcriptome assembly from
RNA-Seq data without a reference genome”. In: Nature Biotechnology 29.7,
pp- 644-652. DOI: 10.1038/nbt.1883. URL:
http://dx.doi.org/10.1038/nbt.1883.

Greene, James G. (Aug. 24, 2006). “Gene expression profiles of brain dopamine neurons
and relevance to neuropsychiatric disease”. In: The Journal of Physiology 575.2,
pp. 411-416. DOI: 10.1113/jphysiol.2006.112599. URL:
http://dx.doi.org/10.1113/jphysiol.2006.112599.

Greffard, Sandrine et al. (Apr. 1, 2006). “Motor Score of the Unified Parkinson Disease
Rating Scale as a Good Predictor of Lewy BodyAssociated Neuronal Loss in the
Substantia Nigra”. In: Archives of Neurology 63.4, p. 584. DOTI:
10.1001/archneur.63.4.584. URL:
http://dx.doi.org/10.1001/archneur.63.4.584.

Grimm, Jan et al. (July 16, 2001). “Novel p62dok family members, dok-4 and dok-5,
are substrates of the c-Ret receptor tyrosine kinase and mediate neuronal
differentiation”. In: Journal of Cell Biology 154.2, pp. 345-354. DOL:
10.1083/jcb.200102032. URL: http://dx.doi.org/10.1083/jcb.200102032.

Halliday, Glenda M. et al. (July 1, 2011). “Neuropathology underlying clinical
variability in patients with synucleinopathies”. In: Acta Neuropathologica 122.2,
pp. 187-204. por: 10.1007/s00401-011-0852-9. URL:
http://dx.doi.org/10.1007/s00401-011-0852-9.

183


https://doi.org/10.1016/s0140-6736(05)17830-1
http://dx.doi.org/10.1016/S0140-6736(05)17830-1
https://doi.org/10.1371/journal.pbio.1000300
http://dx.doi.org/10.1371/journal.pbio.1000300
https://doi.org/10.1016/s1044-7431(03)00198-2
http://dx.doi.org/10.1016/s1044-7431(03)00198-2
https://doi.org/10.1093/hmg/ddi439
http://dx.doi.org/10.1093/hmg/ddi439
https://doi.org/10.1016/j.celrep.2016.06.059
http://dx.doi.org/10.1016/j.celrep.2016.06.059
https://doi.org/10.1002/ana.25441
http://dx.doi.org/10.1002/ana.25441
https://doi.org/10.1016/j.redox.2015.08.010
http://dx.doi.org/10.1016/j.redox.2015.08.010
https://doi.org/10.1038/nbt.1883
http://dx.doi.org/10.1038/nbt.1883
https://doi.org/10.1113/jphysiol.2006.112599
http://dx.doi.org/10.1113/jphysiol.2006.112599
https://doi.org/10.1001/archneur.63.4.584
http://dx.doi.org/10.1001/archneur.63.4.584
https://doi.org/10.1083/jcb.200102032
http://dx.doi.org/10.1083/jcb.200102032
https://doi.org/10.1007/s00401-011-0852-9
http://dx.doi.org/10.1007/s00401-011-0852-9

References

Hamza, Taye H et al. (Aug. 15, 2010). “Common genetic variation in the HLA region is
associated with late-onset sporadic Parkinson’s disease”. In: Nature Genetics 42.9,
pp. 781-785. DOI: 10.1038/ng.642. URL: http://dx.doi.org/10.1038/ng.642.

Hannan, Fadil M. and Rajesh V. Thakker (June 2013). “Calcium-sensing receptor
(CaSR) mutations and disorders of calcium, electrolyte and water metabolism”. In:
Best Practice € Research Clinical Endocrinology € Metabolism 27.3, pp. 359-371.
DOI: 10.1016/j.beem.2013.04.007. URL:
http://dx.doi.org/10.1016/j.beem.2013.04.007.

Hansen, Christian et al. (Feb. 1, 2011). “?-Synuclein propagates from mouse brain to
grafted dopaminergic neurons and seeds aggregation in cultured human cells”. In:
Journal of Clinical Investigation 121.2; pp. 715-725. DOI: 10.1172/jci43366. URL:
http://dx.doi.org/10.1172/JICI43366.

Harris, Adalynn et al. (Nov. 2000). “Regenerating Motor Neurons Express Nnal, a
Novel ATP/GTP-Binding Protein Related to Zinc Carboxypeptidases”. In:
Molecular and Cellular Neuroscience 16.5, pp. 578-596. DOI:
10.1006/mcne.2000.0900. URL: http://dx.doi.org/10.1006/mcne.2000.0900.

HASBANI, D and K OMALLEY (Nov. 2006). “WI1dS mice are protected against the
Parkinsonian mimetic MPTP”. In: Experimental Neurology 202.1, pp. 93-99. DOI:
10.1016/j .expneurol.2006.05.017. URL:
http://dx.doi.org/10.1016/j.expneurol.2006.05.017.

Hasegawa, Masato et al. (Dec. 2002). “Phosphorylated ?-Synuclein Is Ubiquitinated in
?-Synucleinopathy Lesions”. In: Journal of Biological Chemistry 277.50,
pp- 49071-49076. DOI: 10.1074/jbc.m208046200. URL:
http://dx.doi.org/10.1074/jbc.M208046200.

Hauser, Robert A. and Theresa A. Zesiewicz (May 2007). “Advances in the
Pharmacologic Management of Early Parkinson Disease”. In: The Neurologist 13.3,
pp- 126-132. DOI: 10.1097/01.nrl1.0000256433.15481.¢eb. URL:
http://dx.doi.org/10.1097/01.nr1.0000256433.15481.¢eb.

Heiman, Myriam, Ruth Kulicke, et al. (June 2014). “Cell TypeSpecific mRNA
Purification by Translating Ribosome Affinity Purification (TRAP)”. en. In: Nature
Protocols 9.6, pp. 1282-1291. DOT: 10.1038/nprot.2014.085.

Heiman, Myriam, Anne Schaefer, et al. (Nov. 2008). “A Translational Profiling
Approach for the Molecular Characterization of CNS Cell Types”. eng. In: Cell
135.4, pp. 738-748. DOI: 10.1016/j.cell.2008.10.028.

Heintz, Nathaniel (Dec. 2001). “Bac to the future: The use of bac transgenic mice for
neuroscience research”. In: Nature Reviews Neuroscience 2.12, pp. 861-870. DOTI:
10.1038/35104049. URL: http://dx.doi.org/10.1038/35104049

Hernan, Miguel A. et al. (May 29, 2002). “A meta-analysis of coffee drinking, cigarette
smoking, and the risk of Parkinson’s disease”. In: Annals of Neurology 52.3,
pp- 276-284. DOI: 10.1002/ana.10277. URL:
http://dx.doi.org/10.1002/ana.10277.

Herrmann, Christina J et al. (Oct. 16, 2019). “PolyASite 2.0: a consolidated atlas of
polyadenylation sites from 3’ end sequencing”. In: Nucleic Acids Research. DOT:
10.1093/nar/gkz918. URL: http://dx.doi.org/10.1093/nar/gkz918.

Hirokawa, Nobutaka, Shinsuke Niwa, and Yosuke Tanaka (Nov. 2010). “Molecular
Motors in Neurons: Transport Mechanisms and Roles in Brain Function,
Development, and Disease”. In: Neuron 68.4, pp. 610-638. DOI:

184


https://doi.org/10.1038/ng.642
http://dx.doi.org/10.1038/ng.642
https://doi.org/10.1016/j.beem.2013.04.007
http://dx.doi.org/10.1016/j.beem.2013.04.007
https://doi.org/10.1172/jci43366
http://dx.doi.org/10.1172/JCI43366
https://doi.org/10.1006/mcne.2000.0900
http://dx.doi.org/10.1006/mcne.2000.0900
https://doi.org/10.1016/j.expneurol.2006.05.017
http://dx.doi.org/10.1016/j.expneurol.2006.05.017
https://doi.org/10.1074/jbc.m208046200
http://dx.doi.org/10.1074/jbc.M208046200
https://doi.org/10.1097/01.nrl.0000256433.15481.eb
http://dx.doi.org/10.1097/01.nrl.0000256433.15481.eb
https://doi.org/10.1038/nprot.2014.085
https://doi.org/10.1016/j.cell.2008.10.028
https://doi.org/10.1038/35104049
http://dx.doi.org/10.1038/35104049
https://doi.org/10.1002/ana.10277
http://dx.doi.org/10.1002/ana.10277
https://doi.org/10.1093/nar/gkz918
http://dx.doi.org/10.1093/nar/gkz918

References

10.1016/j .neuron.2010.09.039. URL:
http://dx.doi.org/10.1016/j.neuron.2010.09.039.

Hook, Paul W. et al. (Mar. 2018). “Single-Cell RNA-Seq of Mouse Dopaminergic
Neurons Informs Candidate Gene Selection for Sporadic Parkinson Disease”. In:
The American Journal of Human Genetics 102.3, pp. 427-446. DOT:
10.1016/j.ajhg.2018.02.001. URL:
http://dx.doi.org/10.1016/5.ajhg.2018.02.001.

Hunn, Benjamin H. M. et al. (Oct. 2019). “Impairment of Macroautophagy in
Dopamine Neurons Has Opposing Effects on Parkinsonian Pathology and Behavior”.
eng. In: Cell Reports 29.4, 920-931.e7. DOI: 10.1016/j.celrep.2019.09.029.

Tacono, Diego et al. (Oct. 14, 2015). “Parkinson disease and incidental Lewy body
disease”. In: Neurology 85.19, pp. 1670-1679. DOI: 10.1212/wnl.0000000000002102.
URL: http://dx.doi.org/10.1212/WNL.0000000000002102.

Ibénez, P et al. (Sept. 2004). “Causal relation between ?-synuclein locus duplication as
a cause of familial Parkinson’s disease”. In: The Lancet 364.9440, pp. 1169-1171.
DOI: 10.1016/s0140-6736(04)17104-3. URL:
http://dx.doi.org/10.1016/S0140-6736(04) 17104-3.

Ichinose, Sotaro et al. (Aug. 2019). “The Spatiotemporal Construction of the Axon
Initial Segment via KIF3/KAP3/TRIM46 Transport under MARK?2 Signaling”. In:
Cell Reports 28.9, 2413-2426.e7. DOI: 10.1016/j.celrep.2019.07.093. URL:
http://dx.doi.org/10.1016/j.celrep.2019.07.093.

Ip, Chi Wang, David Cheong, and Jens Volkmann (Sept. 1, 2017). “Stereological
Estimation of Dopaminergic Neuron Number in the Mouse Substantia Nigra Using
the Optical Fractionator and Standard Microscopy Equipment”. In: Journal of
Visualized Experiments 127. DOI: 10.3791/56103. URL:
http://dx.doi.org/10.3791/56103.

Itoh, Takashi et al. (Sept. 2006). “Screening for target Rabs of TBC
(Tre-2/Bub2/Cdcl6) domain-containing proteins based on their Rab-binding
activity”. In: Genes to Cells 11.9, pp. 1023-1037. DOI:
10.1111/3j.1365-2443.2006.00997 .x. URL:
http://dx.doi.org/10.1111/j.1365-2443.2006.00997 .x.

Iwai, Akihiko et al. (Feb. 1995). “The precursor protein of non-A? component of
Alzheimer’s disease amyloid is a presynaptic protein of the central nervous system”.
In: Neuron 14.2, pp. 467-475. DOI: 10.1016/0896-6273(95)90302-x. URL:
http://dx.doi.org/10.1016/0896-6273(95)90302-x.

Jain, Miten et al. (Nov. 25, 2016). “The Oxford Nanopore MinlON: delivery of
nanopore sequencing to the genomics community”. In: Genome Biology 17.1. DOLI:
10.1186/s13059-016-1103-0. URL:
http://dx.doi.org/10.1186/s13059-016-1103-0.

Janezic, Stephanie et al. (Oct. 2013). “Deficits in Dopaminergic Transmission Precede
Neuron Loss and Dysfunction in a New Parkinson Model”. eng. In: Proceedings of
the National Academy of Sciences of the United States of America 110.42,
F4016-4025. por: 10.1073/pnas.1309143110.

Jeon, Sang-Min, Navdeep S. Chandel, and Nissim Hay (May 2012). “AMPK regulates
NADPH homeostasis to promote tumour cell survival during energy stress”. In:
Nature 485.7400, pp. 661-665. DOI: 10.1038/naturel11066. URL:
http://dx.doi.org/10.1038/naturel1066.

185


https://doi.org/10.1016/j.neuron.2010.09.039
http://dx.doi.org/10.1016/j.neuron.2010.09.039
https://doi.org/10.1016/j.ajhg.2018.02.001
http://dx.doi.org/10.1016/j.ajhg.2018.02.001
https://doi.org/10.1016/j.celrep.2019.09.029
https://doi.org/10.1212/wnl.0000000000002102
http://dx.doi.org/10.1212/WNL.0000000000002102
https://doi.org/10.1016/s0140-6736(04)17104-3
http://dx.doi.org/10.1016/S0140-6736(04)17104-3
https://doi.org/10.1016/j.celrep.2019.07.093
http://dx.doi.org/10.1016/j.celrep.2019.07.093
https://doi.org/10.3791/56103
http://dx.doi.org/10.3791/56103
https://doi.org/10.1111/j.1365-2443.2006.00997.x
http://dx.doi.org/10.1111/j.1365-2443.2006.00997.x
https://doi.org/10.1016/0896-6273(95)90302-x
http://dx.doi.org/10.1016/0896-6273(95)90302-x
https://doi.org/10.1186/s13059-016-1103-0
http://dx.doi.org/10.1186/s13059-016-1103-0
https://doi.org/10.1073/pnas.1309143110
https://doi.org/10.1038/nature11066
http://dx.doi.org/10.1038/nature11066

References

Ji, Sheng-Jian and Samie R. Jaffrey (Sept. 30, 2013). “Axonal transcription factors:
Novel regulators of growth cone-to-nucleus signaling”. In: Developmental
Neurobiology 74.3, pp. 245-258. DOIL: 10.1002/dneu.22112. URL:
http://dx.doi.org/10.1002/dneu.22112.

Jin, Jinghua et al. (May 2007). “Identification of Novel Proteins Associated with Both
?7-Synuclein and DJ-17. In: Molecular & Cellular Proteomics 6.5, pp. 845-859. DOI:
10.1074/mcp.m600182-mcp200. URL:
http://dx.doi.org/10.1074/mcp.M600182-MCP200.

Kang, Seong Su, Zhentao Zhang, Xia Liu, Fredric P. Manfredsson, Matthew J. Benskey,
et al. (Sept. 18, 2017). “TrkB neurotrophic activities are blocked by ?-synuclein,
triggering dopaminergic cell death in Parkinsons disease”. In: Proceedings of the
National Academy of Sciences 114.40, pp. 10773-10778. DOTI:
10.1073/pnas.1713969114. URL: http://dx.doi.org/10.1073/pnas.1713969114.

Kang, Seong Su, Zhentao Zhang, Xia Liu, Fredric P. Manfredsson, Li He, et al. (Jan. 17,
2017). “?-Synuclein binds and sequesters PIKE-L into Lewy bodies, triggering
dopaminergic cell death via AMPK hyperactivation”. In: Proceedings of the
National Academy of Sciences 114.5, pp. 1183-1188. DOI:
10.1073/pnas.1618627114. URL: http://dx.doi.org/10.1073/pnas.1618627114.

Kang, Xu, Jiange Qiu, et al. (Aug. 25, 2017). “Cyclooxygenase-2 contributes to
oxidopamine-mediated neuronal inflammation and injury via the prostaglandin E2
receptor EP2 subtype”. In: Scientific Reports 7.1. DOIL:
10.1038/s41598-017-09528-z. URL:
http://dx.doi.org/10.1038/s41598-017-09528-z.

Kharchenko, Peter V, Lev Silberstein, and David T Scadden (May 18, 2014). “Bayesian
approach to single-cell differential expression analysis”. In: Nature Methods 11.7,
pp- 740-742. DOI: 10.1038/nmeth.2967. URL:
http://dx.doi.org/10.1038/nmeth.2967.

Kichaev, Gleb et al. (Oct. 30, 2014). “Integrating Functional Data to Prioritize Causal
Variants in Statistical Fine-Mapping Studies”. In: PLoS Genetics 10.10. Ed. by
Anna Di Rienzo, €1004722. DOI: 10.1371/journal.pgen.1004722. URL:
http://dx.doi.org/10.1371/journal.pgen.1004722.

Kim-Han, J. S., J. A. Antenor-Dorsey, and K. L. O’Malley (May 11, 2011). “The
Parkinsonian Mimetic, MPP+, Specifically Impairs Mitochondrial Transport in
Dopamine Axons”. In: Journal of Neuroscience 31.19, pp. 7212-7221. DOT:
10.15623/jneurosci.0711-11.2011. URL:
http://dx.doi.org/10.1523/INEUROSCI.0711-11.2011

Kirik, Deniz et al. (Apr. 1, 2002). “Parkinson-Like Neurodegeneration Induced by
Targeted Overexpression of 7-Synuclein in the Nigrostriatal System”. In: The
Journal of Neuroscience 22.7, pp. 2780-2791. DOTI:
10.1523/jneurosci.22-07-02780.2002. URL:
http://dx.doi.org/10.1523/INEUROSCI.22-07-02780.2002.

Kitada, Tohru et al. (Apr. 1998). “Mutations in the parkin gene cause autosomal
recessive juvenile parkinsonism”. In: Nature 392.6676, pp. 605-608. DOTI:
10.1038/33416. URL: http://dx.doi.org/10.1038/33416.

Klein, C. and K. Lohmann (Nov. 5, 2008). “Parkinson disease(s): Is "Parkin disease" a
distinct clinical entity?” In: Neurology 72.2, pp. 106-107. DOI:
10.1212/01.wnl.0000333666.65522.8d. URL:
http://dx.doi.org/10.1212/01.wnl.0000333666.65522.8d.

186


https://doi.org/10.1002/dneu.22112
http://dx.doi.org/10.1002/dneu.22112
https://doi.org/10.1074/mcp.m600182-mcp200
http://dx.doi.org/10.1074/mcp.M600182-MCP200
https://doi.org/10.1073/pnas.1713969114
http://dx.doi.org/10.1073/pnas.1713969114
https://doi.org/10.1073/pnas.1618627114
http://dx.doi.org/10.1073/pnas.1618627114
https://doi.org/10.1038/s41598-017-09528-z
http://dx.doi.org/10.1038/s41598-017-09528-z
https://doi.org/10.1038/nmeth.2967
http://dx.doi.org/10.1038/nmeth.2967
https://doi.org/10.1371/journal.pgen.1004722
http://dx.doi.org/10.1371/journal.pgen.1004722
https://doi.org/10.1523/jneurosci.0711-11.2011
http://dx.doi.org/10.1523/JNEUROSCI.0711-11.2011
https://doi.org/10.1523/jneurosci.22-07-02780.2002
http://dx.doi.org/10.1523/JNEUROSCI.22-07-02780.2002
https://doi.org/10.1038/33416
http://dx.doi.org/10.1038/33416
https://doi.org/10.1212/01.wnl.0000333666.65522.8d
http://dx.doi.org/10.1212/01.wnl.0000333666.65522.8d

References

Kleiner-Fisman, Galit et al. (2006). “Subthalamic nucleus deep brain stimulation:
Summary and meta-analysis of outcomes”. In: Movement Disorders 21.514,
S5290-S304. por: 10.1002/mds . 20962. URL:
http://dx.doi.org/10.1002/mds.20962.

Komatsu, M. et al. (Aug. 28, 2007). “Essential role for autophagy protein Atg7 in the
maintenance of axonal homeostasis and the prevention of axonal degeneration”. In:
Proceedings of the National Academy of Sciences 104.36, pp. 14489-14494. por:
10.1073/pnas.0701311104. URL: http://dx.doi.org/10.1073/pnas.0701311104.

Kondo, Aiko, Tohru Fujiwara, et al. (Mar. 11, 2016). “Identification of a novel putative
mitochondrial protein FAM210B associated with erythroid differentiation”. In:
International Journal of Hematology 103.4, pp. 387-395. DOI:
10.1007/s12185-016-1968-4. URL:
http://dx.doi.org/10.1007/s12185-016-1968-4.

Kondo, S, R Sato-Yoshitake, et al. (June 1, 1994). “KIF3A is a new microtubule-based
anterograde motor in the nerve axon.” In: Journal of Cell Biology 125.5,
pp- 1095-1107. po1: 10.1083/jcb.125.5.1095. URL:
http://dx.doi.org/10.1083/jcb.125.5.1095.

Kordower, Jeffrey H et al. (Apr. 6, 2008). “Lewy bodylike pathology in long-term
embryonic nigral transplants in Parkinson’s disease”. In: Nature Medicine 14.5,
pp. 504-506. DOI: 10.1038/nm1747. URL: http://dx.doi.org/10.1038/nm1747.

Kramer, Daniel J., Davide Risso, et al. (June 2018). “Combinatorial Expression of Grp
and Neurod6 Defines Dopamine Neuron Populations with Distinct Projection
Patterns and Disease Vulnerability”. In: eNeuro 5.3. DOI:
10.1523/ENEUR0O.0152-18.2018.

Kramer, M. L. and W. J. Schulz-Schaeffer (Feb. 7, 2007). “Presynaptic &-Synuclein
Aggregates, Not Lewy Bodies, Cause Neurodegeneration in Dementia with Lewy
Bodies”. In: Journal of Neuroscience 27.6, pp. 1405-1410. DOTI:
10.1523/jneurosci.4564-06.2007. URL:
http://dx.doi.org/10.1523/INEUROSCI.4564-06.2007.

Kriiger, Rejko et al. (Feb. 1998). “AlaSOPro mutation in the gene encoding ?-synuclein
in Parkinson’s disease”. In: Nature Genetics 18.2, pp. 106-108. DOI:
10.1038/ng0298-106. URL: http://dx.doi.org/10.1038/ng0298-106.

Kuo, Yien-Ming et al. (Jan. 27, 2010). “Extensive enteric nervous system abnormalities
in mice transgenic for artificial chromosomes containing Parkinson
disease-associated 7-synuclein gene mutations precede central nervous system
changes”. In: Human Molecular Genetics 19.9, pp. 1633-1650. DOTI:
10.1093/hmg/ddq038. URL: http://dx.doi.org/10.1093/hmg/ddq038.

La Manno, Gioele et al. (Oct. 2016). “Molecular Diversity of Midbrain Development in
Mouse, Human, and Stem Cells”. eng. In: Cell 167.2, 566-580.e19. DOTI:
10.1016/j.cell.2016.09.027.

Lage, K. et al. (Dec. 22, 2008). “A large-scale analysis of tissue-specific pathology and
gene expression of human disease genes and complexes”. In: Proceedings of the
National Academy of Sciences 105.52, pp. 20870-20875. DOT:
10.1073/pnas.0810772105. URL: http://dx.doi.org/10.1073/pnas.0810772105.

Lai, B.C.L et al. (June 2002). “Occupational and environmental risk factors for
Parkinson’s disease”. In: Parkinsonism & Related Disorders 8.5, pp. 297-309. DOI:
10.1016/s1353-8020(01)00054-2. URL:
http://dx.doi.org/10.1016/s1353-8020(01)00054-2.

187


https://doi.org/10.1002/mds.20962
http://dx.doi.org/10.1002/mds.20962
https://doi.org/10.1073/pnas.0701311104
http://dx.doi.org/10.1073/pnas.0701311104
https://doi.org/10.1007/s12185-016-1968-4
http://dx.doi.org/10.1007/s12185-016-1968-4
https://doi.org/10.1083/jcb.125.5.1095
http://dx.doi.org/10.1083/jcb.125.5.1095
https://doi.org/10.1038/nm1747
http://dx.doi.org/10.1038/nm1747
https://doi.org/10.1523/ENEURO.0152-18.2018
https://doi.org/10.1523/jneurosci.4564-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.4564-06.2007
https://doi.org/10.1038/ng0298-106
http://dx.doi.org/10.1038/ng0298-106
https://doi.org/10.1093/hmg/ddq038
http://dx.doi.org/10.1093/hmg/ddq038
https://doi.org/10.1016/j.cell.2016.09.027
https://doi.org/10.1073/pnas.0810772105
http://dx.doi.org/10.1073/pnas.0810772105
https://doi.org/10.1016/s1353-8020(01)00054-2
http://dx.doi.org/10.1016/s1353-8020(01)00054-2

References

Lang, Charmaine et al. (Jan. 2019). “Single-Cell Sequencing of iPSC-Dopamine
Neurons Reconstructs Disease Progression and Identifies HDAC4 as a Regulator of
Parkinson Cell Phenotypes”. In: Cell Stem Cell 24.1, 93-106.e6. DOT:
10.1016/j.stem.2018.10.023. URL:
http://dx.doi.org/10.1016/j.stem.2018.10.023.

Langston, J. et al. (Feb. 25, 1983). “Chronic Parkinsonism in humans due to a product
of meperidine-analog synthesis”. In: Science 219.4587, pp. 979-980. DOI:
10.1126/science.6823561. URL: http://dx.doi.org/10.1126/science.6823561.

Lashuel, Hilal A. et al. (Dec. 20, 2012). “The many faces of ?-synuclein: from structure
and toxicity to therapeutic target”. In: Nature Reviews Neuroscience 14.1,
pp- 38-48. DOI: 10.1038/nrn3406. URL: http://dx.doi.org/10.1038/nrn3406.

Lee, Chong S., Ali Samii, et al. (2000). “In vivo positron emission tomographic evidence
for compensatory changes in presynaptic dopaminergic nerve terminals in
Parkinson’s disease”. In: Annals of Neurology 47.4, pp. 493-503. DOI: https:
//doi.org/10.1002/1531-8249(200004)47:4<493: : AID-ANA13>3.0.C0;2-4.
eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/1531~
82497%,28200004%29477%3A4%,3C493%3A%3AAID-ANA13%3E3.0.C0%3B2-4. URL:
https://onlinelibrary.wiley.com/doi/abs/10.1002/1531~
82497%,28200004%29477%3A47%,3C493%3A%3AAID-ANA13%,3E3.0.C0%3B2-4.

Lee, Dongwoo, Kwang-Sook Park, et al. (June 20, 2019). “Identification of
cell-penetrating osteogenic peptide from copine-7 protein and its delivery system for
enhanced bone formation”. In: Journal of Biomedical Materials Research Part A
107.11, pp. 2392-2402. pOI: 10.1002/jbm.a.36746. URL:
http://dx.doi.org/10.1002/ibm.a.36746.

Lee, Joo-Yong, Hiroshi Koga, et al. (Jan. 14, 2010). “HDACG6 controls autophagosome
maturation essential for ubiquitin-selective quality-control autophagy”. In: The
EMBO Journal 29.5, pp. 969-980. DOI: 10.1038/emboj.2009.405. URL:
http://dx.doi.org/10.1038/emboj.2009.405.

Lee, M. K., W. Stirling, et al. (June 25, 2002). “Human a-synuclein-harboring familial
Parkinson’s disease-linked Ala-53 -> Thr mutation causes neurodegenerative disease
with &-synuclein aggregation in transgenic mice”. In: Proceedings of the National
Academy of Sciences 99.13, pp. 8968-8973. DOI: 10.1073/pnas.132197599. URL:
http://dx.doi.org/10.1073/pnas.132197599.

Lee, Seung Joon, Matthew D. Zdradzinski, et al. (Apr. 1, 2021). “Selective axonal
translation of the mRNA isoform encoding prenylated Cdc42 supports axon
growth”. In: Journal of Cell Science 134.7. DOI: 10.1242/jcs.251967. URL:
http://dx.doi.org/10.1242/jcs.251967.

Lees-Miller, J P, D H Heeley, and L B Smillie (June 15, 1987). “An abundant and novel
protein of 22 kDa (SM22) is widely distributed in smooth muscles. Purification from
bovine aorta”. In: Biochemical Journal 244.3, pp. 705-709. DOTI:
10.1042/bj2440705. URL: http://dx.doi.org/10.1042/bj2440705.

Lesage, S. and A. Brice (Apr. 15, 2009). “Parkinson’s disease: from monogenic forms to
genetic susceptibility factors”. In: Human Molecular Genetics 18.R1, R48-R59. por:
10.1093/hmg/ddp012. URL: http://dx.doi.org/10.1093/hmg/ddp012.

Lesage, Suzanne, Mathieu Anheim, et al. (Apr. 2013). “G51D ?7-synuclein mutation
causes a novel Parkinsonian-pyramidal syndrome”. In: Annals of Neurology 73.4,
pp- 459-471. DOI: 10.1002/ana.23894. URL:
http://dx.doi.org/10.1002/ana.23894.

188


https://doi.org/10.1016/j.stem.2018.10.023
http://dx.doi.org/10.1016/j.stem.2018.10.023
https://doi.org/10.1126/science.6823561
http://dx.doi.org/10.1126/science.6823561
https://doi.org/10.1038/nrn3406
http://dx.doi.org/10.1038/nrn3406
https://onlinelibrary.wiley.com/doi/pdf/10.1002/1531-8249%28200004%2947%3A4%3C493%3A%3AAID-ANA13%3E3.0.CO%3B2-4
https://onlinelibrary.wiley.com/doi/pdf/10.1002/1531-8249%28200004%2947%3A4%3C493%3A%3AAID-ANA13%3E3.0.CO%3B2-4
https://onlinelibrary.wiley.com/doi/abs/10.1002/1531-8249%28200004%2947%3A4%3C493%3A%3AAID-ANA13%3E3.0.CO%3B2-4
https://onlinelibrary.wiley.com/doi/abs/10.1002/1531-8249%28200004%2947%3A4%3C493%3A%3AAID-ANA13%3E3.0.CO%3B2-4
https://doi.org/10.1002/jbm.a.36746
http://dx.doi.org/10.1002/jbm.a.36746
https://doi.org/10.1038/emboj.2009.405
http://dx.doi.org/10.1038/emboj.2009.405
https://doi.org/10.1073/pnas.132197599
http://dx.doi.org/10.1073/pnas.132197599
https://doi.org/10.1242/jcs.251967
http://dx.doi.org/10.1242/jcs.251967
https://doi.org/10.1042/bj2440705
http://dx.doi.org/10.1042/bj2440705
https://doi.org/10.1093/hmg/ddp012
http://dx.doi.org/10.1093/hmg/ddp012
https://doi.org/10.1002/ana.23894
http://dx.doi.org/10.1002/ana.23894

References

Lewy, Friederich Heinrich (1912). “Paralysis agitans. I”. In: Pathologische anatomie.
Handbuch der neurologre.

Li, Heng (May 10, 2018). “Minimap2: pairwise alignment for nucleotide sequences”. In:
Bioinformatics 34.18. Ed. by Inanc Birol, pp. 3094-3100. DOTI:
10.1093/bioinformatics/bty191. URL:
http://dx.doi.org/10.1093/bioinformatics/bty191.

Li, Jia-Yi, Elisabet Englund, et al. (Apr. 6, 2008). “Lewy bodies in grafted neurons in
subjects with Parkinson’s disease suggest host-to-graft disease propagation”. In:
Nature Medicine 14.5, pp. 501-503. DOI: 10.1038/nm1746. URL:
http://dx.doi.org/10.1038/nm1746.

Li, Wei, Lei Shi, et al. (2010). “Downstream of tyrosine kinase/docking protein 6, as a
novel substrate of tropomyosin-related kinase C receptor, is involved in
neurotrophin 3-mediated neurite outgrowth in mouse cortex neurons”. In: BMC
Biology 8.1, p. 86. DOI: 10.1186/1741-7007-8-86. URL:
http://dx.doi.org/10.1186/1741-7007-8-86.

Liang, Chang-Lin et al. (Feb. 2007). “Mitochondria mass is low in mouse substantia
nigra dopamine neurons: Implications for Parkinson’s disease”. In: Experimental
Neurology 203.2, pp. 370-380. DOI: 10.1016/j.expneurol.2006.08.015. URL:
http://dx.doi.org/10.1016/j.expneurol.2006.08.015.

Liao, Yang and Wei Shi (Sept. 2020). “Read Trimming Is Not Required for Mapping
and Quantification of RNA-Seq Reads at the Gene Level”. In: NAR Genomics and
Bioinformatics 2.1qaa068. DOT: 10.1093/nargab/1qaa068.

Liou, H. H. et al. (June 1997). “Environmental risk factors and Parkinson’s disease”. In:
Neurology 48.6, pp. 1583-1588. DOI: 10.1212/wnl.48.6.1583. URL:
http://dx.doi.org/10.1212/wnl.48.6.1583.

Liu, Chang-Wei, Benoit I. Giasson, et al. (June 2005). “A Precipitating Role for
Truncated 7-Synuclein and the Proteasome in ?-Synuclein Aggregation”. In: Journal
of Biological Chemistry 280.24, pp. 22670-22678. DOI: 10.1074/jbc.m501508200.
URL: http://dx.doi.org/10.1074/jbc.M501508200.

Liu, Pei, Mikhail Khvotchev, et al. (May 25, 2018). “Copine-6 Binds to SNAREs and
Selectively Suppresses Spontaneous Neurotransmission”. In: The Journal of
Neuroscience 38.26, pp. 5888-5899. DOI: 10.1523/ jneurosci.0461-18.2018. URL:
http://dx.doi.org/10.1523/JNEUROSCI.0461-18.2018.

Llobet Rosell, Arnau and Lukas J. Neukomm (Aug. 2019). “Axon death signalling in
Wallerian degeneration among species and in disease”. In: Open Biology 9.8,

p- 190118. DOI: 10.1098/rsob.190118. URL:
http://dx.doi.org/10.1098/rsob.190118.

Loignon, Martin et al. (July 28, 2009). “Cul3 overexpression depletes Nrf2 in breast
cancer and is associated with sensitivity to carcinogens, to oxidative stress, and to
chemotherapy”. In: Molecular Cancer Therapeutics 8.8, pp. 2432—-2440. DOI:
10.1158/1535-7163.mct-08-1186. URL:
http://dx.doi.org/10.11568/15635-7163.MCT-08-1186.

Lorenzo, Damaris Nadia et al. (Dec. 22, 2014). “A PIK3C3Ankyrin-BDynactin pathway
promotes axonal growth and multiorganelle transport”. In: Journal of Cell Biology
207.6, pp. 735-752. DOI: 10.1083/jcb.201407063. URL:
http://dx.doi.org/10.1083/jcb.201407063.

Loreto, Andrea et al. (Dec. 2015). “Wallerian Degeneration Is Executed by an
NMN-SARM1-Dependent Late Ca 2+ Influx but Only Modestly Influenced by

189


https://doi.org/10.1093/bioinformatics/bty191
http://dx.doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1038/nm1746
http://dx.doi.org/10.1038/nm1746
https://doi.org/10.1186/1741-7007-8-86
http://dx.doi.org/10.1186/1741-7007-8-86
https://doi.org/10.1016/j.expneurol.2006.08.015
http://dx.doi.org/10.1016/j.expneurol.2006.08.015
https://doi.org/10.1093/nargab/lqaa068
https://doi.org/10.1212/wnl.48.6.1583
http://dx.doi.org/10.1212/wnl.48.6.1583
https://doi.org/10.1074/jbc.m501508200
http://dx.doi.org/10.1074/jbc.M501508200
https://doi.org/10.1523/jneurosci.0461-18.2018
http://dx.doi.org/10.1523/JNEUROSCI.0461-18.2018
https://doi.org/10.1098/rsob.190118
http://dx.doi.org/10.1098/rsob.190118
https://doi.org/10.1158/1535-7163.mct-08-1186
http://dx.doi.org/10.1158/1535-7163.MCT-08-1186
https://doi.org/10.1083/jcb.201407063
http://dx.doi.org/10.1083/jcb.201407063

References

Mitochondria”. In: Cell Reports 13.11, pp. 2539-2552. DOTI:
10.1016/j.celrep.2015.11.032. URL:
http://dx.doi.org/10.1016/j.celrep.2015.11.032.

Love, Michael, Constantin Ahlmann-Eltze, et al. (2021). DESeq2: Differential Gene
Ezxpression Analysis Based on the Negative Binomial Distribution. Bioconductor
version: Release (3.12). po1: 10.18129/B9.bioc.DESeq?2.

Love, Michael, Charlotte Soneson, Mark Robinson, et al. (2021). Tzimport: Import and
Summarize Transcript-Level Estimates for Transcript- and Gene-Level Analysis.
Bioconductor version: Release (3.12). DOI: 10.18129/B9.bioc.tximport.

Love, Michael I, Wolfgang Huber, and Simon Anders (Dec. 2014). “Moderated
estimation of fold change and dispersion for RNA-seq data with DESeq2”. In:
Genome Biology 15.12. DOI: 10.1186/s13059-014-0550-8. URL:
http://dx.doi.org/10.1186/s13059-014-0550-8.

Love, Michael I., Charlotte Soneson, Peter F. Hickey, et al. (Feb. 25, 2020). “Tximeta:
Reference sequence checksums for provenance identification in RNA-seq”. In: PLOS
Computational Biology 16.2. Ed. by Mihaela Pertea, e1007664. DOT:
10.1371/journal.pcbi.1007664. URL:
http://dx.doi.org/10.1371/journal.pcbi.1007664.

Luk, K. C., V. Kehm, et al. (Nov. 15, 2012). “Pathological &-Synuclein Transmission
Initiates Parkinson-like Neurodegeneration in Nontransgenic Mice”. In: Science
338.6109, pp. 949-953. DOI: 10.1126/science.1227157. URL:
http://dx.doi.org/10.1126/science.1227157.

Luk, K. C., C. Song, et al. (Nov. 5, 2009). “Exogenous a-synuclein fibrils seed the
formation of Lewy body-like intracellular inclusions in cultured cells”. In:
Proceedings of the National Academy of Sciences 106.47, pp. 20051-20056. DOI:
10.1073/pnas.0908005106. URL: http://dx.doi.org/10.1073/pnas.0908005106.

Luo, Zili et al. (July 11, 2019). “Age-dependent nigral dopaminergic neurodegeneration
and 7-synuclein accumulation in RGS6-deficient mice”. In: JCI Insight 4.13. DOTI:
10.1172/jci.insight.126769. URL:
http://dx.doi.org/10.1172/jci.insight.126769.

Ma, Shuang Yong et al. (Oct. 1997). “Correlation between neuromorphometry in the
substantia nigra and clinical features in Parkinson’s disease using disector counts”.
In: Journal of the Neurological Sciences 151.1, pp. 83-87. DOI:
10.1016/s0022-510x(97)00100-7. URL:
http://dx.doi.org/10.1016/s0022-510x(97)00100-7.

Magiera, Maria M et al. (Nov. 12, 2018). “Excessive tubulin polyglutamylation causes
neurodegeneration and perturbs neuronal transport”. In: The EMBO Journal 37.23.
DOI: 10.15252/embj.2018100440. URL:
http://dx.doi.org/10.15252/embj.2018100440.

Maier, Tobias, Marc Gtiell, and Luis Serrano (Oct. 20, 2009). “Correlation of mRNA
and protein in complex biological samples”. In: FEBS Letters 583.24, pp. 3966-3973.
DOI: 10.1016/j.febslet.2009.10.036. URL:
http://dx.doi.org/10.1016/j.febslet.2009.10.036.

Markesbery, William R. et al. (July 2009). “Lewy Body Pathology in Normal Elderly
Subjects”. In: Journal of Neuropathology € Experimental Neurology 68.7,
pp. 816-822. DOI: 10.1097/nen.0b013e3181ac10a7. URL:
http://dx.doi.org/10.1097/NEN.0b013e3181ac10a7.

190


https://doi.org/10.1016/j.celrep.2015.11.032
http://dx.doi.org/10.1016/j.celrep.2015.11.032
https://doi.org/10.18129/B9.bioc.DESeq2
https://doi.org/10.18129/B9.bioc.tximport
https://doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1371/journal.pcbi.1007664
http://dx.doi.org/10.1371/journal.pcbi.1007664
https://doi.org/10.1126/science.1227157
http://dx.doi.org/10.1126/science.1227157
https://doi.org/10.1073/pnas.0908005106
http://dx.doi.org/10.1073/pnas.0908005106
https://doi.org/10.1172/jci.insight.126769
http://dx.doi.org/10.1172/jci.insight.126769
https://doi.org/10.1016/s0022-510x(97)00100-7
http://dx.doi.org/10.1016/s0022-510x(97)00100-7
https://doi.org/10.15252/embj.2018100440
http://dx.doi.org/10.15252/embj.2018100440
https://doi.org/10.1016/j.febslet.2009.10.036
http://dx.doi.org/10.1016/j.febslet.2009.10.036
https://doi.org/10.1097/nen.0b013e3181ac10a7
http://dx.doi.org/10.1097/NEN.0b013e3181ac10a7

References

Markworth, Ronja et al. (May 23, 2019). “Sensory Axon Growth Requires
Spatiotemporal Integration of CaSR and TrkB Signaling”. In: The Journal of
Neuroscience 39.30, pp. 5842-5860. DOI: 10.1523/jneurosci.0027-19.2019. URL:
http://dx.doi.org/10.1523/JINEUROSCI.0027-19.2019.

Maroteaux, L, JT Campanelli, and RH Scheller (Aug. 1, 1988). “Synuclein: a
neuron-specific protein localized to the nucleus and presynaptic nerve terminal”. In:
The Journal of Neuroscience 8.8, pp. 2804—2815. DOI:
10.1523/jneurosci.08-08-02804.1988. URL:
http://dx.doi.org/10.1523/jneurosci.08-08-02804.1988.

Martin, Marcel (May 2011a). “Cutadapt Removes Adapter Sequences from
High-Throughput Sequencing Reads”. en. In: EMBnet.journal 17.1, pp. 10-12. DOI:
10.14806/ej.17.1.200.

— (May 2, 2011b). “Cutadapt removes adapter sequences from high-throughput
sequencing reads”. In: EMBnet.journal 17.1, p. 10. DOI: 10.14806/ej.17.1.200.
URL: http://dx.doi.org/10.14806/ej.17.1.200.

Martinez, Fernando J. et al. (Nov. 2016). “Protein-RNA Networks Regulated by
Normal and ALS-Associated Mutant HNRNPA2B1 in the Nervous System”. In:
Neuron 92.4, pp. 780-795. DOI: 10.1016/j .neuron.2016.09.050. URL:
http://dx.doi.org/10.1016/j.neuron.2016.09.050.

Masliah, Eliezer, Edward Rockenstein, Anthony Adame, et al. (June 2005). “Effects of
?-Synuclein Immunization in a Mouse Model of Parkinsons Disease”. In: Neuron
46.6, pp. 857-868. DOI: 10.1016/j.neuron.2005.05.010. URL:
http://dx.doi.org/10.1016/j.neuron.2005.05.010.

Masliah, Eliezer, Edward Rockenstein, Michael Mante, et al. (Apr. 29, 2011). “Passive
Immunization Reduces Behavioral and Neuropathological Deficits in an
Alpha-Synuclein Transgenic Model of Lewy Body Disease”. In: PLoS ONE 6.4.

Ed. by Grainne M. McAlonan, €19338. DOI: 10.1371/journal.pone.0019338. URL:
http://dx.doi.org/10.1371/journal.pone.0019338.

Matsuda, W. et al. (Jan. 14, 2009). “Single Nigrostriatal Dopaminergic Neurons Form
Widely Spread and Highly Dense Axonal Arborizations in the Neostriatum”. In:
Journal of Neuroscience 29.2, pp. 444-453. DOL:
10.1523/jneurosci.4029-08.2009. URL:
http://dx.doi.org/10.1523/INEUROSCI.4029-08.2009.

Mayr, Christine (Sept. 4, 2018). “What Are 3’ UTRs Doing?” In: Cold Spring Harbor
Perspectives in Biology 11.10, a034728. DOI: 10.1101/cshperspect.a034728. URL:
http://dx.doi.org/10.1101/cshperspect.a034728.

McGeer, P. L., E. G. McGeer, and J. S. Suzuki (Jan. 1, 1977). “Aging and
Extrapyramidal Function”. In: Archives of Neurology 34.1, pp. 33-35. DOTI:
10.1001/archneur.1977.00500130053010. URL:
http://dx.doi.org/10.1001/archneur.1977.00500130053010.

McKeith, I.G. et al. (Nov. 1, 1996). “Consensus guidelines for the clinical and
pathologic diagnosis of dementia with Lewy bodies (DLB): Report of the
consortium on DLB international workshop”. In: Neurology 47.5, pp. 1113-1124.
DOI: 10.1212/wnl.47.5.1113. URL: http://dx.doi.org/10.1212/wnl.47.5.1113.

Meyer, Erin L., Doju Yoshikami, and J. Michael McIntosh (June 2008). “The neuronal
nicotinic acetylcholine receptors 74* and 76* differentially modulate dopamine
release in mouse striatal slices”. In: Journal of Neurochemistry 105.5, pp. 1761-1769.

191


https://doi.org/10.1523/jneurosci.0027-19.2019
http://dx.doi.org/10.1523/JNEUROSCI.0027-19.2019
https://doi.org/10.1523/jneurosci.08-08-02804.1988
http://dx.doi.org/10.1523/jneurosci.08-08-02804.1988
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
http://dx.doi.org/10.14806/ej.17.1.200
https://doi.org/10.1016/j.neuron.2016.09.050
http://dx.doi.org/10.1016/j.neuron.2016.09.050
https://doi.org/10.1016/j.neuron.2005.05.010
http://dx.doi.org/10.1016/j.neuron.2005.05.010
https://doi.org/10.1371/journal.pone.0019338
http://dx.doi.org/10.1371/journal.pone.0019338
https://doi.org/10.1523/jneurosci.4029-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.4029-08.2009
https://doi.org/10.1101/cshperspect.a034728
http://dx.doi.org/10.1101/cshperspect.a034728
https://doi.org/10.1001/archneur.1977.00500130053010
http://dx.doi.org/10.1001/archneur.1977.00500130053010
https://doi.org/10.1212/wnl.47.5.1113
http://dx.doi.org/10.1212/wnl.47.5.1113

References

DOI: 10.1111/3.1471-4159.2008.05266.x. URL:
http://dx.doi.org/10.1111/j.1471-4159.2008.05266.x.

Miura, P. et al. (Mar. 21, 2013). “Widespread and extensive lengthening of 3’ UTRs in
the mammalian brain”. In: Genome Research 23.5, pp. 812-825. DOLI:
10.1101/gr.146886.112. URL: http://dx.doi.org/10.1101/gr.146886.112.

Molder, Felix et al. (Apr. 19, 2021). “Sustainable data analysis with Snakemake”. In:
F1000Research 10, p. 33. DOI: 10.12688/£1000research.29032.2. URL:
http://dx.doi.org/10.12688/£1000research.29032.2.

Moore, D. L. et al. (Oct. 8, 2009). “KLF Family Members Regulate Intrinsic Axon
Regeneration Ability”. In: Science 326.5950, pp. 298-301. DOT:
10.1126/science.1175737. URL: http://dx.doi.org/10.1126/science.1175737.

Moors, Tim E. et al. (Jan. 25, 2017). “Therapeutic potential of autophagy-enhancing
agents in Parkinsons disease”. In: Molecular Neurodegeneration 12.1. DOTI:
10.1186/s13024-017-0154-3. URL:
http://dx.doi.org/10.1186/513024-017-0154-3.

Mougenot, Anne-Laure et al. (Sept. 2012). “Prion-like acceleration of a synucleinopathy
in a transgenic mouse model”. In: Neurobiology of Aging 33.9, pp. 2225-2228. DOTI:
10.1016/j .neurobiolaging.2011.06.022. URL:
http://dx.doi.org/10.1016/j.neurobiolaging.2011.06.022.

Muslimov, ITham A. et al. (May 19, 2014). “Interactions of noncanonical motifs with
hnRNP A2 promote activity-dependent RNA transport in neurons”. In: Journal of
Cell Biology 205.4, pp. 493-510. DOT: 10.1083/jcb.201310045. URL:
http://dx.doi.org/10.1083/jcb.201310045.

Nair-Roberts, R.G. et al. (Apr. 2008). “Stereological estimates of dopaminergic,
GABAergic and glutamatergic neurons in the ventral tegmental area, substantia
nigra and retrorubral field in the rat”. In: Neuroscience 152.4, pp. 1024-1031. DOTI:
10.1016/j .neuroscience.2008.01.046. URL:
http://dx.doi.org/10.1016/j.neuroscience.2008.01.046.

Nakajima, Miho, Andreas Gorlich, and Nathaniel Heintz (Oct. 2014). “Oxytocin
Modulates Female Sociosexual Behavior through a Specific Class of Prefrontal
Cortical Interneurons”. eng. In: Cell 159.2, pp. 295-305. DOI:
10.1016/j.cell.2014.09.020.

Nalefski, Eric A. and Joseph J. Falke (Dec. 1996). “The C2 domain calcium-binding
motif: Structural and functional diversity”. In: Protein Science 5.12, pp. 2375-2390.
DOI: 10.1002/pro.5560051201. URL:
http://dx.doi.org/10.1002/pro.5560051201.

Nalls, Mike A, et al. (Sept. 2014). “Large-scale meta-analysis of genome-wide
association data identifies six new risk loci for Parkinson’s disease”. In: Nature
Genetics 46.9, pp. 989-993. DOI: 10.1038/ng.3043. URL:
http://dx.doi.org/10.1038/ng.3043.

Nalls, Mike A, Cornelis Blauwendraat, et al. (Dec. 2019). “Identification of novel risk
loci, causal insights, and heritable risk for Parkinson’s disease: a meta-analysis of
genome-wide association studies”. In: The Lancet Neurology 18.12, pp. 1091-1102.
DOI: 10.1016/s1474-4422(19)30320-5. URL:
http://dx.doi.org/10.1016/S1474-4422(19)30320-5.

Nam, Ga Eun et al. (Apr. 25, 2019). “Chronic renal dysfunction, proteinuria, and risk
of Parkinson’s disease in the elderly”. In: Movement Disorders 34.8, pp. 1184-1191.
DOI: 10.1002/mds.27704. URL: http://dx.doi.org/10.1002/mds.27704.

192


https://doi.org/10.1111/j.1471-4159.2008.05266.x
http://dx.doi.org/10.1111/j.1471-4159.2008.05266.x
https://doi.org/10.1101/gr.146886.112
http://dx.doi.org/10.1101/gr.146886.112
https://doi.org/10.12688/f1000research.29032.2
http://dx.doi.org/10.12688/f1000research.29032.2
https://doi.org/10.1126/science.1175737
http://dx.doi.org/10.1126/science.1175737
https://doi.org/10.1186/s13024-017-0154-3
http://dx.doi.org/10.1186/s13024-017-0154-3
https://doi.org/10.1016/j.neurobiolaging.2011.06.022
http://dx.doi.org/10.1016/j.neurobiolaging.2011.06.022
https://doi.org/10.1083/jcb.201310045
http://dx.doi.org/10.1083/jcb.201310045
https://doi.org/10.1016/j.neuroscience.2008.01.046
http://dx.doi.org/10.1016/j.neuroscience.2008.01.046
https://doi.org/10.1016/j.cell.2014.09.020
https://doi.org/10.1002/pro.5560051201
http://dx.doi.org/10.1002/pro.5560051201
https://doi.org/10.1038/ng.3043
http://dx.doi.org/10.1038/ng.3043
https://doi.org/10.1016/s1474-4422(19)30320-5
http://dx.doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1002/mds.27704
http://dx.doi.org/10.1002/mds.27704

References

Nésstrom, Thomas et al. (Oct. 31, 2011). “Antibodies against Alpha-Synuclein Reduce
Oligomerization in Living Cells”. In: PLoS ONFE 6.10. Ed. by Mick F. Tuite, e27230.
DOI: 10.1371/journal.pone.0027230. URL:
http://dx.doi.org/10.1371/journal.pone.0027230.

Nectow, Alexander R, Mats I Ekstrand, and Jeffrey M Friedman (Aug. 6, 2015).
“Molecular characterization of neuronal cell types based on patterns of projection
with Retro-TRAP”. In: Nature Protocols 10.9, pp. 1319-1327. DOI:
10.1038/nprot.2015.087. URL: http://dx.doi.org/10.1038/nprot.2015.087.

Nectow, Alexander R., Maria V. Moya, et al. (Apr. 2017). “Rapid Molecular Profiling
of Defined Cell Types Using Viral TRAP”. In: Cell Reports 19.3, pp. 655—-667. DOI:
10.1016/j.celrep.2017.03.048. URL:
http://dx.doi.org/10.1016/j.celrep.2017.03.048.

Neumann, Manuela et al. (Nov. 15, 2002). “Misfolded proteinase Kresistant
hyperphosphorylated ?-synuclein in aged transgenic mice with locomotor
deterioration and in human ?-synucleinopathies”. In: Journal of Clinical
Investigation 110.10, pp. 1429-1439. pot1: 10.1172/jci200215777. URL:
http://dx.doi.org/10.1172/JCI200215777.

Newman, Aaron M. et al. (May 6, 2019). “Determining cell type abundance and
expression from bulk tissues with digital cytometry”. In: Nature Biotechnology 37.7,
pp- 773-782. DOI: 10.1038/s41587-019-0114-2. URL:
http://dx.doi.org/10.1038/s41587-019-0114-2.

Nichterwitz, Susanne et al. (July 8, 2016). “Laser capture microscopy coupled with
Smart-seq2 for precise spatial transcriptomic profiling”. In: Nature Communications
7.1. pOI: 10.1038/ncomms12139. URL: http://dx.doi.org/10.1038/ncomms12139.

Nijssen, Jik et al. (Dec. 2018). “Axon-Seq Decodes the Motor Axon Transcriptome and
Its Modulation in Response to ALS”. In: Stem Cell Reports 11.6, pp. 1565-1578.
DOI: 10.1016/j.stemcr.2018.11.005. URL:
http://dx.doi.org/10.1016/j.stemcr.2018.11.005.

Noda, Sachiko et al. (Mar. 23, 2020). “Aging-related motor function and dopaminergic
neuronal loss in C57BL/6 mice”. In: Molecular Brain 13.1. DOIL:
10.1186/s13041-020-00585-6. URL:
http://dx.doi.org/10.1186/513041-020-00585-6.

Nowicka, Malgorzata and Mark D. Robinson (Dec. 6, 2016). “DRIMSeq: a
Dirichlet-multinomial framework for multivariate count outcomes in genomics”. In:
F1000Research 5, p. 1356. DOI: 10.12688/£1000research.8900.2. URL:
http://dx.doi.org/10.12688/£1000research.8900.2.

Nunnari, Jodi and Anu Suomalainen (Mar. 2012). “Mitochondria: In Sickness and in
Health”. In: Cell 148.6, pp. 1145-1159. DOI: 10.1016/j.cel1.2012.02.035. URL:
http://dx.doi.org/10.1016/j.cell.2012.02.035.

Nuytemans, Karen et al. (May 18, 2010). “Genetic etiology of Parkinson disease
associated with mutations in the SNCA, PARK2, PINK1, PARK?7, and LRRK2
genes: a mutation update”. In: Human Mutation 31.7, pp. 763-780. DOI:
10.1002/humu.21277. URL: http://dx.doi.org/10.1002/humu.21277.

Obergasteiger, Julia et al. (Aug. 2018). “A New Hypothesis for Parkinson’s Disease
Pathogenesis: GTPase-P38 MAPK Signaling and Autophagy as Convergence Points
of Etiology and Genomics”. In: Molecular Neurodegeneration 13.1, p. 40. DOI:
10.1186/s13024-018-0273-5.

193


https://doi.org/10.1371/journal.pone.0027230
http://dx.doi.org/10.1371/journal.pone.0027230
https://doi.org/10.1038/nprot.2015.087
http://dx.doi.org/10.1038/nprot.2015.087
https://doi.org/10.1016/j.celrep.2017.03.048
http://dx.doi.org/10.1016/j.celrep.2017.03.048
https://doi.org/10.1172/jci200215777
http://dx.doi.org/10.1172/JCI200215777
https://doi.org/10.1038/s41587-019-0114-2
http://dx.doi.org/10.1038/s41587-019-0114-2
https://doi.org/10.1038/ncomms12139
http://dx.doi.org/10.1038/ncomms12139
https://doi.org/10.1016/j.stemcr.2018.11.005
http://dx.doi.org/10.1016/j.stemcr.2018.11.005
https://doi.org/10.1186/s13041-020-00585-6
http://dx.doi.org/10.1186/s13041-020-00585-6
https://doi.org/10.12688/f1000research.8900.2
http://dx.doi.org/10.12688/f1000research.8900.2
https://doi.org/10.1016/j.cell.2012.02.035
http://dx.doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.1002/humu.21277
http://dx.doi.org/10.1002/humu.21277
https://doi.org/10.1186/s13024-018-0273-5

References

Oh, Hyun-Jung et al. (Jan. 2015). “CPNET7, a preameloblast-derived factor, regulates
odontoblastic differentiation of mesenchymal stem cells”. In: Biomaterials 37,
pp- 208-217. DOI: 10.1016/j.biomaterials.2014.10.016. URL:
http://dx.doi.org/10.1016/j.biomaterials.2014.10.016.

Oldham, Michael C, Peter Langfelder, and Steve Horvath (2012). “Network methods for
describing sample relationships in genomic datasets: application to Huntingtons
disease”. In: BMC Systems Biology 6.1, p. 63. DOI: 10.1186/1752-0509-6-63. URL:
http://dx.doi.org/10.1186/1752-0509-6-63.

Oldham, Michael C. and Anatol C. Kreitzer (Aug. 2018). “Sequencing Diversity One
Cell at a Time”. In: Cell 174.4, pp. 777-779. DOI: 10.1016/j.cell.2018.07.024.
URL: http://dx.doi.org/10.1016/j.cell.2018.07.024.

Olgiati, Simone et al. (Aug. 2015). “Early-onset parkinsonism caused by alpha-synuclein
gene triplication: Clinical and genetic findings in a novel family”. In: Parkinsonism
& Related Disorders 21.8, pp. 981-986. DOI: 10.1016/j.parkreldis.2015.06.005.
URL: http://dx.doi.org/10.1016/j.parkreldis.2015.06.005.

Oliver, Peter L. et al. (Oct. 20, 2011). “Oxrl Is Essential for Protection against
Oxidative Stress-Induced Neurodegeneration”. In: PLoS Genetics 7.10. Ed. by
Harry T. Orr, €1002338. DOI: 10.1371/journal.pgen.1002338. URL:
http://dx.doi.org/10.1371/journal.pgen.1002338.

Orimo, S. et al. (Feb. 7, 2008). “Axonal a-synuclein aggregates herald centripetal
degeneration of cardiac sympathetic nerve in Parkinson’s disease”. In: Brain 131.3,
pp. 642-650. DOI: 10.1093/brain/awm302. URL:
http://dx.doi.org/10.1093/brain/awm302.

Osterburg, H.H. et al. (Nov. 1981). “Catecholamine levels and turnover during aging in
brain regions of male C57BL/6J mice”. In: Brain Research 224.2, pp. 337-352. DOI:
10.1016/0006-8993(81)90864-7. URL:
http://dx.doi.org/10.1016/0006-8993(81)90864-7.

Oueslati, Abid (Mar. 30, 2016). “Implication of Alpha-Synuclein Phosphorylation at
S129 in Synucleinopathies: What Have We Learned in the Last Decade?” In:
Journal of Parkinson’s Disease 6.1, pp. 39-51. DOI: 10.3233/JPD-160779. URL:
https://doi.org/10.3233/JPD-160779.

Oueslati, Abid, Margot Fournier, and Hilal A. Lashuel (2010). “Role of
post-translational modifications in modulating the structure, function and toxicity
of 7-synuclein”. In: Elsevier, pp. 115-145. DoI1: 10.1016/s0079-6123(10)83007-9.
URL: http://dx.doi.org/10.1016/S0079-6123(10)83007-9.

Pan, Jing et al. (June 2009). “Blockade of the translocation and activation of c-Jun
N-terminal kinase 3 (JNK3) attenuates dopaminergic neuronal damage in mouse
model of Parkinson’s disease”. In: Neurochemistry International 54.7, pp. 418-425.
DOI: 10.1016/j.neuint.2009.01.013. URL:
http://dx.doi.org/10.1016/j.neuint.2009.01.013.

Pankratz, Nathan et al. (Mar. 2012). “Meta-analysis of Parkinson’s Disease:
Identification of a novel locus, RIT2”. In: Annals of Neurology 71.3, pp. 370-384.
DOI: 10.1002/ana.22687. URL: http://dx.doi.org/10.1002/ana.22687.

Papathanou, Maria et al. (Sept. 2019). “Off-Target Effects in Transgenic Mice:
Characterization of Dopamine Transporter (DAT)-Cre Transgenic Mouse Lines
Exposes Multiple Non-Dopaminergic Neuronal Clusters Available for Selective
Targeting within Limbic Neurocircuitry”. In: eneuro 6.5, ENEURO.0198-19.2019.

19/


https://doi.org/10.1016/j.biomaterials.2014.10.016
http://dx.doi.org/10.1016/j.biomaterials.2014.10.016
https://doi.org/10.1186/1752-0509-6-63
http://dx.doi.org/10.1186/1752-0509-6-63
https://doi.org/10.1016/j.cell.2018.07.024
http://dx.doi.org/10.1016/j.cell.2018.07.024
https://doi.org/10.1016/j.parkreldis.2015.06.005
http://dx.doi.org/10.1016/j.parkreldis.2015.06.005
https://doi.org/10.1371/journal.pgen.1002338
http://dx.doi.org/10.1371/journal.pgen.1002338
https://doi.org/10.1093/brain/awm302
http://dx.doi.org/10.1093/brain/awm302
https://doi.org/10.1016/0006-8993(81)90864-7
http://dx.doi.org/10.1016/0006-8993(81)90864-7
https://doi.org/10.3233/JPD-160779
https://doi.org/10.3233/JPD-160779
https://doi.org/10.1016/s0079-6123(10)83007-9
http://dx.doi.org/10.1016/S0079-6123(10)83007-9
https://doi.org/10.1016/j.neuint.2009.01.013
http://dx.doi.org/10.1016/j.neuint.2009.01.013
https://doi.org/10.1002/ana.22687
http://dx.doi.org/10.1002/ana.22687

References

DOI: 10.1523/eneuro.0198-19.2019. URL:
http://dx.doi.org/10.1523/ENEURO.0198-19.2019.

Park, Yeoung-Hyun et al. (2021). “CPNE7-Induced Autophagy Restores the
Physiological Function of Mature Odontoblasts”. English. In: Frontiers in Cell and
Developmental Biology 9. DOI: 10.3389/fcell.2021.655498.

Parkinson, James (May 2002). “An Essay on the Shaking Palsy”. In: The Journal of
Neuropsychiatry and Clinical Neurosciences 14.2, pp. 223-236. DOL:
10.1176/jnp.14.2.223. URL: http://dx.doi.org/10.1176/jnp.14.2.223.

Parkkinen, Laura, Tarja Kauppinen, et al. (Jan. 2005). “?-Synuclein pathology does not
predict extrapyramidal symptoms or dementia”. In: Annals of Neurology 57.1,
pp- 82-91. DOI: 10.1002/ana.20321. URL:
http://dx.doi.org/10.1002/ana.20321.

Parkkinen, Laura, Tuula Pirttild, and Irina Alafuzoff (Feb. 23, 2008). “Applicability of
current staging/categorization of 7-synuclein pathology and their clinical relevance”.
In: Acta Neuropathologica 115.4, pp. 399-407. DOI: 10.1007/s00401-008-0346-6.
URL: http://dx.doi.org/10.1007/s00401-008-0346-6.

Pasanen, Petra et al. (Sept. 2014). “A novel ?-synuclein mutation A53E associated with
atypical multiple system atrophy and Parkinson’s disease-type pathology”. In:
Neurobiology of Aging 35.9, 2180.e1-2180.e5. DOI:

10.1016/j .neurobiolaging.2014.03.024. URL:
http://dx.doi.org/10.1016/j.neurobiolaging.2014.03.024.

Patro, Rob et al. (Apr. 2017). “Salmon Provides Fast and Bias-Aware Quantification of
Transcript Expression”. en. In: Nature Methods 14.4, pp. 417-419. DOT:
10.1038/nmeth.4197.

Patterson, Kate I. et al. (Feb. 25, 2009). “Dual-specificity phosphatases: critical
regulators with diverse cellular targets”. In: Biochemical Journal 418.3, pp. 475-489.
DOI: 10.1042/bj20082234. URL: http://dx.doi.org/10.1042/1j20082234.

Paupe, Vincent and Julien Prudent (May 2018). “New insights into the role of
mitochondrial calcium homeostasis in cell migration”. In: Biochemical and
Biophysical Research Communications 500.1, pp. 75-86. DOI:
10.1016/j.bbrc.2017.05.039. URL:
http://dx.doi.org/10.1016/3.bbrc.2017.05.039.

Perestenko, Pavel V. et al. (Nov. 19, 2010). “Copines-1, -2, -3, -6 and -7 show different
calcium-dependent intracellular membrane translocation and targeting”. In: FEBS
Journal 277.24, pp. 5174-5189. por: 10.1111/j.1742-4658.2010.07935.x. URL:
http://dx.doi.org/10.1111/j.1742-4658.2010.07935.x.

Pers, Tune H. et al. (Jan. 19, 2015). “Biological interpretation of genome-wide
association studies using predicted gene functions”. In: Nature Communications 6.1.
DOI: 10.1038/ncomms6890. URL: http://dx.doi.org/10.1038/ncomms6890.

Picelli, Simone et al. (Jan. 2014). “Full-length RNA-seq from single cells using
Smart-seq2”. In: Nature Protocols 9.1, pp. 171-181. DOI: 10.1038/nprot.2014.006.
URL: http://dx.doi.org/10.1038/nprot.2014.006.

Pilon, Geneviéve, Patrice Dallaire, and André Marette (May 2004). “Inhibition of
Inducible Nitric-oxide Synthase by Activators of AMP-activated Protein Kinase”.
In: Journal of Biological Chemistry 279.20, pp. 20767-20774. DOTI:
10.1074/jbc.m401390200. URL: http://dx.doi.org/10.1074/jbc.M401390200.

Polymeropoulos, M. H. (June 27, 1997). “Mutation in the -Synuclein Gene Identified in
Families with Parkinson’s Disease”. In: Science 276.5321, pp. 2045-2047. DOI:

195


https://doi.org/10.1523/eneuro.0198-19.2019
http://dx.doi.org/10.1523/ENEURO.0198-19.2019
https://doi.org/10.3389/fcell.2021.655498
https://doi.org/10.1176/jnp.14.2.223
http://dx.doi.org/10.1176/jnp.14.2.223
https://doi.org/10.1002/ana.20321
http://dx.doi.org/10.1002/ana.20321
https://doi.org/10.1007/s00401-008-0346-6
http://dx.doi.org/10.1007/s00401-008-0346-6
https://doi.org/10.1016/j.neurobiolaging.2014.03.024
http://dx.doi.org/10.1016/j.neurobiolaging.2014.03.024
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1042/bj20082234
http://dx.doi.org/10.1042/bj20082234
https://doi.org/10.1016/j.bbrc.2017.05.039
http://dx.doi.org/10.1016/j.bbrc.2017.05.039
https://doi.org/10.1111/j.1742-4658.2010.07935.x
http://dx.doi.org/10.1111/j.1742-4658.2010.07935.x
https://doi.org/10.1038/ncomms6890
http://dx.doi.org/10.1038/ncomms6890
https://doi.org/10.1038/nprot.2014.006
http://dx.doi.org/10.1038/nprot.2014.006
https://doi.org/10.1074/jbc.m401390200
http://dx.doi.org/10.1074/jbc.M401390200

References

10.1126/science.276.5321.2045. URL:
http://dx.doi.org/10.1126/science.276.5321.2045.

Popovic, D. et al. (Feb. 21, 2012). “Rab GTPase-Activating Proteins in Autophagy:
Regulation of Endocytic and Autophagy Pathways by Direct Binding to Human
ATGS8 Modifiers”. In: Molecular and Cellular Biology 32.9, pp. 1733-1744. pDOI:
10.1128/mcb.06717-11. URL: http://dx.doi.org/10.1128/MCB.06717-11.

Poulin, Jean-Francois et al. (Nov. 2014). “Defining Midbrain Dopaminergic Neuron
Diversity by Single-Cell Gene Expression Profiling”. en. In: Cell Reports 9.3,
pp- 930-943. po1: 10.1016/j.celrep.2014.10.008.

Powers, K.M. et al. (June 10, 2003). “Parkinson’s disease risks associated with dietary
iron, manganese, and other nutrient intakes”. In: Neurology 60.11, pp. 1761-1766.
DOI: 10.1212/01.wnl.0000068021.13945.7f. URL:
http://dx.doi.org/10.1212/01.wnl.0000068021.13945.7f.

Proukakis, C. et al. (Feb. 20, 2013). “A novel a-synuclein missense mutation in
Parkinson disease”. In: Neurology 80.11, pp. 1062-1064. DOI:
10.1212/wnl.0b013e31828727ba. URL:
http://dx.doi.org/10.1212/WNL.0b013e31828727ba.

Qiu, Peng (Mar. 3, 2020). “Embracing the dropouts in single-cell RNA-seq analysis”. In:
Nature Communications 11.1. DOI: 10.1038/s41467-020-14976-9. URL:
http://dx.doi.org/10.1038/s41467-020-14976-9.

Qu, Fangfei et al. (Oct. 8, 2016). “Ankyrin-B is a PI3P effector that promotes polarized
?571-integrin recycling via recruiting RabGAP1L to early endosomes”. In: eLife 5.
DOI: 10.7554/elife.20417. URL: http://dx.doi.org/10.7554/eLife.20417.

Quik, Maryka (Sept. 2004). “Smoking, nicotine and Parkinson’s disease”. In: Trends in
Neurosciences 27.9, pp. 561-568. DOI: 10.1016/j.tins.2004.06.008. URL:
http://dx.doi.org/10.1016/].tins.2004.06.008.

R Core Team (2020). R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing. Vienna, Austria. URL:
https://www.R-project.org/.

Raff, M. C. (May 3, 2002). “Axonal Self-Destruction and Neurodegeneration”. In:
Science 296.5569, pp. 868-871. DOI: 10.1126/science.1068613. URL:
http://dx.doi.org/10.1126/science.1068613.

Rattan, Suresh 1.S. (Jan. 1996). “Synthesis, modifications, and turnover of proteins
during aging”. In: Experimental Gerontology 31.1-2, pp. 33-47. DOL:
10.1016/0531-5565(95) 02022-5. URL:
http://dx.doi.org/10.1016/0531-5565(95)02022-5.

Recchia, Alessandra et al. (Apr. 2004). “?-Synuclein and Parkinson’s disease”. In: The
FASEB Journal 18.6, pp. 617-626. DOI: 10.1096/fj.03-0338rev. URL:
http://dx.doi.org/10.1096/fj.03-0338rev.

Riccardi, Daniela and Edward M. Brown (Mar. 2010). “Physiology and pathophysiology
of the calcium-sensing receptor in the kidney”. In: American Journal of
Physiology-Renal Physiology 298.3, F485-F499. DOTI:
10.1152/ajprenal.00608.2009. URL:
http://dx.doi.org/10.1152/ajprenal.00608.2009.

Riccardi, Daniela and Giovanna Valenti (May 9, 2016). “Localization and function of
the renal calcium-sensing receptor”. In: Nature Reviews Nephrology 12.7,
pp- 414-425. DOI: 10.1038/nrneph.2016.59. URL:
http://dx.doi.org/10.1038/nrneph.2016.59.

196


https://doi.org/10.1126/science.276.5321.2045
http://dx.doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1128/mcb.06717-11
http://dx.doi.org/10.1128/MCB.06717-11
https://doi.org/10.1016/j.celrep.2014.10.008
https://doi.org/10.1212/01.wnl.0000068021.13945.7f
http://dx.doi.org/10.1212/01.wnl.0000068021.13945.7f
https://doi.org/10.1212/wnl.0b013e31828727ba
http://dx.doi.org/10.1212/WNL.0b013e31828727ba
https://doi.org/10.1038/s41467-020-14976-9
http://dx.doi.org/10.1038/s41467-020-14976-9
https://doi.org/10.7554/elife.20417
http://dx.doi.org/10.7554/eLife.20417
https://doi.org/10.1016/j.tins.2004.06.008
http://dx.doi.org/10.1016/j.tins.2004.06.008
https://www.R-project.org/
https://doi.org/10.1126/science.1068613
http://dx.doi.org/10.1126/science.1068613
https://doi.org/10.1016/0531-5565(95)02022-5
http://dx.doi.org/10.1016/0531-5565(95)02022-5
https://doi.org/10.1096/fj.03-0338rev
http://dx.doi.org/10.1096/fj.03-0338rev
https://doi.org/10.1152/ajprenal.00608.2009
http://dx.doi.org/10.1152/ajprenal.00608.2009
https://doi.org/10.1038/nrneph.2016.59
http://dx.doi.org/10.1038/nrneph.2016.59

References

Rice, Margaret E and Stephanie J Cragg (May 16, 2004). “Nicotine amplifies
reward-related dopamine signals in striatum”. In: Nature Neuroscience 7.6,
pp. 583-584. DOI: 10.1038/nn1244. URL: http://dx.doi.org/10.1038/nn1244.

Richfield, Eric K. et al. (May 2002). “Behavioral and Neurochemical Effects of
Wild-Type and Mutated Human ?7-Synuclein in Transgenic Mice”. In: Faperimental
Neurology 175.1, pp. 35-48. DOI: 10.1006/exnr.2002.7882. URL:
http://dx.doi.org/10.1006/exnr.2002.7882.

Riederer, P. and St. Wuketich (Sept. 1976). “Time course of nigrostriatal degeneration
in parkinson’s disease”. In: Journal of Neural Transmission 38.3-4, pp. 277-301.
DOI: 10.1007/bf01249445. URL: http://dx.doi.org/10.1007/BF01249445.

Riederer, Peter and Gerd Laux (Mar. 31, 2011). “MAO-inhibitors in Parkinson’s
Disease”. In: Ezperimental Neurobiology 20.1, pp. 1-17. DOI:
10.5607/en.2011.20.1.1. URL: http://dx.doi.org/10.5607/en.2011.20.1.1.

Risso, Davide et al. (Jan. 18, 2018). “A general and flexible method for signal
extraction from single-cell RNA-seq data”. In: Nature Communications 9.1. DOI:
10.1038/s41467-017-02554-5. URL:
http://dx.doi.org/10.1038/s41467-017-02554-5.

Ritz, Beate et al. (July 1, 2007). “Pooled Analysis of Tobacco Use and Risk of Parkinson
Disease”. In: Archives of Neurology 64.7, p. 990. DOI: 10.1001/archneur.64.7.990.
URL: http://dx.doi.org/10.1001/archneur.64.7.990.

Rizo, Josep and Thomas C. Siidhof (June 1998). “C2-domains, Structure and Function
of a Universal Ca2+-binding Domain”. In: Journal of Biological Chemistry 273.26,
pp- 15879-15882. DOI: 10.1074/jbc.273.26.15879. URL:
http://dx.doi.org/10.1074/jbc.273.26.15879.

Roberts, Hazel and David Brown (Mar. 25, 2015). “Seeking a Mechanism for the
Toxicity of Oligomeric 7-Synuclein”. In: Biomolecules 5.2, pp. 282-305. DOI:
10.3390/biom5020282. URL: http://dx.doi.org/10.3390/biom5020282

Rodriguez, Manuel et al. (Feb. 9, 2015). “Parkinson’s disease as a result of aging”. In:
Aging Cell 14.3, pp. 293-308. DOI: 10.1111/acel.12312. URL:
http://dx.doi.org/10.1111/acel.12312.

Rgsjo, Helge et al. (May 24, 2012). “Secretogranin II; a Protein Increased in the
Myocardium and Circulation in Heart Failure with Cardioprotective Properties”. In:
PLoS ONE 7.5. Ed. by Rakesh Kukreja, e37401. DOTI:
10.1371/journal.pone.0037401. URL:
http://dx.doi.org/10.1371/journal.pone.0037401.

Ruhl, David A. et al. (Aug. 6, 2019). “Synaptotagmin 17 controls neurite outgrowth
and synaptic physiology via distinct cellular pathways”. In: Nature Communications
10.1. por: 10.1038/s41467-019-11459-4. URL:
http://dx.doi.org/10.1038/s41467-019-11459-4.

Saelens, Wouter et al. (Apr. 1, 2019). “A comparison of single-cell trajectory inference
methods”. In: Nature Biotechnology 37.5, pp. 547-554. DOI:
10.1038/s41587-019-0071-9. URL:
http://dx.doi.org/10.1038/s41587-019-0071-9.

Sakers, Kristina et al. (May 2017). “Astrocytes Locally Translate Transcripts in Their
Peripheral Processes”. en. In: Proceedings of the National Academy of Sciences
114.19, E3830-E3838. DOI1: 10.1073/pnas.1617782114.

197


https://doi.org/10.1038/nn1244
http://dx.doi.org/10.1038/nn1244
https://doi.org/10.1006/exnr.2002.7882
http://dx.doi.org/10.1006/exnr.2002.7882
https://doi.org/10.1007/bf01249445
http://dx.doi.org/10.1007/BF01249445
https://doi.org/10.5607/en.2011.20.1.1
http://dx.doi.org/10.5607/en.2011.20.1.1
https://doi.org/10.1038/s41467-017-02554-5
http://dx.doi.org/10.1038/s41467-017-02554-5
https://doi.org/10.1001/archneur.64.7.990
http://dx.doi.org/10.1001/archneur.64.7.990
https://doi.org/10.1074/jbc.273.26.15879
http://dx.doi.org/10.1074/jbc.273.26.15879
https://doi.org/10.3390/biom5020282
http://dx.doi.org/10.3390/biom5020282
https://doi.org/10.1111/acel.12312
http://dx.doi.org/10.1111/acel.12312
https://doi.org/10.1371/journal.pone.0037401
http://dx.doi.org/10.1371/journal.pone.0037401
https://doi.org/10.1038/s41467-019-11459-4
http://dx.doi.org/10.1038/s41467-019-11459-4
https://doi.org/10.1038/s41587-019-0071-9
http://dx.doi.org/10.1038/s41587-019-0071-9
https://doi.org/10.1073/pnas.1617782114

References

Samii, Ali et al. (Sept. 2009). “NSAID Use and the Risk of Parkinson’s Disease”. In:
Drugs & Aging 26.9, pp. 769-779. DOI: 10.2165/11316780-000000000-00000. URL:
http://dx.doi.org/10.2165/11316780-000000000-00000.

Samuel, Filsy et al. (Feb. 2016). “Effects of Serine 129 Phosphorylation on ?-Synuclein
Aggregation, Membrane Association, and Internalization”. In: Journal of Biological
Chemistry 291.9, pp. 4374-4385. DOI: 10.1074/jbc.m115.705095. URL:
http://dx.doi.org/10.1074/jbc.M115.705095.

Sandor, Cynthia et al. (Jan. 17, 2017). “Transcriptomic profiling of purified
patient-derived dopamine neurons identifies convergent perturbations and
therapeutics for Parkinsons disease”. In: Human Molecular Genetics, ddw412. DOI:
10.1093/hmg/ddw412. URL: http://dx.doi.org/10.1093/hmg/ddw412

Saria, A. et al. (May 1993). “Secretoneurin releases dopamine from rat striatal slices: A
biological effect of a peptide derived from secretogranin II (chromogranin C)”. In:
Neuroscience 54.1, pp. 1-4. DOI: 10.1016/0306-4522(93)90377-r. URL:
http://dx.doi.org/10.1016/0306-4522(93)90377-T.

Satake, Wataru et al. (Nov. 15, 2009). “Genome-wide association study identifies
common variants at four loci as genetic risk factors for Parkinson’s disease”. In:
Nature Genetics 41.12, pp. 1303-1307. DOI: 10.1038/ng.485. URL:
http://dx.doi.org/10.1038/ng.485.

Saunders, Arpiar et al. (Aug. 2018). “Molecular Diversity and Specializations among
the Cells of the Adult Mouse Brain”. In: Cell 174.4, 1015-1030.e16. DOTI:
10.1016/j.cell1.2018.07.028. URL:
http://dx.doi.org/10.1016/3.cell.2018.07.028.

Scherman, Daniel et al. (Oct. 1989). “Striatal dopamine deficiency in parkinson’s
disease: Role of aging”. In: Annals of Neurology 26.4, pp. 551-557. DOI:
10.1002/ana.410260409. URL: http://dx.doi.org/10.1002/ana.410260409.

Scherzer, C. R. et al. (July 31, 2008). “GATA transcription factors directly regulate the
Parkinson’s disease-linked gene a-synuclein”. In: Proceedings of the National
Academy of Sciences 105.31, pp. 10907-10912. poI: 10.1073/pnas.0802437105.
URL: http://dx.doi.org/10.1073/pnas.0802437105.

Scholey, Jonathan M. (Oct. 6, 2013). “Kinesin-2: A Family of Heterotrimeric and
Homodimeric Motors with Diverse Intracellular Transport Functions”. In: Annual
Review of Cell and Developmental Biology 29.1, pp. 443-469. DOTI:
10.1146/annurev-cellbio-101512-122335. URL:
http://dx.doi.org/10.1146/annurev-cellbio-101512-122335.

Senior, Steven L. et al. (Feb. 2008). “Increased striatal dopamine release and
hyperdopaminergic-like behaviour in mice lacking both alpha-synuclein and
gamma-synuclein”. In: Furopean Journal of Neuroscience 27.4, pp. 947-957. DOL:
10.1111/3j.1460-9568.2008.06055.x. URL:
http://dx.doi.org/10.1111/3.1460-9568.2008.06055.x.

Shan, Jianguo et al. (Oct. 1, 2003). “A Molecular Mechanism for mRNA Trafficking in
Neuronal Dendrites”. In: The Journal of Neuroscience 23.26, pp. 8859-8866. DOI:
10.1523/jneurosci.23-26-08859.2003. URL:
http://dx.doi.org/10.1523/INEUROSCI.23-26-08859.2003.

Shashi, Vandana et al. (Nov. 12, 2018). “Loss of tubulin deglutamylase CCP 1 causes
infantile-onset neurodegeneration”. In: The EMBO Journal 37.23. DOLI:
10.15252/embj.2018100540. URL:
http://dx.doi.org/10.15252/embj.2018100540.

198


https://doi.org/10.2165/11316780-000000000-00000
http://dx.doi.org/10.2165/11316780-000000000-00000
https://doi.org/10.1074/jbc.m115.705095
http://dx.doi.org/10.1074/jbc.M115.705095
https://doi.org/10.1093/hmg/ddw412
http://dx.doi.org/10.1093/hmg/ddw412
https://doi.org/10.1016/0306-4522(93)90377-r
http://dx.doi.org/10.1016/0306-4522(93)90377-r
https://doi.org/10.1038/ng.485
http://dx.doi.org/10.1038/ng.485
https://doi.org/10.1016/j.cell.2018.07.028
http://dx.doi.org/10.1016/j.cell.2018.07.028
https://doi.org/10.1002/ana.410260409
http://dx.doi.org/10.1002/ana.410260409
https://doi.org/10.1073/pnas.0802437105
http://dx.doi.org/10.1073/pnas.0802437105
https://doi.org/10.1146/annurev-cellbio-101512-122335
http://dx.doi.org/10.1146/annurev-cellbio-101512-122335
https://doi.org/10.1111/j.1460-9568.2008.06055.x
http://dx.doi.org/10.1111/j.1460-9568.2008.06055.x
https://doi.org/10.1523/jneurosci.23-26-08859.2003
http://dx.doi.org/10.1523/JNEUROSCI.23-26-08859.2003
https://doi.org/10.15252/embj.2018100540
http://dx.doi.org/10.15252/embj.2018100540

References

Shi, Lei et al. (Nov. 2006). “Dok5 is substrate of TrkB and TrkC receptors and involved
in neurotrophin induced MAPK activation”. In: Cellular Signalling 18.11,
pp. 1995-2003. DOI: 10.1016/j.cellsig.2006.03.007. URL:
http://dx.doi.org/10.1016/j.cellsig.2006.03.007.

Shigeoka, Toshiaki et al. (June 2016a). “Dynamic Axonal Translation in Developing
and Mature Visual Circuits”. eng. In: Cell 166.1, pp. 181-192. port:
10.1016/j.cell.2016.05.029.

— (June 2016b). “Dynamic Axonal Translation in Developing and Mature Visual
Circuits”. In: Cell 166.1, pp. 181-192. DOI: 10.1016/j.cell.2016.05.029. URL:
http://dx.doi.org/10.1016/5.cell.2016.05.029.

Shizuya, H., B. Birren, et al. (Sept. 15, 1992). “Cloning and stable maintenance of
300-kilobase-pair fragments of human DNA in Escherichia coli using an
F-factor-based vector.” In: Proceedings of the National Academy of Sciences 89.18,
pp- 8794-8797. DOI: 10.1073/pnas.89.18.8794. URL:
http://dx.doi.org/10.1073/pnas.89.18.8794.

Shizuya, Hiroaki and Hosein Kouros-Mehr (2001). “The development and applications
of the bacterial artificial chromosome cloning system.” In: The Keio Journal of
Medicine 50.1, pp. 26-30. DOI: 10.2302/kjm.50.26. URL:
http://dx.doi.org/10.2302/kjm.50.26.

Shrestha, Prerana, Awni Mousa, and Nathaniel Heintz (Sept. 2015). “Layer 2/3
Pyramidal Cells in the Medial Prefrontal Cortex Moderate Stress Induced
Depressive Behaviors”. eng. In: eLife 4. DOI: 10.7554/eLife.08752.

Simoén-Sanchez, Javier et al. (Nov. 15, 2009). “Genome-wide association study reveals
genetic risk underlying Parkinson’s disease”. In: Nature Genetics 41.12,
pp. 1308-1312. DOI: 10.1038/ng.487. URL: http://dx.doi.org/10.1038/ng.487.

Singleton, A. B. (Oct. 31, 2003). “a-Synuclein Locus Triplication Causes Parkinson’s
Disease”. In: Science 302.5646, pp. 841-841. DOI: 10.1126/science.1090278. URL:
http://dx.doi.org/10.1126/science.1090278.

Smaldone, Giovanni et al. (Feb. 18, 2015). “Insight into conformational modification of
alpha-synuclein in the presence of neuronal whole cells and of their isolated
membranes”. In: FEBS Letters 589.7, pp. 798-804. DOI:
10.1016/j.febslet.2015.02.012. URL:
http://dx.doi.org/10.1016/j.febslet.2015.02.012.

Smith, Wanli W. et al. (Oct. 20, 2005). “Endoplasmic reticulum stress and
mitochondrial cell death pathways mediate A53T mutant alpha-synuclein-induced
toxicity”. In: Human Molecular Genetics 14.24, pp. 3801-3811. DOIL:
10.1093/hmg/ddi396. URL: http://dx.doi.org/10.1093/hmg/ddi396

Snyder, Brandi N. et al. (May 2011). “AFAP1L1 is a novel adaptor protein of the AFAP
family that interacts with cortactin and localizes to invadosomes”. In: Furopean
Journal of Cell Biology 90.5, pp. 376-389. DOI: 10.1016/j.ejcb.2010.11.016.
URL: http://dx.doi.org/10.1016/j.ejcb.2010.11.016.

Soneson, Charlotte, Michael I. Love, and Mark D. Robinson (Dec. 30, 2015).
“Differential analyses for RNA-seq: transcript-level estimates improve gene-level
inferences”. In: F1000Research 4, p. 1521. DOI: 10.12688/f1000research.7563.1.
URL: http://dx.doi.org/10.12688/£1000research.7563.1.

Song, Allisa J. and Richard D. Palmiter (May 2018). “Detecting and Avoiding Problems
When Using the Crelox System”. In: Trends in Genetics 34.5, pp. 333-340. DOTI:

199


https://doi.org/10.1016/j.cellsig.2006.03.007
http://dx.doi.org/10.1016/j.cellsig.2006.03.007
https://doi.org/10.1016/j.cell.2016.05.029
https://doi.org/10.1016/j.cell.2016.05.029
http://dx.doi.org/10.1016/j.cell.2016.05.029
https://doi.org/10.1073/pnas.89.18.8794
http://dx.doi.org/10.1073/pnas.89.18.8794
https://doi.org/10.2302/kjm.50.26
http://dx.doi.org/10.2302/kjm.50.26
https://doi.org/10.7554/eLife.08752
https://doi.org/10.1038/ng.487
http://dx.doi.org/10.1038/ng.487
https://doi.org/10.1126/science.1090278
http://dx.doi.org/10.1126/science.1090278
https://doi.org/10.1016/j.febslet.2015.02.012
http://dx.doi.org/10.1016/j.febslet.2015.02.012
https://doi.org/10.1093/hmg/ddi396
http://dx.doi.org/10.1093/hmg/ddi396
https://doi.org/10.1016/j.ejcb.2010.11.016
http://dx.doi.org/10.1016/j.ejcb.2010.11.016
https://doi.org/10.12688/f1000research.7563.1
http://dx.doi.org/10.12688/f1000research.7563.1

References

10.1016/j.tig.2017.12.008. URL:
http://dx.doi.org/10.1016/5.tig.2017.12.008.

Spillantini, M. G., R. A. Crowther, et al. (May 26, 1998). “a-Synuclein in filamentous
inclusions of Lewy bodies from Parkinson’s disease and dementia with Lewy bodies”.
In: Proceedings of the National Academy of Sciences 95.11, pp. 6469—6473. DOTI:
10.1073/pnas.95.11.6469. URL: http://dx.doi.org/10.1073/pnas.95.11.6469.

Spillantini, Maria Grazia, Marie Luise Schmidt, et al. (Aug. 1997). “?-Synuclein in
Lewy bodies”. In: Nature 388.6645, pp. 839-840. DOI: 10.1038/42166. URL:
http://dx.doi.org/10.1038/42166.

Srivastava, Avi et al. (Sept. 2020). “Alignment and Mapping Methodology Influence
Transcript Abundance Estimation”. In: Genome Biology 21.1, p. 239. DOI:
10.1186/s13059-020-02151-8.

Stahl, Patrik L. et al. (June 30, 2016). “Visualization and analysis of gene expression in
tissue sections by spatial transcriptomics”. In: Science 353.6294, pp. 78-82. DOIL:
10.1126/science.aaf2403. URL: http://dx.doi.org/10.1126/science.aaf2403.

Stettler, Olivier et al. (Jan. 1, 2012). “Engrailed homeoprotein recruits the adenosine
A1 receptor to potentiate ephrin A5 function in retinal growth cones”. In:
Development 139.1, pp. 215-224. DOI: 10.1242/dev.063875. URL:
http://dx.doi.org/10.1242/dev.063875.

Stocchi, Fabrizio (Dec. 2009). “Dopamine receptor agonists in the treatment of
advanced Parkinson’s disease”. In: Parkinsonism € Related Disorders 15, S54—-S57.
DOI: 10.1016/s1353-8020(09)70836-3. URL:
http://dx.doi.org/10.1016/S1353-8020(09)70836-3.

Su, Min et al. (Feb. 9, 2011). “HDACG6 regulates aggresome-autophagy degradation
pathway of 7-synuclein in response to MPP+-induced stress”. In: Journal of
Neurochemistry 117.1, pp. 112-120. por: 10.1111/3j.1471-4159.2011.07180.x.
URL: http://dx.doi.org/10.1111/3j.1471-4159.2011.07180.x.

Sulzer, David (May 2007). “Multiple hit hypotheses for dopamine neuron loss in
Parkinson’s disease”. In: Trends in Neurosciences 30.5, pp. 244—250. DOI:
10.1016/j.tins.2007.03.009. URL:
http://dx.doi.org/10.1016/5.tins.2007.03.009.

Summers, D. W., A. DiAntonio, and J. Milbrandt (July 9, 2014). “Mitochondrial
Dysfunction Induces Sarm1-Dependent Cell Death in Sensory Neurons”. In: Journal
of Neuroscience 34.28, pp. 9338-9350. DOI: 10.1523/jneurosci.0877-14.2014.
URL: http://dx.doi.org/10.1523/INEUROSCI.0877-14.2014.

Sun, Shujuan et al. (June 2017). “Loss of the novel mitochondrial protein FAM210B
promotes metastasis via PDK4-dependent metabolic reprogramming”. In: Cell
Death & Disease 8.6, ¢2870-e2870. DOI: 10.1038/cddis.2017.273. URL:
http://dx.doi.org/10.1038/cddis.2017.273.

Sunkin, Susan M. et al. (Nov. 27, 2012). “Allen Brain Atlas: an integrated
spatio-temporal portal for exploring the central nervous system”. In: Nucleic Acids
Research 41.D1, pp. D996-D1008. pOI1: 10.1093/nar/gks1042. URL:
http://dx.doi.org/10.1093/nar/gks1042.

Suzuki, Junji, Kazunori Kanemaru, and Masamitsu Iino (Sept. 2016). “Genetically
Encoded Fluorescent Indicators for Organellar Calcium Imaging”. In: Biophysical
Journal 111.6, pp. 1119-1131. por: 10.1016/j.bpj.2016.04.054. URL:
http://dx.doi.org/10.1016/].bpj.2016.04.054.

200


https://doi.org/10.1016/j.tig.2017.12.008
http://dx.doi.org/10.1016/j.tig.2017.12.008
https://doi.org/10.1073/pnas.95.11.6469
http://dx.doi.org/10.1073/pnas.95.11.6469
https://doi.org/10.1038/42166
http://dx.doi.org/10.1038/42166
https://doi.org/10.1186/s13059-020-02151-8
https://doi.org/10.1126/science.aaf2403
http://dx.doi.org/10.1126/science.aaf2403
https://doi.org/10.1242/dev.063875
http://dx.doi.org/10.1242/dev.063875
https://doi.org/10.1016/s1353-8020(09)70836-3
http://dx.doi.org/10.1016/S1353-8020(09)70836-3
https://doi.org/10.1111/j.1471-4159.2011.07180.x
http://dx.doi.org/10.1111/j.1471-4159.2011.07180.x
https://doi.org/10.1016/j.tins.2007.03.009
http://dx.doi.org/10.1016/j.tins.2007.03.009
https://doi.org/10.1523/jneurosci.0877-14.2014
http://dx.doi.org/10.1523/JNEUROSCI.0877-14.2014
https://doi.org/10.1038/cddis.2017.273
http://dx.doi.org/10.1038/cddis.2017.273
https://doi.org/10.1093/nar/gks1042
http://dx.doi.org/10.1093/nar/gks1042
https://doi.org/10.1016/j.bpj.2016.04.054
http://dx.doi.org/10.1016/j.bpj.2016.04.054

References

Svensson, Valentine (Feb. 2020). “Droplet scRNA-Seq Is Not Zero-Inflated”. en. In:
Nature Biotechnology 38.2, pp. 147-150. DOI: 10.1038/s41587-019-0379-5.

Szklarczyk, Damian et al. (Nov. 25, 2020). “The STRING database in 2021:
customizable proteinprotein networks, and functional characterization of
user-uploaded gene/measurement sets”. In: Nucleic Acids Research 49.D1,
pp- D605-D612. por: 10.1093/nar/gkaal074. URL:
http://dx.doi.org/10.1093/nar/gkaal074.

Takahashi, K. and B. Nadal-Ginard (July 1991). “Molecular Cloning and Sequence
Analysis of Smooth Muscle Calponin”. eng. In: The Journal of Biological Chemistry
266.20, pp. 13284-13288.

Taylor, Tonya N. et al. (Feb. 2014). “Region-specific deficits in dopamine, but not
norepinephrine, signaling in a novel A30P 7-synuclein BAC transgenic mouse”. In:
Neurobiology of Disease 62, pp. 193-207. DOT: 10.1016/j.nbd.2013.10.005. URL:
http://dx.doi.org/10.1016/j.nbd.2013.10.005.

Teismann, P. et al. (Apr. 17, 2003). “Cyclooxygenase-2 is instrumental in Parkinson’s
disease neurodegeneration”. In: Proceedings of the National Academy of Sciences
100.9, pp. 5473-5478. DOIL: 10.1073/pnas . 0837397100. URL:
http://dx.doi.org/10.1073/pnas.0837397100.

Tenreiro, Sandra et al. (May 8, 2014). “Phosphorylation Modulates Clearance of
Alpha-Synuclein Inclusions in a Yeast Model of Parkinson’s Disease”. In: PLoS
Genetics 10.5. Ed. by James Shorter, e1004302. DOTI:
10.1371/journal.pgen.1004302. URL:
http://dx.doi.org/10.1371/journal .pgen.1004302.

Thomas, B. and M. F. Beal (July 31, 2007). “Parkinson’s disease”. In: Human
Molecular Genetics 16.R2, R183-R194. DOI: 10.1093/hmg/ddm159. URL:
http://dx.doi.org/10.1093/hmg/ddm159.

Tiklova, Katarina et al. (Feb. 4, 2019). “Single-cell RNA sequencing reveals midbrain
dopamine neuron diversity emerging during mouse brain development”. In: Nature
Communications 10.1. DOT: 10.1038/s41467-019-08453-1. URL:
http://dx.doi.org/10.1038/s41467-019-08453-1.

Tofaris, G. K. (Apr. 12, 2006). “Pathological Changes in Dopaminergic Nerve Cells of
the Substantia Nigra and Olfactory Bulb in Mice Transgenic for Truncated Human
a-Synuclein(1-120): Implications for Lewy Body Disorders”. In: Journal of
Neuroscience 26.15, pp. 3942-3950. DOI: 10.1523/ jneurosci.4965-05.2006. URL:
http://dx.doi.org/10.1523/INEUROSCI.4965-05.2006.

Tofaris, George K, Robert Layfield, and Maria Grazia Spillantini (Nov. 9, 2001).
“?-Synuclein metabolism and aggregation is linked to ubiquitin-independent
degradation by the proteasome”. In: FEBS Letters 509.1, pp. 22-26. DOT:
10.1016/s0014-5793(01)03115-5. URL:
http://dx.doi.org/10.1016/s0014-5793(01)03115-5.

Tofaris, George K., Azam Razzaq, et al. (Nov. 2003). “Ubiquitination of ?-Synuclein in
Lewy Bodies Is a Pathological Event Not Associated with Impairment of
Proteasome Function”. In: Journal of Biological Chemistry 278.45, pp. 44405-44411.
DOI: 10.1074/jbc.m308041200. URL:
http://dx.doi.org/10.1074/jbc.M308041200.

Toka, Hakan R. et al. (Sept. 20, 2012). “Deficiency of the Calcium-Sensing Receptor in
the Kidney Causes Parathyroid Hormonelndependent Hypocalciuria”. In: Journal

201


https://doi.org/10.1038/s41587-019-0379-5
https://doi.org/10.1093/nar/gkaa1074
http://dx.doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1016/j.nbd.2013.10.005
http://dx.doi.org/10.1016/j.nbd.2013.10.005
https://doi.org/10.1073/pnas.0837397100
http://dx.doi.org/10.1073/pnas.0837397100
https://doi.org/10.1371/journal.pgen.1004302
http://dx.doi.org/10.1371/journal.pgen.1004302
https://doi.org/10.1093/hmg/ddm159
http://dx.doi.org/10.1093/hmg/ddm159
https://doi.org/10.1038/s41467-019-08453-1
http://dx.doi.org/10.1038/s41467-019-08453-1
https://doi.org/10.1523/jneurosci.4965-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.4965-05.2006
https://doi.org/10.1016/s0014-5793(01)03115-5
http://dx.doi.org/10.1016/s0014-5793(01)03115-5
https://doi.org/10.1074/jbc.m308041200
http://dx.doi.org/10.1074/jbc.M308041200

References

of the American Society of Nephrology 23.11, pp. 1879-1890. DOTI:
10.1681/asn.2012030323. URL: http://dx.doi.org/10.1681/ASN.2012030323.

Tracy, Sam, Guo-Cheng Yuan, and Ruben Dries (July 12, 2019). “RESCUE: imputing
dropout events in single-cell RNA-sequencing data”. In: BMC' Bioinformatics 20.1.
DOI: 10.1186/s12859-019-2977-0. URL:
http://dx.doi.org/10.1186/s12859-019-2977-0.

Tuttle, Marcus D et al. (Mar. 28, 2016). “Solid-state NMR structure of a pathogenic
fibril of full-length human ?-synuclein”. In: Nature Structural € Molecular Biology
23.5, pp. 409-415. DOI: 10.1038/nsmb.3194. URL:
http://dx.doi.org/10.1038/nsmb.3194.

Uéda, K et al. (Dec. 1, 1993). “Molecular cloning of cDNA encoding an unrecognized
component of amyloid in Alzheimer disease”. In: Proceedings of the National
Academy of Sciences 90.23, pp. 11282-11286. DOI: 10.1073/pnas.90.23.11282.
URL: http://dx.doi.org/10.1073/pnas.90.23.11282.

van den Brink, Susanne C et al. (Sept. 29, 2017). “Single-cell sequencing reveals
dissociation-induced gene expression in tissue subpopulations”. In: Nature Methods
14.10, pp. 935-936. DOI: 10.1038/nmeth.4437. URL:
http://dx.doi.org/10.1038/nmeth.4437.

Van Den Eeden, S. K. (June 1, 2003). “Incidence of Parkinson’s Disease: Variation by
Age, Gender, and Race/Ethnicity”. In: American Journal of Epidemiology 157.>11,
pp. 1015-1022. DOI: 10.1093/aje/kwg068. URL:
http://dx.doi.org/10.1093/aje/kwg068.

Visanji, Naomi P. et al. (Nov. 2016). “?-Synuclein-Based Animal Models of Parkinson’s
Disease: Challenges and Opportunities in a New Era”. In: Trends in Neurosciences
39.11, pp. 750-762. DOI: 10.1016/j.tins.2016.09.003. URL:
http://dx.doi.org/10.1016/].tins.2016.09.003.

Vitek, Jerrold L. (Mar. 2002). “Mechanisms of deep brain stimulation: Excitation or
inhibition”. In: Movement Disorders 17.53, S69-S72. DOI: 10.1002/mds.10144. URL:
http://dx.doi.org/10.1002/mds.10144.

Volpicelli-Daley, Laura A. et al. (Oct. 2011). “Exogenous ?-Synuclein Fibrils Induce
Lewy Body Pathology Leading to Synaptic Dysfunction and Neuron Death”. In:
Neuron 72.1, pp. 57-71. DOI: 10.1016/j .neuron.2011.08.033. URL:
http://dx.doi.org/10.1016/j.neuron.2011.08.033.

Vu, Hang Thi et al. (Jan. 9, 2017). “Increase in ?-tubulin modifications in the neuronal
processes of hippocampal neurons in both kainic acid-induced epileptic seizure and
Alzheimers disease”. In: Scientific Reports 7.1. DOI: 10.1038/srep40205. URL:
http://dx.doi.org/10.1038/srep40205.

Wagner, Katharina (2017). Targeted cell-type specific gene expression profiling in a
transgenic mouse model of Parkinson’s. eng.

Wan, Cuihong et al. (Sept. 2015). “Panorama of ancient metazoan macromolecular
complexes”. In: Nature 525.7569, pp. 339-344. DOI: 10.1038/nature14877. URL:
http://dx.doi.org/10.1038/nature14877.

Wang, Jingya, Sadiye Amcaoglu Rieder, et al. (June 11, 2019). “Evaluation of ultra-low
input RNA sequencing for the study of human T cell transcriptome”. In: Scientific
Reports 9.1. DOI: 10.1038/s41598-019-44902-z. URL:
http://dx.doi.org/10.1038/s41598-019-44902-z.

Wang, Ruoxi, Jieqiong Tan, et al. (Dec. 11, 2018). “ATP13A2 facilitates HDAC6
recruitment to lysosome to promote autophagosomelysosome fusion”. In: Journal of

202


https://doi.org/10.1681/asn.2012030323
http://dx.doi.org/10.1681/ASN.2012030323
https://doi.org/10.1186/s12859-019-2977-0
http://dx.doi.org/10.1186/s12859-019-2977-0
https://doi.org/10.1038/nsmb.3194
http://dx.doi.org/10.1038/nsmb.3194
https://doi.org/10.1073/pnas.90.23.11282
http://dx.doi.org/10.1073/pnas.90.23.11282
https://doi.org/10.1038/nmeth.4437
http://dx.doi.org/10.1038/nmeth.4437
https://doi.org/10.1093/aje/kwg068
http://dx.doi.org/10.1093/aje/kwg068
https://doi.org/10.1016/j.tins.2016.09.003
http://dx.doi.org/10.1016/j.tins.2016.09.003
https://doi.org/10.1002/mds.10144
http://dx.doi.org/10.1002/mds.10144
https://doi.org/10.1016/j.neuron.2011.08.033
http://dx.doi.org/10.1016/j.neuron.2011.08.033
https://doi.org/10.1038/srep40205
http://dx.doi.org/10.1038/srep40205
https://doi.org/10.1038/nature14877
http://dx.doi.org/10.1038/nature14877
https://doi.org/10.1038/s41598-019-44902-z
http://dx.doi.org/10.1038/s41598-019-44902-z

References

Cell Biology 218.1, pp. 267-284. DOI: 10.1083/jcb.201804165. URL:
http://dx.doi.org/10.1083/jcb.201804165.

Wang, W., I. Perovic, et al. (Oct. 17, 2011). “A soluble &-synuclein construct forms a
dynamic tetramer”. In: Proceedings of the National Academy of Sciences 108.43,
pp- 17797-17802. po1: 10.1073/pnas.1113260108. URL:
http://dx.doi.org/10.1073/pnas.1113260108.

Wang, Yifei, Yasuharu Shinoda, et al. (Jan. 22, 2021). “Epidermal Fatty Acid-Binding
Protein 5 (FABP5) Involvement in Alpha-Synuclein-Induced Mitochondrial Injury
under Oxidative Stress”. In: Biomedicines 9.2, p. 110. DOI:
10.3390/biomedicines9020110. URL:
http://dx.doi.org/10.3390/biomedicines9020110.

Wang, Yong and Nicholas E. Navin (May 2015). “Advances and Applications of
Single-Cell Sequencing Technologies”. In: Molecular Cell 58.4, pp. 598-609. DOI:
10.1016/j .molcel.2015.05.005. URL:
http://dx.doi.org/10.1016/j.molcel.2015.05.005.

Wen, L et al. (June 2016). “Crucial roles of the CHRNB3CHRNAG6 gene cluster on
chromosome 8 in nicotine dependence: update and subjects for future research”. In:
Translational Psychiatry 6.6, e843—-e843. DOI: 10.1038/tp.2016.103. URL:
http://dx.doi.org/10.1038/tp.2016.103.

Williams, A (Nov. 24, 1984). “MPTP parkinsonism.” In: BMJ 289.6456, pp. 1401-1402.
DOI: 10.1136/bmj.289.6456.1401. URL:
http://dx.doi.org/10.1136/bmj.289.6456.1401

Winner, B. et al. (Feb. 15, 2011). “In vivo demonstration that a-synuclein oligomers are
toxic”. In: Proceedings of the National Academy of Sciences 108.10, pp. 4194-4199.
DOI: 10.1073/pnas.1100976108. URL:
http://dx.doi.org/10.1073/pnas.1100976108.

Wong, Yvette C and Dimitri Krainc (Feb. 2017). “?-synuclein toxicity in
neurodegeneration: mechanism and therapeutic strategies”. In: Nature Medicine
23.2, pp. 1-13. DOI: 10.1038/nm.4269. URL:
http://dx.doi.org/10.1038/nm.4269.

Wyman, Dana et al. (June 18, 2019). A technology-agnostic long-read analysis pipeline
for transcriptome discovery and quantification. URL:
http://dx.doi.org/10.1101/672931.

Xilouri, Maria and Leonidas Stefanis (Mar. 2011). “Autophagic pathways in Parkinson
disease and related disorders”. In: Expert Reviews in Molecular Medicine 13. DOI:
10.1017/s1462399411001803. URL:
http://dx.doi.org/10.1017/S1462399411001803.

Yamakado, Hodaka et al. (June 2012). “?-Synuclein BAC transgenic mice as a model
for Parkinson’s disease manifested decreased anxiety-like behavior and
hyperlocomotion”. In: Neuroscience Research 73.2, pp. 173—-177. DOLI:

10.1016/j .neures.2012.03.010. URL:
http://dx.doi.org/10.1016/j.neures.2012.03.010.

Yang, Lu, Josh Titlow, et al. (Aug. 2017). “Single molecule fluorescence in situ
hybridisation for quantitating post-transcriptional regulation in Drosophila brains”.
In: Methods 126, pp. 166-176. DOI: 10.1016/j.ymeth.2017.06.025. URL:
http://dx.doi.org/10.1016/j.ymeth.2017.06.025.

Yang, Wenya, Jamie L. Hamilton, et al. (July 9, 2020). “Current and projected future
economic burden of Parkinsons disease in the U.S.” In: npj Parkinson’s Disease 6.1.

203


https://doi.org/10.1083/jcb.201804165
http://dx.doi.org/10.1083/jcb.201804165
https://doi.org/10.1073/pnas.1113260108
http://dx.doi.org/10.1073/pnas.1113260108
https://doi.org/10.3390/biomedicines9020110
http://dx.doi.org/10.3390/biomedicines9020110
https://doi.org/10.1016/j.molcel.2015.05.005
http://dx.doi.org/10.1016/j.molcel.2015.05.005
https://doi.org/10.1038/tp.2016.103
http://dx.doi.org/10.1038/tp.2016.103
https://doi.org/10.1136/bmj.289.6456.1401
http://dx.doi.org/10.1136/bmj.289.6456.1401
https://doi.org/10.1073/pnas.1100976108
http://dx.doi.org/10.1073/pnas.1100976108
https://doi.org/10.1038/nm.4269
http://dx.doi.org/10.1038/nm.4269
http://dx.doi.org/10.1101/672931
https://doi.org/10.1017/s1462399411001803
http://dx.doi.org/10.1017/S1462399411001803
https://doi.org/10.1016/j.neures.2012.03.010
http://dx.doi.org/10.1016/j.neures.2012.03.010
https://doi.org/10.1016/j.ymeth.2017.06.025
http://dx.doi.org/10.1016/j.ymeth.2017.06.025

References

DOI: 10.1038/s41531-020-0117-1. URL:
http://dx.doi.org/10.1038/s41531-020-0117-1.

Yates, Andrew D et al. (2020). “Ensembl 2020”. In: Nucleic acids research 48.D1,
pp- D682-D68S.

Yien, Yvette Y. et al. (Dec. 2018). “FAM210B Is an Erythropoietin Target and
Regulates Erythroid Heme Synthesis by Controlling Mitochondrial Iron Import and
Ferrochelatase Activity”. eng. In: The Journal of Biological Chemistry 293.51,
pp- 19797-19811. poI1: 10.1074/jbc.RA118.002742.

Zaichick, Sofia V., Kaitlyn M. McGrath, and Gabriela Caraveo (May 1, 2017). “The
role of Ca2+ signaling in Parkinson’s disease”. In: Disease Models € Mechanisms
10.5, pp. 519-535. DOI: 10.1242/dmm.028738. URL:
http://dx.doi.org/10.1242/dmm.028738.

Zambon, Federico et al. (Feb. 11, 2019). “Cellular ?-synuclein pathology is associated
with bioenergetic dysfunction in Parkinsons iPSC-derived dopamine neurons”. In:
Human Molecular Genetics 28.12, pp. 2001-2013. DOT: 10.1093/hmg/ddz038. URL:
http://dx.doi.org/10.1093/hmg/ddz038.

Zarranz, Juan J. et al. (Dec. 30, 2003). “The new mutation, E46K, of ?-synuclein causes
parkinson and Lewy body dementia”. In: Annals of Neurology 55.2, pp. 164—173.
DOI: 10.1002/ana.10795. URL: http://dx.doi.org/10.1002/ana.10795.

Zeisel, Amit et al. (Aug. 2018). “Molecular Architecture of the Mouse Nervous System”.
In: Cell 174.4, 999-1014.e22. DOI: 10.1016/j.cell.2018.06.021. URL:
http://dx.doi.org/10.1016/j.cell.2018.06.021.

Zhang, Chen-Song and Sheng-Cai Lin (Mar. 2016). “AMPK Promotes Autophagy by
Facilitating Mitochondrial Fission”. In: Cell Metabolism 23.3, pp. 399-401. DOI:
10.1016/j.cmet.2016.02.017. URL:
http://dx.doi.org/10.1016/j.cmet.2016.02.017.

Zhang, Y., K. Chen, et al. (Sept. 3, 2014). “An RNA-Sequencing Transcriptome and
Splicing Database of Glia, Neurons, and Vascular Cells of the Cerebral Cortex”. In:
Journal of Neuroscience 34.36, pp. 11929-11947. por:
10.1523/jneurosci.1860-14.2014. URL:
http://dx.doi.org/10.1523/JINEUROSCI. 1860-14.2014.

Zhou, Pingzhu et al. (Sept. 2013). “Interrogating Translational Efficiency and
Lineage-Specific Transcriptomes Using Ribosome Affinity Purification”. en. In:
Proceedings of the National Academy of Sciences 110.38, pp. 15395-15400. DOI:
10.1073/pnas.1304124110.

Zimprich, Alexander et al. (Nov. 2004). “Mutations in LRRK2 Cause
Autosomal-Dominant Parkinsonism with Pleomorphic Pathology”. In: Neuron 44.4,
pp. 601-607. DOI: 10.1016/j .neuron.2004.11.005. URL:
http://dx.doi.org/10.1016/j.neuron.2004.11.005.

20/


https://doi.org/10.1038/s41531-020-0117-1
http://dx.doi.org/10.1038/s41531-020-0117-1
https://doi.org/10.1074/jbc.RA118.002742
https://doi.org/10.1242/dmm.028738
http://dx.doi.org/10.1242/dmm.028738
https://doi.org/10.1093/hmg/ddz038
http://dx.doi.org/10.1093/hmg/ddz038
https://doi.org/10.1002/ana.10795
http://dx.doi.org/10.1002/ana.10795
https://doi.org/10.1016/j.cell.2018.06.021
http://dx.doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1016/j.cmet.2016.02.017
http://dx.doi.org/10.1016/j.cmet.2016.02.017
https://doi.org/10.1523/jneurosci.1860-14.2014
http://dx.doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1073/pnas.1304124110
https://doi.org/10.1016/j.neuron.2004.11.005
http://dx.doi.org/10.1016/j.neuron.2004.11.005

	List of Figures
	List of Tables
	List of Abbreviations
	1. Introduction
	Parkinson's Disease
	Introduction
	Clinical Presentation and Neuropathology
	Aetiology
	Treatment

	Alpha-synuclein
	Structure
	Cellular Properties of a-synuclein
	Transgenic Mouse Models of a-synuclein Parkinson's Disease

	Dopaminergic Axons in Parkinson's Disease
	Gene Expression Profiling in Dopaminergic Neurons
	Translating Ribosome Affinity Purification

	Aims

	2. Material and Methods
	Animal Husbandry
	Ethical declaration
	Breeding
	DNA extraction from ear tissue
	Genotyping PCR

	TRAP
	TRAP Reagents
	Anti-eGFP Antibody Preparation
	Streptavidin Dynabead Pre-Treatment
	Biotinylation and Antibody Binding
	Translating Ribosome Affinity Purification
	Assessment of RNA Integrity
	Quantification of RNA Mass from TRAP
	cDNA Synthesis
	Quantitative PCR
	RNA Sequencing

	Long-Read cDNA Library Preparation and Sequencing
	Computational Analysis
	Summary of Processing


	Building a Compartment-Specific Dopamine Neuron Transcriptomic Dataset
	Introduction
	Overview
	Chapter aims

	Results
	eGFP Expression in Midbrain and Striatum
	Cohort Design
	RNA yield
	Trimming
	Alignment
	Count Data
	Long-read Data Quality Control and Comparison to Short-read

	Discussion
	eGFP Expression in Midbrain and Striatum
	Cohort Design
	RNA Yield
	Trimming
	Alignment
	Count Data


	Specific Expression Features in the Dopaminergic Neuron
	Introduction
	Overview
	Chapter aims

	Results
	Somal Enrichment
	Axonal Enrichment
	Axon-specific Genes
	GWAS Prioritisation

	Discussion
	Somal and Axonal Enrichment
	GWAS Prioritisation


	Compartmental and Condition-Dependent Expression in Dopaminergic Neurons
	Introduction
	Overview
	Chapter aims

	Results
	Interpretation of Expression Measurements from Axonal TRAP Samples
	Library Composition Across Cohorts in Aged Somal TRAP Samples
	Local Translation: The Axon and Cell Body
	Ageing
	Overexpression of Human a-Synuclein

	Discussion
	Local Translation
	Ageing
	Overexpression of Human a-Synuclein


	Discussion
	Confirmation of Results
	Expansion of Results
	Collation
	Considerations
	Conclusions
	Session Info

	References

