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1 Résumé

Les maladies neurodégénératives sont typiquement caractérisées en fonction de leurs symptomes et
des observations pathologiques effectuées apres le décés. Les symptdmes spécifiques a la maladie sont
¢galement normalement associés aux dysfonctionnements et a la dégénérescence de certaines sous-
populations spécifiques de neurones dans le systeme nerveux. La maladie de Parkinson (MP) est une
maladie neurodégénérative principalement caractérisée par des symptomes moteurs dus a la dégénérescence
spécifique des neurones dopaminergiques (DA) de la substantia nigra pars compacta (SNpc/SNc). 11 semble
cependant que les neurones DA de la SNc ne soient pas la seule population de neurones qui dégénéere dans
la MP. L'analyse post-mortem, l'imagerie in vivo et les symptdmes cliniques démontrent que le
dysfonctionnement et la dégénérescence se produisent dans plusieurs autres régions du systéme nerveux,
incluant par exemple des neurones noradrénergiques (NA) du locus coeruleus (LC), des neurones
sérotoninergiques des noyaux du raphé et des neurones cholinergiques du noyau moteur dorsal du nerf

vague (DMV) et du noyau pédonculopontin.

Comme d'autres maladies neurodégénératives, la MP est causée par plusieurs facteurs, tant
génétiques qu'environnementaux. De nombreuses observations suggerent que ces facteurs soient associés
au dysfonctionnement de plusieurs systemes ou fonctions cellulaires incluant la production d’énergie par
la mitochondrie, 1’élimination de protéines dysfonctionnelles par le protéasome et le lysosome, la régulation
de I’équilibre entre la production d'espéces oxydatives réactives et les mécanismes antioxydants, la
régulation des niveaux de calcium intracellulaire et I’inflammation. Il semble donc que Ile
dysfonctionnement de ces facteurs converge pour provoquer la dégénérescence neuronale dans le contexte
du vieillissement. Ce qui rend les neurones de certaines régions du systéme nerveux intrinsequement plus
vulnérables aux facteurs associés a la MP est une question fondamentale qui n’est pas résolue pour le

moment.

Les travaux de cette thése sont basés sur I’hypothése proposant que cette vulnérabilité sélective
découle de propriétés communes retrouvées chez les neurones vulnérables. En particulier, les neurones
vulnérables auraient en commun d’étre des neurones de projections dotés d’un axone complexe qui projette
sur de longues distances, formant un nombre tres €élevé de terminaisons axonales sur de vastes territoires
du systeme nerveux. De plus, ces neurones présenteraient des propriétés physiologiques distinctives,
incluant notamment une décharge autonome (pacemaker). Ensemble, ces caractéristiques pourraient

contribuer a placer ces neurones dans des conditions de fonctionnement aux limites de leur capacités



bioénergétiques et homéostatiques, rendant difficile toute adaptation aux dysfonctionnements cellulaires

associés au vieillissement et causés par les facteurs de risques de la MP.

Dans cette theése, je présenterai une revue systématique de la littérature sur la perte de neurones dans
le cerveau des personnes atteintes de la maladie de Parkinson, montrant que 1'identité neurochimique précise
des neurones qui dégénerent dans la maladie de Parkinson, et I'ordre temporel dans lequel cela se produit,
n’est pas clair. Cependant, en analysant les points de vue présentés dans les publications citant cette revue,
nous avons remarqué que la majorité de ceux-ci ne reflétent pas le message central de notre publication.
Puisque I’identification de 1’identité des neurones vulnérables et non vulnérables a la MP est fondamentale
pour le développement de théories et hypothéses sur les causes de la MP, nous suivons cette premicre

publication avec une lettre réaffirmant l'importance de faire face aux problémes identifiés dans notre revue.

Nous présentons ensuite des données in vitro montrant que les neurones vulnérables a la MP,
comparés a ceux qui sont moins vulnérables, ont une capacité intrinséque a développer des champs axonaux
plus importants et plus complexes, avec un nombre plus élevé de sites actifs de libération de
neurotransmetteurs. De plus, nous constatons que ces observations sont corrélées a une vulnérabilité plus
¢levée face a un stress oxydatif pertinent pour la MP. Ces données sont en accord avec I'hypothése selon
laquelle le domaine axonal, et en particulier le nombre de sites de libération de neurotransmetteurs par
neurone, est un facteur important qui contribue a rendre un neurone sélectivement vulnérable dans le

contexte de la MP.

Enfin, nous présentons une méthode d’analyse d’image open-source visant a aider les biologistes et
les neuroscientifiques a automatiser la quantification du nombre de neurones dans des cultures primaires
de neurones, telle qu’utilisée dans les travaux de cette these. Nous proposons que cet algorithme simple —
mais robuste — permettra aux biologistes d'automatiser le comptage des neurones avec une grande
précision, quelque chose de difficile a effectuer avec les autres approches open-source disponibles

présentement.

Nous espérons que les travaux présentés dans cette thése permettront de contribuer a raffiner les
théories visant a expliquer I'origine de la MP et a terme, de développer de nouvelles approches

thérapeutiques.

Mots-clés: Maladie de Parkinson, vulnérabilité sélective, neurodégénérescence, arborisation axonale



2 Abstract

Neurodegenerative diseases are typically characterized based on their symptoms, and pathological
factors identified after death. The disease-specific symptoms are due to the dysfunction and degeneration
of specific subpopulations of neurons, which cause dysfunction in particular brain functions. Parkinson's
disease (PD) is a neurodegenerative disease primarily characterized by motor symptoms due to the specific
degeneration of dopamine (DA) neurons of the substantia nigra pars compacta (SNpc/SNc): a population
of neurons essential for motor control. SNc DA neurons are, however, not the only population of neurons
that degenerate in PD. Post-mortem analysis, in vivo imaging, and clinical symptoms demonstrate that
dysfunction and degeneration occur in several other neuronal nuclei. These include, but are not limited to,
noradrenergic (NA) locus coeruleus (LC) neurons, serotonin neurons of the raphe nuclei, and cholinergic

neurons of the dorsal motor nucleus of the vagus (DMV) and pedunculopontine nucleus.

Like other neurodegenerative diseases, PD is linked to several risk factors, both genetic and
environmental. The evidence suggests that these risk factors are associated with the dysfunction in systems
of cellular bioenergetics (including mitochondrial function); proteostatic homeostasis; endolysosomal
function; an imbalance between the production of reactive oxidative species (ROS), and antioxidant
mechanisms; calcium homeostasis; alpha-synuclein misfolding; and neuroinflammation. Consequently,
together with aging, these risk factors converge on causing the selective degeneration of "PD-vulnerable"
nuclei. What makes these neurons intrinsically vulnerable to PD-associated risk factors is a fundamental
question — and understanding these neurons will reveal biological mechanisms that we can target to protect

these cells from degeneration.

Our best hypotheses to explain why these neurons are based on the observations that most PD-
vulnerable neurons are long-range projection neuromodulatory neurons sharing common characteristics:
projecting to voluminous territories, having very long and highly branched unmyelinated axonal domains
with vast numbers of neurotransmitter release sites, and exhibiting a unique physiology such as pacemaker
firing. Taken together, this suggests that these neurons function at the tail-end of their bioenergetic and
homeostatic capacity, unable to tolerate any further demands, such as those incurred in the presence of risk

factors associated with PD.

In this thesis, I will present a systematic review on the literature on purported cell loss in PD brains,
showing that — given the actual primary evidence — the precise neurochemical identity of neurons that
degenerate in PD, and the temporal order of this degeneration, is far less clear than described by most

publications. This review — at the time of writing — has gone on to be highly cited. However, analyzing



the claims made in publications citing this review, we discover that the majority of claims do not reflect the
core message of our publication. Since the identity of PD-vulnerable and non-PD-vulnerable neurons is
fundamental to theory and hypotheses when trying to understand PD, we follow this first publication with

a letter restating the importance to address our observations.

We then present in vitro data showing that classically PD-vulnerable neurons, when compared to
non-PD vulnerable neurons, have an intrinsic capacity to develop larger and more complex axonal domains,
with higher numbers of active neurotransmitter release sites. Moreover, we find that these observations
correlate to elevated vulnerability to PD-relevant stress assays. These data provide additional support for
the hypothesis that the axonal domain — and in particular — the number of active neurotransmitter sites

per neuron, is a cell-autonomous factor rendering a neuron selectively vulnerable in the context of PD.

Finally, we present an open-source tool to support biologists and neuroscientists in automating the
quantification of neuron numbers in medium-throughput primary cell cultures. Where the application of
other open-source solutions is either too simplistic for the use-case or technically challenging to implement,
this simple — yet robust algorithm — allows biologists with limited computational nous to automate neuron

counting with high precision.

We hope that the work presented in this thesis will contribute to the refinement of theories aimed at

explaining the origin of PD and, ultimately, to the development of new therapeutic approaches.

Keywords: Parkinson's disease, selective vulnerability, neurodegeneration, axonal arborization
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DA: dopamine SNc/SNpc: substantia nigra pars compacta

DBS: Deep brain stimulation STEM: Science, technology, engineering, and

DLB: Dementia with Lewy Bodies mathematics
DMYV: dorsal motor nucleus of the vagus STN: Subthalmic nucleus
DOPAC: 3,4-dioxy-phenylacetic acid TDP-43: transactivation response DNA binding

ENS: Enteric nervous system protein 43

GWAS: genome-wide association study TH: Tyrosine hydroxylase



7 Overture

Life hangs on a very thin thread and the cancer of time is complacency. If you are going to do something,

do it now. Tomorrow is too late. (Pete Goss, 1998)

This quote provides insight that I hope to have learnt, that I hope to live by, and that I hope to see
embodied by the zeitgeist of the scientific community. I have been fortunate to be in good health — for
many this is not the case, and scientific progress is the only hope. Would I be here had penicillin been
discovered merely a handful of years later? I suspect not. How many more people would have suffered and
died had this discovery arrived later; had the wheels of discovery been rotating slower, less efficiently, and
with incentives even less aligned with the actual point of science, to understand and discover, let alone in
the midst of WWII? This thesis is not about the scientific method, process, nor philosophy of science.
However, these ideas have been the most important and enlightening insights I believe to have gained
during this PhD. My hope for the future is that we can continue to improve our scientific process, scientific
training, the management and drive to deploy capital to make this world a better place for generations to

come.



To those waiting for a cure, present and future
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10 Chapter 1 — Introduction

10.01 Aims

In this introduction, our current understanding of Parkinson's disease (PD) aetiology is described, the
principles of selective vulnerability (within the context of PD), and our models to understand why PD

affects the neurons that it does.
10.02 Neurological disorders

According to the World Health Organization, brain disorders represent a significant burden to all
nations (low-, middle-, and high-income) (Brain Health, 2021). In 2017, globally, neurological disorders
were the 7™ most significant cause of disease burden, accounting for ~ 4% of total disease burden estimated

by disability-adjusted life years (up from 2.7% in 1990) (Roser & Ritchie, 2016) — see Figure 1.

Share of total disease burden by cause, World, 2017

Total disease burden, measured in Disability-Adjusted Life Years (DALYs) by sub-category of disease or injury.
DALYs measure the total burden of disease - both from years of life lost due to premature death and years lived
with a disability. One DALY equals one lost year of healthy life.

Cardiovascular diseases 14.66%
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Mental and substance use disorders
Other NCDs
Respiratory diseases
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Transport injuries 3.02%
Malaria & neglected tropical diseases 2.49%
Nutritional deficiencies
Liver disease
Self-harm
Interpersonal violence 1.04%
Maternal disorders
Conflict & terrorism
Natural disasters | 0.05%
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Source: IHME, Global Burden of Disease OurWorldInData.org/burden-of-disease + CC BY

Figure 1 Global disease burden in 2017

(Roser & Ritchie, 2016)
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10.03 Neurodegenerative diseases — global impacts

Neurodegenerative diseases are a subset of neurological disorders characterized by
neurodegeneration: dysfunction and death of the brain parenchyma, resulting in significant deficits in
normal brain function. (“Neurodegeneration,” 2021). The leading risk factor for most neurodegenerative
diseases is age (Hou et al., 2019). According to the United Nations 2019 report on World Population
Ageing, “older people account for more than one fifth of the population in 17 countries today, and the
United Nations Department of Economic and Social Affairs Population Division’s projections to the end
of the century indicate that this will be the case in 2100 for 155 countries, covering a majority (61 per cent)
of the world’s population” (United Nations et al., 2020). Thus, given our ever-ageing global population, if
we are to avoid the catastrophic consequences of generations afflicted by neurodegenerative disorders,

progress in the understanding the causes of neurodegenerative diseases is essential.
10.04 Neurodegenerative diseases

Neurodegenerative diseases are classified by the symptoms they cause, and the subsequent
neuropathological findings that are found in the central or peripheral nervous system of the people affected
by these diseases. Broadly, these symptoms involve either disorders of voluntary and involuntary
movement, or cognitive function; followed, most often, by subsequent neuropathological findings of
protein accumulation in restricted neuroanatomically defined regions. The major groups of
neurodegenerative diseases fall under the umbrellas of: amyloidoses, tauopathies, a-synucleinopathies, and

transactivation response DNA binding protein 43 (TDP-43) proteinopathies (Dugger & Dickson, 2017).

Amyloidoses are diseases where there is an accumulation of filamentous aggregated protein —
amyloid — forming its characteristic B-sheet-rich secondary structure from protein monomers that have a
propensity to fibrilise. The most common of these, Alzheimer’s Disease, is associated with amyloid of
amyloid precursor protein (AP). Other amyloidoses include Creutzfeldt-Jakob disease, Gerstmann—
Straussler—Scheinker disease, and familial British and Danish dementias. Alzheimer’s disease is, however,
a mixed proteinopathy that also exhibits tauopathy: pathological accumulation of tau protein in neurons and
glia. Other tauopathies include Progressive Supranuclear Palsy, Corticobasal Degeneration, Argyrophilic

Grain Disease, and Pick’s Disease (Dugger & Dickson, 2017; Knopman et al., 2021).

Synucleopathies are a class of neurodegenerative diseases characterized by the accumulation of the
pre-synaptic protein, a-synuclein. a-synuclein is the major constituent of Lewy Bodies, neuronal inclusions
— whose presence on neuropathological exam — give rise to the diagnosis of Lewy Body Disorders such

as Parkinson’s Disease (as well as Parkinson’s Disease with Dementia, and Dementia with Lewy Bodies).
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Other synucleopoathies include Multiple System Atrophy. TDP-43 proteinopathies include Amyotrophic
Lateral Sclerosis, where the major component of neuronal inclusions includes the protein TDP-43. TDP-43
can also be found enriched in neuronal inclusions occurring in Frontotemporal Lobar Degeneration (Dugger

& Dickson, 2017; Poewe et al., 2017a).

Of the major neurodegenerative diseases, Huntington’s Disease and Multiple Sclerosis do not show
canonical neuropathological findings of protein-rich inclusions, associated with most other
neurodegenerative diseases. Huntington’s Disease is the most common mono-genetic neuronal disorder,
and Multiple Sclerosis a highly heterogenous chronic inflammatory disorder (Bates et al., 2015; Filippi,

2018), and are both characterized by restricted neuronal atrophy.

In all, though often presented as distinct entities, these diseases share many commonalities such as
the neuropathological findings, protein abnormalities, and clinical symptoms, with significant overlap

(Dugger & Dickson, 2017).

10.05 Parkinson's Disease

Parkinson’s Disease (PD) is the fastest growing neurological disorder, and as of 2016, around 6.1
million people were living with PD globally — more than double than in 1990: a change mainly attributed
to an ageing population (Dorsey et al., 2018). These figures are of course estimates: seminal work in 2007
(Dorsey et al., 2007) made predictions that, globally, in 2030 there would be ~9 million people diagnosed
with PD. However, further work on estimating current and future prevalence suggests that this is an
underestimate. Marras et al., (2018) suggest that by 2030, in the US, we can expect 1.23 million people to

be living with PD (compared to 0.61 million estimated by Dorsey et al.), a difference of almost two-fold.

There is of course the evident tragedy a disease such as PD entails for the individual, but also an
extreme economic burden associated with this disease. In the USA, for example, the economic burden of
PD has been estimated to be worth around $52 billion annually, and research spending by the NIH on PD-
specific work is around $160M annually (only 6.5% of the total spend on neurodegenerative disecases —
private institutions such as the Michael J Fox foundation, add to this amount (around $100M annually))

(Schekman & Riley, 2019).

10.06A (brief) history

“So slight and nearly imperceptible are the first inroads of this malady, and so extremely
slow its progress, that it rarely happens, that the patient can form any recollection of the precise

period of its commencement” — James Parkinson, 1817
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PD was first described as a neurological disorder — within our modern literature — in 1817 by James
Parkinson (Parkinson, 1817). Descriptions however, of a PD-like disorder, can be found in older western
medical texts between the 1600s and 1800s as well as in traditional Indian and Chinese texts from 1000 BC

(Goetz, 2011; Stern, 1989; Zhang et al., 2006).

Following the classical essay by James Parkinson in 1817, PD was further described by Jean-Martin
Charcot (coining the term PD, in 1872), where the distinction of cardinal motor symptoms began. Charcot’s
work led to the distinction of PD from other disorders of the central nervous system, such as multiple
sclerosis, and led to the identification of sub-types of PD: with and without tremor, with extended posture,
and with hemiplegia. Fritz Heinrich Lewy describes inclusions located outside the substantia nigra in 1912,
followed by the discovery of inclusions within the substantia nigra by Konstantin Tretiakoff in 1919
(Trétiakoft, 1919), naming them after Lewy. The first pharmacological treatments for PD were belladonna
alkaloids, agents that (discovered after the fact) have an anticholinergic mechanism of action. It was only
once the discovery of the dopamine system became more concrete, in the 1950-60s — dopamine having
been first synthesized in 1910 by Barger and Ewens — that it was discovered that there was an important
relationship between dopamine, the striatum, and the control of motor output (Hornykiewicz, 2002 — a
fantastic historical lecture on dopamine). The first evidence of robust therapeutic utility of levodopa
(dopamine replacement therapy) was published by Birkmayer & Hornykiewicz (1961). The development
of L-DOPA therapy was also pioneered in Montreal by André Barbeau, where the use and utility of L-
DOPA as a therapy was optimized (Barbeau, 1969). The use of L-DOPA subsequently led to the use of
dopamine agonists and inhibitors (of dopamine metabolism) to increase bioavailability (Goedert et al.,

2013; Goetz, 2011). Further key and notable discoveries are listed in Table 1.

24



Year Observations and discoveries Notable individuals
2000425 BC Brief descriptions of PD-like symptoms appear in many ancient books
(Ancient China)
169 AD First recorded distinction between resting and intentional tremor Galen
1228 Description of a possible case of PD in China Zihe Zhang
1584 Described tremors that involve hands, feet, and head Yikvi Sun
1690 Described similar clinical symptoms to that of modern-day PD Ferenc Papai Pariz
1817 Publishes “An essay on the shaking palsy” James Parkinson
1872 “PD” is given the name — Parkinson’s Disease Jean-Martin Charcot
1893 Described parkinsonian tremor in a patient with a tumour in the Paul Blocq and Georges
substantia nigra Marinesco
1899 Suggestion that the SNc could be the site of PD pathology Edouard Brissaud
1912-1919 “Inclusions” located in SNc in PD, described Frederick Heinrich Lewy and
Konstantin Tretiakoff
1917 Encephalitis lethargica is described Constantin von Economo
1919 Describes inclusions in the substantia nigra in PD and names them after Konstantin Tretiakoff
Lewy
1920 Propose that the anatomically distinct striatal system is also chemically Cécile and Oscar Vogt
distinct
1938 Confirmation that degeneration of the pars compacta of the substantia R Hassler
nigra causes parkinsonism
1940 First neurosurgical intervention of the basal ganglia to treat PD
1957 Reserpine is reported to reduce motor activity in animals, which was
reversed by L-DOPA
1958 Demonstration of dopamine in the brain by histochemical methods
1960 Found dopamine levels reduced in the striatum of PD Oleh Hornykiewicz
1961 L-dopa as the first effective anti-PD drug and reports of the ALS-PD—
dementia complex of Guam
1962 Demonstration that low oral doses of L-DOPA in humans have anti-PD
effects
1965 Demonstration that mechanical lesions of the striatum cause a loss of
dopamine in the substantia nigra and vice versa
1967 Hoehn-Yahr scale for staging PD progression
1970 Introduced DBS for treating the tremor of PD Alim-Louis Benabid
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1973 Publishes “Awakenings” Oliver Sacks
1975 Hyposmia is recognized as a nonmotor symptom of PD
1983 Report of a group of drug users who developed acute parkinsonism after
MPTP exposure: MPTP induced parkinsonism
1984 Lewy pathology found in enteric nervous system in PD
1986 Description of rapid eye movement sleep behaviour disorder
1987 Tested antiparkinsonian effect of apomorphine George Cotzias
1988 Demonstration that pigmented neurons in the substantia nigra are
particularly vulnerable to degeneration in PD and first description of
microgliosis in the substantia nigra in PD
1989 Introduction of the direct and indirect pathway model of the basal ganglia
circuitry
1990 Reversal of experimental parkinsonism by lesions of the subthalamic
nucleus and complex I deficit detected in PD brains
1995 Deep brain stimulation of the subthalamic nucleus becomes effective for
the treatment of PD
1997 Mutations in SNCA identified as the first genetic causes of PD
1998 a-Synuclein found to be the main component of Lewy bodies
2001 First double-blind controlled trial of a cell-based therapy in PD
2003 Publish Braak staging Kelly Del Tredici , Eva
Braak, and Heiko Braak
2003 Multiplication of SNCA found to cause PD
2003-2006 Identification of DJ1, PINK1, NR4A2, LRRK2, GBA, and ATP13A2
2008 First suggestion of cell-to-cell transmission of a-synuclein
2008-2010 Parkin—PINK1 reported to regulate mitophagy
2012 First phase I clinical trial for immunotherapy in PD
2014 Hypotheses on a-synuclein cell-to-cell transmission proliferate

Table 1 Notable discoveries

(Goedert et al., 2013; Li & Le, 2017; Przedborski, 2017)

26



10.07 Epidemiology

Five to > 35 new cases of PD are diagnosed yearly, per 100,000 people, and a diagnosis is rare before
the age of 50. Furthermore, as with many neurological disorders, prevalence increases by five to 10-fold
between the ages of 60 and 90. Intriguingly, in most populations, incidence in men can reach roughly double
that of women. However, causal factors have been difficult to isolate. Incidence rates are also found to be
higher in individuals exposed to pesticides and traumatic brain injury. Incidence in sub-populations (such
as those defined by race, ethnicity, genotype, and/or environment) have been reported to vary, however,
these are inconclusive and it has been difficult differentiate between environmental interactions (Poewe et

al., 2017a).
10.08 Symptoms and diagnosis

PD is a neurodegenerative disorder characterised by both motor and non-motor symptoms. Given the
complexity of neurological disorders, it is difficult to attain specificity in their categorization, an element
of variance that is very difficult to understand and accommodate for. Since the first description by James
Parkinson over 200 years ago (Parkinson, 1817), a diagnosis of PD has varied in terms of its clinical
definition. Figure 2 depicts the major symptoms associated with PD (tremor, rigidity, bradykinesia,

dystonia, gait issues, as well as host of autonomic, psychiatric, and cognitive symptoms).

Motor and nonmotor Parkinson disease symptoms
Fewery «——«—— — > More

Tremor, rigidity, bradykinesia, dystonia, and/or gait issues
Autonomic, psychiatric, and/or cognitive symptoms

[ﬂ 1886 Illustration of Parkinson disease \'?' Mild motor-predominant m Intermediate Parkinson disease m Diffuse malignant Parkinson disease
" Parkinson disease '

Off-time

®

[

Figure 2 Parkinson’s disease — summarizing a complex clinical phenotype
A\

Panel A shows the canonical sketch drawn by William Gowers, in 1886 (Gowers, 1886). Panels
B through D depict a more modern appreciation for the progressive nature and appearance of PD
symptoms: going from early — mild and mainly motor manifestations — progressing to
intermediate and late disease, where more systemic and broad symptoms arise (Armstrong &
Okun, 2020b).
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As of 2015, our most current definition involves a broad range of criteria (Table 2) (Postuma et al.,
2015). For these renewed criteria, three years following publication, the same authors reported “high

sensitivity and specificity compared with the gold standard” (Postuma et al., 2018).

Step 1 Diagnosis of parkinsonism (core feature)

e  Presence of bradykinesia as a slowness of movement and a decrement in amplitude or speed (or
progressive hesitations or halts) as movements are continued

In combination with at least one of:

e  rigidity and/or rest tremor

Step 2 Determining Parkinson disease as the cause of parkinsonism with two levels of diagnostic certainty

Diagnosis of clinically established Parkinson disease requires all three of the below parameters:

e Absence of absolute exclusion criteria. These criteria include clinical or imaging evidence for alternate
diagnoses of parkinsonism, such as atypical parkinsonism, drug-induced parkinsonism or essential
tremor.

e  Two or more supportive criteria. These include L-DOPA responsiveness, the presence of classic rest
tremor, the presence of L-DOPA-induced dyskinesias, the presence of either olfactory loss or cardiac
sympathetic denervation on metaiodobenzylguanidine (MIBG) scintigraphy.

e  Nored flags

This refers to features that are unusual but not absolutely exclusionary for Parkinson disease, for example, the
rapid progression of gait impairment that requires wheelchair use or the development of severe autonomic failure
within 5 years after onset.

Table 2 MDS Clinical Diagnostic Criteria for Parkinson’s Disease

Summary adapted from (Postuma et al., 2015)

An important aspect of these revised criteria includes the consideration for non-motor features —
bringing attention to the long prodromal period found in PD (Figure 3). Prior to the onset of motor
symptoms, a person who will go on to develop PD, will likely begin exhibiting non-motor symptoms such
as REM sleep behaviour disorder (RBD), depression, constipation, anxiety, and/or hyposomia. The onset
of motor-symptoms may often concur with excessive daytime sleepiness prior to the noticeable onset of
bradykinesia, rigidity, and tremor. During early-stage PD — where motor symptoms are often well
controlled with current therapies — the onset of other non-motor symptoms such as fatigue, pain (Blanchet
& Brefel-Courbon, 2018), mild cognitive impairment, and apathy, may occur. As the disease progresses
from mid-stage to late-stage PD, motor symptoms stop responding well to treatment, resulting in increased

fluctuations and dyskinesias. Concurrently, the individual may begin having urinary symptoms and
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orthostatic hypotension, and eventually psychotic symptoms and/or dementia. Towards late-stage disease
— prior to the need for institutionalization — the individual will likely experience axial deformities,
dysphagia, increased postural instability, and gait disorders, followed by falls (Kalia & Lang, 2015; Poewe
et al., 2017b). This short description, does however, little service to the diversity of PDs experienced by
patients. This is reflected in the attempts that have been made to categories PD-subtypes: whether by genetic
background or clinical phenotype, there is no consensus on how to give a finer categorization of all the

different diseases experienced by those diagnosed with PD (Marras & Lang, 2013).

Prodromal Early-stage Mid-stage Late-stage
Parkinson disease Parkinson disease Parkinson disease Parkinson disease
Onset Diagnosis Institutionalization
A of motor  of Parkinson ‘

symptoms disease

Postural instability
and gait disorder
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© '
S
& | (REM Excessive Mild cognitive Orthostatic
? sleep daytime impairment hypotension
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(visual hallucinations)

D Motor symptoms
D Non-motor symptoms

Death

Time (years)

Nature Reviews | Disease Primers

Figure 3 Symptoms in progression of PD
(Poewe et al., 2017b)

An increasingly interesting and informative observation is the association between RBD (rapid eye
movement (REM) sleep behaviour disorder) and synucleopathies (including PD) (Postuma et al., 2012).
Today, RBD is considered as a manifestation of a-synuclein pathology, with almost all individuals
diagnosed with RBD converting to some form of synucleopathy within 15 years of diagnosis (Figure 4).
This observation gives perspective into the prodromal phase of these disorders, but also revealing the
dysfunction of systems that are not simply part of the basal ganglia (PD often being understood primarily

as a dysfunction of this system, and as a motor-disorder).
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Figure 4 Conversion to synucleopathy following diagnosis of RBD

(Dauvilliers, 2018; Iranzo et al., 2014)

RBD is a parasomnia (abnormal or unusual behavior of the nervous system during sleep)
characterised by the loss of muscle atonia during REM sleep: this can cause dream enactment, which can
often cause injury both to the individual, and partner. RBD can be idiopathic, or secondary (associated
with a synucleopathy such as DLB, PD or MSA). Secondary RBD is now recognised as a manifestation of
these neurodegenerative disorders and RBD is the strongest prodromal marker for synucleopathies. When
first studied, 40% of RBD patients went on to be diagnosed with PD (or synucleopathies). This number
rose to 81% following 13 years post diagnosis. The sleep circuits involved in generating REM sleep muscle
atonia/paralysis are yet to be fully mapped, however, the brain nuclei playing an important role in this
phenomenon, have begun to be elucidated (Dauvilliers, 2018). This finding that there is prodromal phase
that is highly predictable, and detectable, opens a door to understanding the dysfunction that is occurring

prior to overt neuronal loss that generates the debilitating motor features of many of these synucleopathies.

However, a caveat meriting mention is the finding that not all patients with PD and DLB present,
clinically, with RBD, but will subsequently go on to develop RBD (Dauvilliers, 2018). This difference,
some PD/DLB individuals will be RBD first, or RBD after diagnosis, may be attributed to different forms
of the diseases. Recent work suggests that PD may develop in distinct pathological axes referred to as a
body first versus brain first PD — and that these distinct subsets of patients can be distinguished based on
their RBD phenotype (Borghammer & Van Den Berge, 2019; Horsager et al., 2019; Postuma & Berg, 2016)
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10.09 Treatment

Currently there exists no disease modifying treatment for PD. However, at early stages of the disease,
motor symptoms can be significantly reduced by dopamine replacement therapy, in the form of levodopa,
a dopamine precursor, coupled with other drugs able to modulate both the activity and biochemistry of
dopamine (Figure 5).
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Figure 5 Dopaminergic drug targets in PD

Presynaptic targets include L-DOPA substitution combined with peripherally active inhibitors of
aromatic amino acid decarboxylase (AADC) or catechol-Omethyltransferase (COMT).
Monoamine oxidase type B (MAOB) inhibitors enhance the synaptic availability of dopamine.
Dashed arrow from blood to brain designates blood—brain barrier (BBB) transport of L-DOPA.
3-O-M-DOPA, 3-O-methyl-DOPA; D1R, dopamine D1 receptor; D2R, dopamine D2 receptor;
DOPAC, 3,4-dioxy-phenylacetic acid; TH, tyrosine hydroxylase. (Poewe et al., 2017b)

Levodopa can be combined with carbidopa (which inhibits peripheral metabolism of levodopa),
COMT inhibitors as well as MAO-B inhibitors, which all act to increase the levels of dopamine within the
brain. Dopamine D2 receptor agonists are also used which are helpful for treating the off periods as well as
balancing the slower effects of levodopa. The discovery of dopamine autoreceptors (Carlsson et al., 1972;
Kikuchi et al., 2021) able to modify activity on the pre-synaptic neurons, was fundamental to the
development of broadly applied D2 agonists. In PD, dopamine agonists have proven antiparkinsonian

activity (Brooks, 2000). However, their use has had unintended consequences (that have led to substantial
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law suits) leading to pathological gambling, hypersexuality, and compulsive behaviours (Moore et al.,
2014). Deep brain stimulation (DBS) can be used when motor symptoms progress or with the loss of clinical
efficacy of dopamine replacement therapy (Schwalb & Hamani, 2008). DBS places (an) electrode(s), often
in the subthalamic nucleus, providing effective regulation of motor symptoms. Despite being very effective
for controlling motor symptoms, DBS does not stop progression of PD, having an interesting and educative
darker history (Oliveria, 2018). Given the important role of the dopamine-system in complex behaviour,
modulating it does have behavioural consequences that can be deleterious. An important aspect with
dopamine therapy is monitoring impulse control disorders. PD does have significant non-motor features
that can be addressed pharmacologically, including daytime sleepiness, RBD, nocturnal akinesia,
orthostatic hypotension, depression, psychotic symptoms such as hallucinations and delusions, PD-
associated dementia and also, drooling (Armstrong & Okun, 2020a; Connolly & Lang, 2014; NICE, 2019;
NINDS, 2019).

10.10 Circuit dysfunction — the basal ganglia and beyond

The cardinal motor symptoms in PD are largely attributed to the degeneration of dopamine neurons
of the substantia nigra pars compacta (SNc¢) — a population of neurons acting as critical regulators of basal
ganglia circuitry. The basal ganglia (Figure 6) are a group of subcortical nuclei with a primary role in motor
control: the striatum and globus pallidus, subthalmic nucleus (STN), SNc, and pedunculopontine nucleus

(PPN) (not shown in figure) (Lanciego et al., 2012).

a Physiological condition b Parkinson'’s disease
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Stipe \—/ SNee 2

Figure 6 Schematic representation of the direct/indirect basal ganglia pathways (Calabresi
et al., 2014)
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The model of this network attempts to incorporate multiple circuits associating motor, associative,
and limbic territories, in the regulation of behavioural output (in the form of movement and emotion).
Figure 6 depicts a current, yet simple, model of the basal ganglia a) in physiological condition, and b) in
the context of PD. This model of the basal ganglia posits two main pathways (the direct and indirect
pathway) that act in counterbalance to regulate motor output. In the physiological condition, dopamine
inputs from the SNc activates D1-expressing striatal medium spiny neurons in the direct pathway and
inhibits D2-expressing striatal neurons of the indirect pathway. The output nuclei (the globus pallidus
internus and Substantia nigra pars reticulata) project to the thalamus, which then complete the cortico-basal
gangliathalamocortical loop. In PD, degeneration of SNc DA neurons reduces DA-mediated stimulation of
striatal neurons. The imbalance between the direct and indirect pathways then results in abnormal activation
of output nuclei and over inhibition of thalamic neurons projecting to the cortex (Calabresi et al., 2014).
Notable work looking at lesions of these nuclei in 1925 (putamen, globus pallidus, and STN)) contributed
to both the conceptualization of the model, as well as the association of dysfunction within these circuits

and parkinsonian symptoms (Wilson, 1925).

The symptoms in PD cannot solely be explained by the dysfunction of basal ganglia circuitry. As
alluded to, multiple other neuronal populations are purported to degenerate. These predominantly deep
brain regions play an important role in modulating higher brain regions. The LC, dorsal raphe nucleus and
PPN, for example, play an important role in the regulation of sleep: particularly in generating REM sleep,
and REM-sleep atonia — thus the prodromal RBD previously described (Dauvilliers, 2018). Other
autonomic projecting neurons such as the DMV play an integral role innervating the enteric nervous system,
which may — in the context of degeneration — be responsible for prodromal gastrointestinal symptoms
(Travagli et al., 2020). The circuitry and role of these systems is further discussed in section 10.20 (Long

range projecting neuromodulator neurons).

10.11 Lewy pathology and Braak staging

Unlike other neurodegenerative diseases, PD is not characterized by large macroscopic atrophy of
the brain, but rather highly selective restricted neuronal degeneration in select regions. Classical
neuropathological findings in PD can be seen in Figure 7. In the PD brain we see loss of neuromelanin
pigmentation in the mesencephalon, due to the loss of dopaminergic neurons — in contrast to a healthy

individual where we see significant neuromelanin (a biproduct of dopamine oxidation) (Figure 7 A, right
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panel). In Figure 7 panels E through G, we see the presence of Lewy Pathology (LP) — both the classical

inclusion bodies within the cell body, and neurofibrillary tangles in the neurites (Poewe et al., 2017a).

Braak stage | and stage |l Braak stage Ill and stage IV Braak stage V and stage VI

Jm o Cortical Lewy body
Severity of pathology ® |ewy body in the substantia nigra

Figure 7 Neuropathology in PD

Parkinson disease (PD) is defined by depigmentation of the substantia nigra (SN) (right panel)
compared with control (left panel). Macroscopical (inset) and transverse sections of the midbrain
upon immunohistochemical staining for tyrosine hydroxylase, the rate limiting enzyme for the
synthesis of dopamine, are shown. Selective loss of the ventrolateral parts of the SNc with
sparing of the more medial and dorsal regions is evident in the histological section. b—d |
Haematoxylin and eosin staining of the ventrolateral region of the SNc showing a normal
distribution of pigmented neurons in a healthy control (part b) and diagnostically significant
moderate (part c) or severe (part d) pigmented cell loss in PD. e—g | Immunohistochemical
staining of a-synuclein shows the round, intracytoplasmic Lewy bodies (arrow in part e), more
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diffuse, granular deposits of a-synuclein (part e and part f), deposits in neuronal cell processes
(part f), extracellular dot-like a-synuclein structures (part f) and a-synuclein spheroids in axons
(part g). h | The theorized progression of a-synuclein aggregation in PD without Alzheimer
pathology. a-Synuclein inclusions occur in cholinergic and monoaminergic lower brainstem
neurons in asymptomatic cases (Braak stage I and stage II), infiltrate similar neurons in the
midbrain and basal forebrain in those with the motor symptoms of PD (Braak stage III and stage
IV), and then are found later in limbic and neocortical brain regions with disease progression
(Braak stage V and stage VI)236. 3N, 3rd nerve fibres; CP,cerebral peduncle; RN, red nucleus.
(Poewe et al., 2017b)

In 2003, seminal — era-defining work — was published by Eva Braak, Heiko Braak, and Kelly Del
Tredici (and colleagues). Continuing from similar work in the context of Alzheimer’s disease, they
developed a staging system for idiopathic PD (Braak et al., 2003): depicted in Figure 7 panel H. This work
has led to several key hypotheses and lines of inquiry in PD. Firstly, this work brought to the fore the
selective nature of PD pathology, the progressive nature of this pathology, and the possibility of a

transmissibility of this pathology along functionally connected neuronal networks.

In this proposed 6-stage model, they suggest pathology beginning in the brain stem, progressing up
towards higher cortical areas as the disease progresses. Firstly, during Braak stages 1 and 2, LP is found in
the base of the brain stem, in the dorsal motor nucleus of the vagus (DMYV), and in the olfactory bulb. As
the disease progresses, through Braak stages 3 and 4, pathology appears in the midbrain area in regions
such as the SN¢, locus coeruleus (LC), raphe nuclei, and pedunculopontine nucleus (PPN). Finally, in stages

5 and 6 diffuse pathology is found throughout the cortex.

Since first publication, LP has been reported not only in the central nervous system (CNS), but also
the enteric nervous system (ENS), and peripheral nervous system (PNS), suggesting that these regions are
somehow involved in the degenerative process in PD. LP has been repeatedly confirmed in the DMV, and
gut, prior to PD diagnosis — opening up inquiry into prognostic biomarkers, as well as raising attention to

a clear prodromal period (Braak & Del Tredici, 2017).

10.12 a-synuclein

“It therefore is worthwhile to examine the Lewy bodies, find out what they are
composed of, and what molecular events precede and accompany their formation. Once we
know that, will we be able to prevent Lewy bodies from forming? And if Lewy bodies do not
form, will we then have no substantia nigra degeneration and no Parkinson’s disease? Perhaps

that is too much to expect from Lewy’s peculiar cellular inclusions.” — Forno, 1987
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a-synuclein had been originally identified as a constituent of amyloid found in Alzheimer's disease:
the precursor protein for the non—f§ amyloid component pf AD pathology (Uéda et al., 1993). In 1997, the
a-synuclein gene (SNCA) was identified as harbouring a mutation causing a familial form of PD (in an
Italian family with penetrance of around 85%). Members of this family had typical PD symptoms, showed
LP on autopsy, and had a relatively early onset of disease (46 + 13 years) (Polymeropoulos et al., 1997).
Subsequently, a mere handful of months later, a-synuclein was identified as the main constituent of Lewy

bodies in idiopathic PD, as well as in Dementia with Lewy Bodies (DLB) (Spillantini et al., 1997).

The physiological role played by a-synuclein has been elusive. It is largely believed to play an
important role within the pre-synaptic domain, having been associated with synaptic vesicle dynamics,
mitochondrial function, as well as playing a role in intracellular trafficking of cargo (Poewe et al., 2017b).
Synuclein knock out mice, albeit some quantifiable defects, are viable — and have been somewhat
unconclusive in revealing the role of the synucleins (Greten-Harrison et al., 2010). More recent work
suggests that o-synuclein’s role may be in the nuanced regulation of vesicle exocytosis during

neurotransmitter release (Sulzer & Edwards, 2019).

The majority of interest in a-synuclein has been exploring the potential pathological consequences
of a-synuclein as it “gains” neurotoxic properties during fibrilization: from soluble monomer, to oligomer,
and eventually insoluble fibrils. The purported toxic effects of a-synuclein in these non-physiological
conformations are manyfold: depicted in Figure 8, where we see the interplay of the major factors thought
to contribute to, ultimately, the death of neurons in PD (mediated via interactions with toxic confirmations
of a-synuclein). How and why a-synuclein homeostasis is lost remains a key unanswered question.
However, it is thought that the physiological control of a-synuclein proteostasis and degradation are carried
out by the ubiquitin—proteasome system and the lysosomal autophagy system. Both systems thought to be

affected in PD, as well as being systems whose functions decrease as a function of age (Poewe et al., 2017b).
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Figure 8 Molecular mechanisms involved in Parkinson disease

Schematic diagram depicting the interaction between the major biological entities in PD, and
their contribution to pathogenesis (Poewe et al., 2017b)

Mitochondrial dysfunction has also been suspected as playing an important role in the pathogenesis
of PD (Schapira, 2007). The current zeitgeist seems to suggest of a vicious feedback loop whereby the toxic
effects of pathological a-synuclein exacerbates mitochondrial dysfunction, that in turn exacerbates

pathological a-synuclein (Figure 8).

10.13 Genetics — SNCA and beyond

In the preceding decades, great strides have been made in the genetic origins of PD: uncovering the
role played in risk for PD, onset, progression, as well as response to treatment. However, given that we are
only beginning to scrape the surface of what is hidden in our genomes, only a fraction of PD heritability

has been elucidated.

Most PD cases are sporadic (only 10% of patients reporting a positive family history). Several

monogenetic forms of PD have thus far been identified: caused by single mutations which can be inherited
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either dominantly or recessively. Though they are rare they are often highly penetrant. Monogenetic
mutations account for roughly 30% of familial cases, and 3 to 5% of sporadic cases. (C. Klein &

Westenberger, 2012).

Since the first discovery of mutations in SNCA, many other genes have been found to cause
autosomal dominant and recessive familial PD. These include the now canonical PD genes LRRK2, PRKN,
PINK1, GBA, and DJ-1. A timeline of these discoveries is show in Figure 9, where we see the major
discoveries prior to, and following, the era of genome-wide association studies (GWAS). GWAS allow the
study of genetic associations to disease phenotypes that are not caused by simple monogenetic factors, but
rather loci of risk. These methods allow for the exploration of the contribution of many low-risk genetic
variants that, when combined, can cause disease (Genome-Wide Association Studies (GWAS), n.d.). The
first GWAS in PD — finding significant genome wide associations — was in 2009 (Simoén-Séanchez et al.,

2009).
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Figure 9 Genetic discoveries in PD

Red squares represent genome-wide association studies and number of discovered risk loci in
brackets. * indicate genes associated with atypical parkinsonism related syndromes. Grey circles
represent controversial or not widely validated genes linked to typical Parkinson disease
(Bandres-Ciga et al., 2020)
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The landscape of PD genetics is complex (Figure 10). Mutations in Pink-1, PRKN, SNCA, LRKK?2,
and DJ-1 have been studied, and have contributed significantly to elucidating the pathophysiological
mechanisms suspected to cause disease. Other genes such as GBA (and some variants of LRKK?2), which
are somewhat more frequent within the population, confer medium risk yet are not disease-causing, per se.
The types of mutations found in genes — associated with PD — also varies, with different disease-causing
mechanisms existing. For example, when considering SNCA, there is a broad range of common variants,
within the healthy population. These variants have a high frequency yet confer relatively lower risk (though
not risk-free). We also have missense causative mutations which are relatively rare but elevate risk
significantly (depending on their location). And then we can have variants where there is locus duplication

and triplications which are associated with high disease linked expression, as well as very high risk for PD

diagnosis.
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Figure 10 The genetic landscape in PD

(Bras et al., 2015)

The nomenclature for genes is constantly evolving, and for genes associated with PD, there is the
PARK nomenclature; spanning from 1-23, describing chromosomal locations that have been demonstrated
to have putative links to PD (Kouli et al., 2018). However, this list, and nomenclature, is inconsistent and
does not include all known genes associated with PD. Table 3 lists many of the genes, that are somewhat
well supported to contribute towards causing PD. Furthermore, the biological processes to which these gene
contribute to/are involved in are listed. The biological processes that these genes are involved in has given
the filed valuable insights into the core processes of pathology. For example, of the 11 genes listed in Table

3 (Mendellian genes), eight are thought to play an important role in mitochondrial function.
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Gene
(official symbol)

Gene name

Possible pathways/pathological biological processes

Mendellian Genes

Synaptic function; mitochondrial function;

SNCA Synuclein, alpha autophagy/lysosomal degradation
PARKIN/PARK2  Parkin RBR E3 ubiquitin protein ligase xg&‘;lggnd“al function/mitophagy; ubiquitination; synaptic
PINK1 PTEN -induced putative kinase 1 Mitochondrial function/mitophagy
PARK7/DJ-1 Parkinson protein 7 Inflammation/immune system; mitochondrial function
LRRK?2 Leucine-rich repeat kinase 2 Synaptic function; 1nﬂammat19n/1mmune system;
autophagy/lysosomal degradation
PLA2G6 Phospholipase A2, group VI Mitochondrial function
FBXO7 F-box protein 7 Ubiquitination; mitochondrial function/mitophagy
Vacuolar protein sorting 35 homolog . .
VPS35 (S. cerevisiac) Autophagy/lysosomal degradation; endocytosis
ATP13A2 ATPase type 13A2 Mitochondrial function; autophagy/lysosomal degradation
DNAIJC6 Dna] (Hsp40) homolog, subfamily C, Synaptic function; endocytosis
member 6
SYNJ1 Synaptojanin 1 Synaptic function; endocytosis
Risk Genes
GBA Glucosidase beta acid Inﬂammgtlo'n/lmmun.e system; autophagy/lysosomal
degradation; metabolic pathways
Risk Loci
MAPT Microtubule-associated protein tau Microtubule stabilization and axonal transport
RAB7L1 EQB;’ member RAS oncogene family- Autophagy/lysosomal degradation
BST1 Bone marrow stromal cell antigen 1 Immune system
Major histocompatibility complex, class S
HLA-DRBS5 1L, DR beta 5 Inflammation/immune system
GAK Cyclin-G-associated kinase Autophagy/lysosomal degradation; synaptic function;
endocytosis
Aminocarboxymuconate semialdehyde  Tryptophan metabolism; metal ion binding; metabolic
ACMSD
decarboxylase pathways
STK39 Serine threonine kinase 39 Inflammation/immune system; protein kinase binding;

cellular stress response
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Synaptic function; transporter activity; metal ion binding;

SYT11 Synaptotagmin XI substrate for PARK2
FGF20 Fibroblast growth factor 20 Growth factor activity; FGF receptor binding
STXIB Syntaxin 1B Synqptlc fun(_:tlon; SNAP receptor activity; protein domain-
specific binding
GPNMB Glycoprotein (transmembrane) nmb Integrin binding; heparin binding; cancer pathways
SIPAIL2 ?1lgif(1:l;nduced proliferation-associated GTPase activator activity
INPPSF Inositol polyphosphate-5-phosphatase F Phosphoric ester hydrolase activity
MIR4697HG MIR4697 host gene (non-protein
coding)
GCH1 GTP cyclohydrolase 1 GTP binding; calcium ion binding; BH4 metab; metabolic
pathways
VPS13C Vacuolar. protem sorting 13 homolog C Endocytosis
(S. cerevisiae)
DDRGK1 DDRGK domain containing 1 Protein binding
Methylcrotonoyl-CoA carboxylase 1 Biotin carboxylase activity; methylcrotonoyl-CoA
MCCC1 o .
(alpha) carboxylase activity; metabolic pathways
Autophagy/lysosomal degradation; receptor activity
SCARB2 Scavenger receptor class B, member 2 (lysosomal receptor for GBA targeting); enzyme binding
CCDC62 Coiled-coil domain containing 62 Nuclear receptor coactivator; cancer pathways
RIT2 Ras-like without CAAX 2 Synaptic function; calmodulin binding; GTP binding
SREBFI Sterol regulatory element binding Chromatin binding; cholesterol and steroid metabolic

transcription factor 1

processes

Table 3 Genes and genetic loci independently replicated as being associated with the

development of PD

(Bras et al., 2015)

The broadest picture today of genetics in PD identified many novel risk loci: analyzing 7.8M single
nucleotide polymorphisms in ~40,000 cases and 1.4M controls, 90 independent genome wide signals in 38
loci were found. Extraordinarily, these analyses addressed ~20—30% of heritable risk in idiopathic PD. And
of these, 70 genes were identified being putatively causative. Interestingly, of these genes, their enrichment
is predominantly in the central nervous system (CNS) —unlike similar studies in Alzheimer’s disease —

perhaps suggesting that the pathological mechanisms are in fact highly intrinsic to cells found within the
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CNS. GWAS requires very large cohorts, and it is hoped with cohorts reaching 100,000 patients, we will
enable us to understand a far greater component of the genetic contributions to PD-risk (Nalls et al., 2019).
However, challenges remain as >90% of the identified variants are in noncoding regions, complicating
precise identification of risk genes. Furthermore, the homogeneity of subjects in genetic studies has likely
hidden useful insights (the majority having been performed in individuals of European ancestry) (Popejoy
& Fullerton, 2016). As we expand the diversity of genomes included in these studies, we can only hope that
novel insights will emerge, offering to explain a higher proportion of risk. Finally, a key question remains
on why these genes — when coding for a risk variant — affect the cell types and tissues that they do. What
is it about the biological pathways that are perturbed in the context of a “PD-gene”, that affect certain cell

types, and not others?

10.14 Pathophysiology

The discoveries related to a-synuclein unravelled important insights into the pathophysiology of PD
(Figure 8). However, the subsequent insights made related to the genetic origins of PD have revealed a
more comprehensive, yet complicated, understanding of PD pathophysiology. Interestingly, many of these

being non-a-synuclein-mediated mechanisms.

In PD, dysfunction of cellular bioenergetics and oxidative stress, and of autophagy/lysosomal
processes appear to be clearly implicated in the degenerative process: (Nguyen et al., 2019; Vidyadhara et
al., 2019). Within the field, it has become clear that mitochondrial oxidant stress is a key driver of
pathogenesis in PD (Jenner, 2003). This idea is supported by three key pieces of evidence: One, genetic
mutations that increase mitochondrial oxidant stress, or impair mitochondrial quality control, and lead to
early-onset PD (Schapira, 2007). Two, toxins, such as pesticides, that impair mitochondrial function
increase the risk of PD (Langston, 2017). And three, mitochondrial function has been shown to decline with

age, the largest risk factor in PD (Jenner, 2003).

Many PD-associated genetic variants have also been implicated in lysosome function; and in turn,
many lysosomal disease genes are associated with an increases risk for PD (A. D. Klein & Mazzulli, 2018).
Furthermore, cellular waste disposal pathways have been found to be enriched in protein interaction
network analyses in PD. Some of these genes have also been found to play a role in regulating lysosomal
pH (integral to their proper function) and, for example, LRKK?2 is significantly implicated in regulating
Rabs: proteins playing an integral role in lysosomal function (Wallings et al., 2019). In addition to this,
clathrin-mediated synaptic endocytosis, an integral part of the neuronal endolysosomal system, is probably

the main early target of PD-causing mutations in auxilin, RME-8, and synaptojanin-1 (Vidyadhara et al.,
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2019). As previously mentioned, autophagy plays a crucial role in maintaining proteostasis and a healthy
mitochondrial pool: both Pink-1 and Parkin mutations severely perturbing mitophagy. VPS35 and VPS13C
mutations both target mechanisms of endolysosomal sorting and trafficking, and mutations in GBA, the
most common mutations in PD, compromises lysosomal function. Interestingly, a-synuclein and LRRK2,
are classified as members of the endolysosomal system: a-synuclein being enriched, presynaptically,
playing a role neurotransmitter release, and subsequent endocytosis of vesicles (Ferguson, 2018; Kulkarni

& Maday, 2018; Winckler et al., 2018).

A key question is evident. What is it about all the varied possible pathophysiological mechanisms

that cause dysfunction and degeneration of relatively similar cell and neuron sub-populations?

10.15 Immune interactions

In the brain of people suffering from PD, signs of inflammation have consistently been reported. For
example, microglial activation was first documented in 1988 (McGeer et al., 1988), implicating immune
system activation in PD pathophysiology; including in the SNc (Badanjak et al., 2021). In vivo, it has been
found that microglia can be activated by a-synuclein aggregates as well as by toxic a-synuclein-containing
neurons (Couch et al., 2011), well before cell death. Furthermore, there is data to suggest cellular and
humoral immune responses in PD patients (Rockenstein et al., 2018). This includes, altered cytokine
profiles in the blood and CSF of PD patients (Boka et al., 1994), as well as the detection of autoantibodies
(Brudek et al., 2017). Microglial responses can occur early in the disease — during the prodromal period
— with severity correlated with a-synuclein pathology (Stokholm et al., 2017). Genes such as Pink-1 and
Parkin are thought to have immune roles, and LRKK?2 and GBA are both expressed in immune cells,
suggesting that PD pathogenesis involves am important immune component (Tansey & Romero-Ramos,

2019).

Recently, the acquired immune system has been implicated in PD pathogenesis, including T cell
infiltration into the SNc. GWAS studies have seen an association of PD with alleles for the major
histocompatibility complexes (MHC), and recently, it has been shown that a-synuclein derived peptides
can act as epitopes displayed driving helper and cytotoxic T cell responses, perhaps, linking MHC risk
alleles, with PD (Sulzer et al., 2017). Pink-1 and Parkin play an important role in the clearance of damaged,
and regulation of, mitochondria, playing an important role in mitophagy. In addition, Pink-1 and Parkin
have been described to play a role in repressing the presentation of mitochondria derived antigens to the
cell surface — implicating a role in the adaptive immune response (Matheoud et al., 2016). These two

features uniting two themes in PD pathogenesis — both immune and mitochondrial (dys)function via
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known PD-genes causing PD. It has now been shown that, in the presence of mutant Pink-1, following
infection by gram negative bacteria, mice go on to develop loss of dopaminergic function in the striatum,
with motor dysfunction that is levodopa responsive. Furthermore, these animals have T cells expressing

mitochondrial derived antigens (Matheoud et al., 2019).
10.16 Ageing

The most important risk factor for PD (and other neurodegenerative diseases) is age. Today, our
understanding of this process suggests that ageing (in the context of tissues and cells) is an irreversible
process that is characterized by nine hallmarks (depicted in Figure 11): genomic instability, telomere
attrition, epigenetic alterations, mitochondrial dysfunction, deregulated nutrient sensing, loss of
proteostasis, cellular senescence, stem cell exhaustion, and altered intercellular communication.
Neurodegeneration may be the tail-end of the spectrum of ageing, with neurons being the cells with an
elevated vulnerability to the hallmarks of ageing, compounded by an inability to be replaced, unlike other
cell/tissue types. One key characteristic of the brain is that it is composed primarily of post-mitotic cells,
therefore highly sensitive to the hallmarks of ageing — due, in part also, to a relatively higher vulnerability
to DNA damage. These hallmarks are biological processes that appear to be implicated in what we currently
understand to be pathogenic mechanisms in many neurodegenerative diseases. The question remains
however, whether these diseases are accelerated versions of the natural process of ageing (where we can
have significantly different biological age for individuals of the same age (Elliott et al., 2021)), or rather,
the intersection of risk factors that impact these systems in a selective manner. For example, /loss of
proteostasis may be a biological system/process that becomes unbalanced during ageing — but in the
context of an individual who has suboptimal autophagy, ubiquitination, and/or lysosomal function, in
combination with variants of a-synuclein with a propensity to fibrilise — becomes pathological earlier in
life, irrelevant of the individual’s biological age. Mitochondrial dysfunction is also thought to play an
integral role in the pathophysiology of PD (and other neurodegenerative diseases), therefore, it is somewhat
evident that the normal impairment in mitochondrial function during ageing compounds these existing risks

(Hou et al., 2019).

Another key physiological process that increases with ageing is cellular senescence. Cellular
senescence is a homeostatic process whereby a cell enters permanent cell cycle arrest in response to a
multitude of stimuli (Rodriguez et al., 2015). This can occur both during development and ageing, where
an accumulation of senescent cells has been observed in aged human brains (Si et al., 2021). It is associated
both with neurogenerative diseases as well as healthy ageing (Martinez-Cué¢ et al., 2020). These stimuli
include many of the hallmarks of ageing: telomer shortening, DNA damage, mitochondrial dysfunction,

and inflammation (Si et al., 2021). In the context of PD, corelates between DNA damage, ROS production,
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a-synuclein deposits, and pl6 (tumor suppressor protein that is a cyclin-dependent kinase inhibitor)
secretion have been made (to the induction of cellular senescence) (Si et al., 2021). Furthermore, there is
strong evidence for cellular senescence playing a key role in PD. For example, PD patients show elevated
senescence-associated-f-galactosidase (a key marker of senescence) in their cerebral spinal fluid, and a

higer number of senescent astrocytes in the SNc¢ (Martinez-Cué et al., 2020).
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10.17 Why these neurons? — selective vulnerability in PD

As is common for many neurodegenerative diseases, in PD, pathology and cell loss affect restricted
neuronal populations — implicating only a very small proportion of the total number of cells in the brain.

Secondly, the progression, and order, seems to follow a relatively stable pattern (Fu et al., 2018).

Multiple observations in the PD literature point towards the identity of neurons that are selectively
vulnerable. This includes the initial identification of the SNc as a likely hub of PD degeneration (Lees et
al., 2008; Trétiakoft, 1919), to the regions identified by Braak and colleagues (Braak et al., 2003; Braak &
Del Tredici, 2017), and further studies on overt cell loss in cases of PD (reviewed in Giguere et al., 2018;
Huynh et al., 2021; Surmeier, Obeso, et al., 2017). Furthermore, the identified prodromal period of PD (in
particular RBD, constipation, and hyposomnia) (Berg et al., 2021; Heinzel et al., 2019; Postuma & Berg,
2016) all suggest of progressive dysfunction and degeneration in suspected neuronal populations, even prior

to overt cell loss.

This raises the following questions: which are the neurons that are degenerating (dysfunction and
dying) and in what order does this occur? Why these neurons — why does the pathophysiology found in
PD cause the selective degeneration of these neurons (that are PD-vulnerable)? Are the mechanisms driving
cell loss, cell autonomous, or is the disease systemic affecting neurons first? Why and how do the differing
risk-factors, genetic mutations, and pathophysiological mechanisms converge on causing the same

(roughly) neurons to degenerate?

Finally, many genes identified to be associated with PD tend to be found in gene-sets that appear to
be enriched in cells of the CNS (this is not the case, however, for genes such as Pink1, Parkin, LRRK?2 and
GBA) (Bandres-Ciga et al., 2020; Bryois et al., 2020; Simén-Sanchez et al., 2009). This adds to the evidence
for cell-autonomous features being key drivers of neuronal vulnerability in PD. That is to say, there is
something about the physiology, function, and/or morphology — that is intrinsic to these cells — that

renders them vulnerable to the risk-factors associated with PD.

10.18 “PD vulnerable neurons”

The identity of neurons that are purported to degenerate in PD is controversial and current dogma on
this question arises from a diffuse and dispersed literature spanning the best part of the last century (a key
theme addressed in detail in Chapters 2 and 3) (Giguere et al., 2018). Currently, it has been suggested that
degeneration occurs in many neuroanatomically defined regions (third cranial nerve, amygdala,

magnocellular nuclei of the basal forebrain, claustrum, cerebral peduncle, dorsal motor nucleus of the
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vagus, intermediate reticular zone, locus coeruleus and subcoeruleus, lateral hypothalamus, the raphe
nucleui, paragigantocellular and gigantocellular reticular nucleus, pedunculopontine nucleus,
presupplementary motor area, red nucleus (Surmeier, Obeso, et al., 2017)), and occurs progressively, as
depicted in Figure 12. The first overt cell loss is found in the SNc, and gradually occurring further up the

midbrain area, until numerous nuclei show overt cell loss.

However, evidence for this neuroanatomically defined cell loss is opaque, and the precise
neurochemical identity of these neurons is not clear. Currently, the best evidence suggests that “PD-
vulnerable” neurons include DA neurons of the SNc (as well as DA neurons of the VTA, to a limited extent
— though for the purposes of our current paradigm, and relative to SNc DA neurons, these are “non-PD-
vulnerable”), noradrenergic neurons of the locus coeruleus, serotonin neurons of the raphe nuclei,
cholinergic neurons of the dorsal motor nucleus of the vagus of the pedunculopontine nucleus, and of the

nucleus basalis of Meynert.

SNd—%77 cl

LC
— PGRN/GRN

SNv—/

Cell loss

Stage 1/2 Stage 3/4 Stage 5/6

® VTA neurons ® SNc neurons @ SNr neurons

Figure 12 Progressive cell loss as a function of clinical progression in PD

a) The schematics represent the progression of neuronal cell loss following the onset of clinical
Parkinson disease (cPD), based on the literature. The anatomical distribution of neuronal loss
increases with time, and the darker the colour, the more neuronal loss evident in each region. b)
Transverse sections of the midbrain, as indicated in the left brain schematic in part a (dotted
line), are shown; the normal distribution of tyrosine hydroylase-immunopositive dopaminergic
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neurons is shown in the left panels, and the pattern is schematized in the right panels. Heavily
pigmented neurons of the substantia nigra pars compacta (SNc) are depicted in green; less
pigmented neurons of the ventral tegmental area (VTA) are depicted in blue; neurons of the SN
pars reticulata (SNr) are depicted in pink. The initial loss of ventral-tier SNc observed in patients
with stage 4 cPD is depicted in the middle panel, with greater cell loss observed over time at
later stages, as indicated in the right panel (Surmeier, Obeso, et al., 2017).

10.19 Cell types

Spanish physician and scientist, considered the founder of modern neuroscience/neurobiology,
Santiago Ramoén y Cajal helped modern science discover neurons as the functional unit of brains — the
Neuron Doctrine (Shepherd, 2016); leading to axons, dendrites, synapses, and electrical currents being

understood as the fundamental entities that give rise to brain functions (Llinas, 2003; Nemri, 2010).

The categorization of cell types is fundamental to understanding biology, and remains to this day a
very much unexplored line of questioning (a majority of research occurs in relatively limited number of
cell types (consider the example of HeLa cells: Hyman & Simons, 2011; Svalastog & Martinelli, 2013)).
Defining cells by their morphology, physiology, function, and molecular profiles is now in our grasps, and
promises to help further understand biology. Major projects include “The Human Cell Atlas” (Rozenblatt-
Rosen et al., 2017), an attempt to chart the cell types in the whole human body. And, in 2013, President
Obama launched The BRAIN Initiative to “accelerate the development and application of new technologies
that will enable researchers to produce dynamic pictures of the brain that show how individual brain cells
and complex neural circuits interact at the speed of thought.” (Insel et al., 2013). These modern approaches
to define cell types have become highly sophisticated. For example, in a recent description of methods
employed : “This was achieved by coordinated large-scale analyses of single-cell transcriptomes, chromatin
accessibility, DNA methylomes, spatially resolved single-cell transcriptomes, morphological and
electrophysiological properties and cellular resolution input—output mapping, integrated through cross-

modal computational analysis” (Callaway et al., 2021).

For the neurons of interest in PD, however, we are still limited to classical cell-type nomenclature —
due to the challenges associated with working with tissue/cells/systems of the brain — rooted in the

historical nature of their discovery.

10.20 Long range projecting neuromodulator neurons

All neuronal groups suspected to be vulnerable in PD are projecting neuromodulatory neurons.

Neuromodulatory neurons (that release neuromodulator neurotransmitters) are a unique category of neurons
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involved in regulating brain circuits that control all key brain functions including movement, cognition and

emotions.

They differ from most “classical” neurons studied, and taught in textbooks, in their morphology,
physiology, and function. They are usually groups within small clusters (nuclei) and project diffusely
throughout the CNS, modulating target neurons through synaptic interactions using mainly GABA and
glutamate as chemical messengers. Neuromodulator neurotransmitters are typically neuropeptides such as
hypocretin, melanin-concentrating hormone, neuropeptide S, and cortistatin, or amino acids derivatives —
the monoamines — dopamine, histamine, norepinephrine, and serotonin. In addition, acetylcholine acts as
a neuromodulator neurotransmitter within the CNS (vs the PNS) (Bucher & Marder, 2013). Though not
addresses in this thesis, neuromodulatory neurons do not exclusively signal with these neurotransmitters,
but are often also capable of using the classical fast-acting neurotransmitters (Trudeau et al., 2014). The
mode of communication of modulatory neurons with target neurons is best summarized as the following:
“any communication between neurons, caused by release of a chemical, that is either not fast, or not point-

to-point, or not simply excitation or inhibition.” (Katz, 1999).

Every aspect of neural processing (local circuitry) can be modulated by such neuromodulatory
neurons, and all neurons express a range of receptors for these neurotransmitters (Bucher & Marder, 2013;
Nadim & Bucher, 2014). Figure 13 outlines the connectivity of major neuromodulatory neurons (to their
respective target territories), where these systems give rise to complex behaviours such as decision-making,
goal-directed behaviour, emotion, attention, as well as the regulation of sleep/wakefulness states (Avery &
Krichmar, 2017). Furthermore, highlighted above target regions, we see diseases and functions that are

associated with the neuromodulatory-neuron and target-territory.
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Figure 13 The connectivity of major ascending neuromodulatory neurons

a) Cholinergic neurons of the basal forebrain and pedunculopontine/laterodorsal tegmental
complex, b) noradrenergic neurons of the locus coeruleus, ¢) serotonin neurons of the raphe
nuclei, and d) dopamine neurons of the VTA and SNc (O’Callaghan et al., 2021).

How such broadly projecting neurons (single neurons projecting to multiple territories in distant
anatomical regions) are able to affect multiple functions, in paradoxical ways, is an open and intriguing
question (Chandler et al., 2019). To reach such territories in distal neuroanatomical regions, these neurons
project axons across vast distances throughout the brain. Figure 14 depicts the results of tracing experiments

of mouse LC neurons as they project across the whole CNS (Chandler et al., 2019).
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Figure 14 Reconstructions of locus coeruleus neurons projections to the whole CNS, in
mouse

(Chandler et al., 2019)

10.21 The axonal domain: arborizations

The vast axonal domain of projecting neurons is best described in DA neurons of the SNc and VTA.
These neurons have an incredible capacity to develop a very dense axonal arborization containing numerous
neurotransmitter release sites. The first work demonstrating this explicitly date to the late 90s with the work
of Parent and colleagues in rats (Gauthier et al., 1999; Prensa & Parent, 2001). Subsequently, the group of
Kaneko demonstrated that DA neurons of the SNc, in rat, have an axonal domain totalling around 45cm
(Matsuda et al., 2009). Considering the dimensions of non-projecting neurons, usually found in our research
being measured in micrometers rather than centimeters (or meters even), begins to depict a picture of the

scale of the axonal domain in these specialized cell types.
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Figure 15 A single nigrostriatal dopaminergic neurons projecting to the striatum in rat.

Arrow indicates main axon bifurcation resulting in two main axons (red and blue) (Prensa &
Parent, 2001).

Further work in other projecting neurons has begun to elucidate to the true scale of the axonal
domains of these sub-types of neurons. Not only are we beginning to appreciate the total length of these
axonal domains, but also the complexity of their branching patterns (Anderson et al., 2002; Braitenberg and
Schultz, 1991; Kita and Kita, 2012; Kuramoto et al., 2015; Wu et al., 2014). However, most of this work
has involved estimates of average axonal domain volumes, and very few have investigated projecting

neuromodulatory neurons with single neurons reconstruction (Economo et al., 2019; Winnubst et al., 2019).

For those that have, data suggests (reviewed in Wu et al., 2014) that in rat, SNc DA neurons have
mean axonal lengths of 55—77cm (with 3.4 x 10° varicosities per striatum) (Anden et al., 1966; Matsuda et
al., 2009). Basal forebrain cholinergic neurons (which include NBM neurons) have estimated axonal arbors
totalling between 20—107cm in mouse (Perez et al., 2007; Boncristiano et al., 2002), 60cm in rat (Miettinen
et al., 2002; Mechawar et al., 2000; Mengler et al., 2013). In humans, this is estimated to total over 100m
(Raghanti et al., 2011; Raghanti et al., 2008a; Rilling and Insel, 1999). Serotonin neurons of the raphe nuclei
(the dorsal raphe in particular) are estimated to have total axonal lengths of 60—80cm in rat (Descarries et
al., 1982; Cunningham et al., 2005; Vertes and Crane, 1997; Mengler et al., 2013), and anywhere between
170-350m in human (Underwood et al., 2007; Underwood et al., 1999; Rilling and Insel, 1999; Baker et
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al., 1991; Raghanti et al., 2008b). No studies have traced noradrenergic LC neurons (however, in the context

of this thesis, I have measured single mouse TH+ LC neurons at 7 days in vitro totalling over 2—-3cm!)
10.22 The axonal domain: neurotransmitter release sites

In the 1960-70s, it became apparent that the electrophysiological responses in local circuits could
not be simply explained by excitatory and inhibitory inputs. At the time, nonsynaptic (or asynaptic)
neurotransmitter release had only been reported in the PNS, and the “modulation” effect often observed in
the CNS was put forth as a potentially important component of synaptic regulation: “nonsynaptic release
might provide a basis for diffuse one-cell-to-many communication, but it might also simply be a means of
sending the transmitter to a broader area of a single neuron than occurs in typical synapses” (Dismukes,
1979). These ideas put forward were key in reconsidering the notion that direct pre-synaptic domain, to
post-synaptic domain communication is uniquely central to neuronal function. Terms initially used to
describe the phenomena included neurohumor, neurohormone, neuroregulator, until the emergence and
recognition of the important role played by projecting modulatory/modulator neurons. Though the
possibility of asynaptic release being plausible had existed for some time, it was only until the work of the
late Laurent Descarries, in the mid-70s, that this important role was veritably established (described and

reviewed: Fuxe, 2000; Katz, 1999; Trudeau, 2012).

Termed “diffuse” or “volume” transmission, this alternative form of neurotransmission — used by
neuromodulator neurons — involves non-synaptic axon terminals that release neurotransmitter acting on
target cell metabotropic receptors at distances of tens of microns. This is in contrast to the fast-acting
classical synapses that are in direct apposition between hyperspecialized pre- and post-synaptic domains
(Agnati et al., 1995; Descarries & Mechawar, 2000; Siidhof, 2012). This distinction has been thoroughly
studied, especially within the context of DA neurons (Figure 16), where we now have robust models of the
structure and function (Liu et al., 2021). In addition, it has now become apparent that even for these now
classical asynaptic varicosities, their synaptic or asynaptic nature remains to be elucidated, with conflicting
data reported on the proportion of varicosities exhibiting these properties (Banerjee et al., 2020; Ducrot et

al., 2021).
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Figure 16 Neurotransmitter release by modulatory neurons by varicosities (transmitter-
releasing bouton)

Left. Volume transmission relies on the diffusion of transmitters in the extracellular space, and
the receptors are only loosely coupled with the release sites. Often, specialized active zone-like
release sites mediate neuromodulator secretion. Right. Synaptic transmission relies on tight
spatial coupling between the active zone and receptor clusters, which are often aligned with one
another at the subsynaptic scale. (Liu et al., 2021).

However, the molecular differences between synaptic and asynaptic (Figure 16) neurotransmitter
release sites are yet to be fully resolved (Banerjee et al., 2020; Ducrot et al., 2021; Liu et al., 2018), though
the make-up of the pre-synaptic domain remains relatively consistent (Stidhof, 2018, 2021). What is most
striking from a cell-type perspective, and therefore morphology and function, is the density of these

neurotransmitter release sites along axonal domains of these projecting neuromodulatory neurons.

In humans, though data does not exist, it has been estimated that a single SN¢c DA neuron may have
somewhere between 1-2 million neurotransmitter release sites (Bolam & Pissadaki, 2012). These extremely
long, highly branched, and neurotransmitter-release-site dense axons, therefore, must present the cell an
immense biological challenge in terms of growth, maintenance, and repair, especially as related to
membrane synthesis and axonal transport. Furthermore, the bioenergetic burden must be even more

considerable when one considers the unique physiological properties that define neurons.
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10.23 Cell-autonomous features of PD-vulnerable neurons

PD-vulnerable neurons can also be defined by their physiological properties. Though comparative
work across PD-vulnerable neurons is lacking, a significant amount of physiological phenotyping in DA
neurons (often comparing the SNc to VTA DA neurons) has given us clues into the physiological properties
of these cells that may render them vulnerable in PD (with some limited validation in other PD-vulnerable

neurons such as the LC, DMV and PPN).

These projecting neurons are autonomous pacemakers, with slow rhythmic spiking occurring at
between 1-10 Hz (varying across neuron types). These spikes are broad, accompanied by large oscillations
in intracellular calcium concentrations, driven by voltage-dependent Cavl Ca2+ channels, also known as
L-type Ca2+ channels (Zampese & Surmeier, 2020). In addition to these oscillations, these neurons appear

to have a relatively low capacity for buffering calcium, as shown for SNc DA neurons.

ATP, in neurons, is produced mainly by mitochondrial oxidative phosphorylation (Pacelli et al.,
2015). During pacemaking, the elevated intracellular calcium drives mitochondrial uptake of respiratory
substrates by acting on receptors on the inner mitochondrial membrane. This stimulates ATP production by
complex V. This mechanism helps ensure that ATP is always available for this continuously active firing
pattern. Unfortunately, and it is thought to be an integral contributor the vulnerability of these cells, this in
turn drives the production of reactive oxygen species (Surmeier, Obeso, et al., 2017; Surmeier, Schumacker,
et al., 2017). In addition to this “feed-forward” mechanism, the management of this extra calcium within
intra-cellular compartments is carried out by ATP-dependent calcium pumps, adding to the burden of
locally synthesized ATP (Canavier et al., 2016). As depicted in Figure 17, these mechanisms, coupled with
previously mentioned pathophysiological pathways (Figure 8), all converge in exacerbating one another.
The elevated intracellular calcium, associated with the activity of these neurons, has also been suggested to
contribute to the fibrilization of a-synuclein. And, given a-synuclein’s presence on the pre-synaptic
membrane, and the large number of neurotransmitter release sites, it is unsurprising that the projecting

neurons are most vulnerable to the intersection of all these unique features.
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Figure 17 Cell autonomous and non-cell autonomous factors driving degeneration in
vulnerable neurons in PD.

Schematic diagram summarizing how cell autonomous factors, non-cell autonomous factors and
their interaction can contribute to neurodegeneration and cell death in PD (Surmeier, Obeso, et
al., 2017).

In their now classic paper “Living on the Edge With Too Many Mouths to Feed: Why Dopamine
Neurons Die”, Bolam & Pissadaki (2012) put forward the hypothesis that the selective vulnerability of
neurons in PD cannot be understood without a strong and deep consideration for the unique nature of the
axonal domain of these projecting neurons. Though many groups are addressing the questions lain out by
this seminal paper (summarized in Wong et al., 2019), comparative work across multiple suspected PD-
vulnerable neurons is limited. This is essential to refine this hypothesis and begin to truly start testing it.
This hypothesis can be stated as following: the purely energetic demand of maintaining a vast axonal
domain places a cell close to their maximal capacity, during normal physiological conditions. Therefore,
with any extra demands these cells find themselves in an extra-homeostatic condition, causing deleterious

consequences. Robust theoretical evidence for this hypothesis involves estimating the energetic
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requirements for signal propagation in these highly branched axonal domains. These models do exclude,
however, the energetic demands related to the giant axonal domains. Many of the cellular processes
involved in cellular transport are ATP-dependent, suggesting that transporting cellular cargo to distal
cellular compartments likely contributes to the energetic demands of these neurons (Mandal & Drerup,
2019). In Figure 18 we see this summarised, where (panel B) we can see the projected number of ATP
molecules required to restore the membrane potential (given these cell’s electrophysiological profile).
Importantly, we see that the required ATP demands only begin to rise exponentially at branching levels of
10-13. This being (as per the VTA and SNc labels), a key difference between SNc and VTA neurons. It is
suggested, with some evidence, that this significantly differentiates SNc and VTA DA neurons at a
morphological level, and may be a key factor in the differential vulnerability of these two DAergic neuronal

populations (Giguére et al., 2019).
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Figure 18 Modelling the exponentially increasing energetic costs of signal propagation in
DA neuron axonal arbors

a) representative axonal arbors used in modelling b) number of ATP molecules required to
restore membrane potential increases exponentially with respect to the length and branch level of
the axon both as a result of calcium influx (blue) and sodium influx (red). Arrows indicate the
average branching levels for VTA and SNc DA neurons. Adapted from (Canavier et al., 2016).

Direct evidence for this hypothesis is scarce. However, work in our group was able to provide the

first direct evidence for a direct link between the size and complexity of the axonal domain of DA neurons,
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their vulnerability to PD-relevant stress assays, and their ATP production/consumption (summarized Figure
19).

1 Basal OCR
T Number of mitochondria per axon
T ros

Ei7

Vulnerability to toxins
Less More

| Basal OCR
l ROS production

Current Biology
Figure 19 Summary of findings in Pacelli et al., 2015

Increased axonal arborization correlates with basal oxygen consumption rate (OCR), and
increased reactive oxygen species (ROS) production. This morphology and physiology correlates
with the vulnerability of SNc DA neurons to some mitochondrial toxins MPP+ and rotenone
(Franco-Iborra & Perier, 2015; Pacelli et al., 2015).

In this work, Pacelli and colleagues (Pacelli et al., 2015) showed that SN¢c DA neurons consumed
oxygen, at basal conditions, at a higher rate than DA VTA and olfactory (OB) DA neurons, and their
capacity to increase ATP production was already saturated (unlike OB and VT A DA neurons) — suggesting
that they were already producing a maximal amount of ATP possible. In turn, SNc DA neurons had axonal
arborization that were significantly larger, and more complex. Furthermore, SNc DA neurons were most
vulnerable to cell stress induced by both MMP+ and rotenone, two mitochondrial toxins associated with
environmental causes PD-like clinical symptoms. Treating these cells with the axonal guidance factor

Semaphorin 7A caused a reduction in the size and complexity of the axonal arbor of SNc DA neurons, and
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resulted in a decrease in basal oxygen consumption, and improved survival in toxin assays. This providing
the first causal evidence that there may be a direct link between the vulnerability of these neurons, and the

size and complexity of their axonal arborizations.

10.24 Questions in this thesis

The identity, both anatomical and neurochemical of neurons that are degenerating in PD, versus those
that are not, underpin our model of selective vulnerability. How robust is this evidence to support the claims
in the PD field?

In Chapter 2, we show that the primary evidence for these claims do not support the temporal order,
neurochemical identify, and relative loss, of neuronal populations purported to be degenerating in PD.
Given the weakness of the evidence has our field begun to address this, following our analyses? In Chapter
3 we describe the claims made citing our systematic review to highlight that many authors do not integrate

the message that we have put forward.

Subsequently, in Chapter 4, given prior work in our group showing important differences in
vulnerability of SNc and VTA DA neurons, in vitro, we aimed to perform similar comparisons across
multiple populations of projecting neurons thought to be vulnerable in PD. How does the vulnerability, to
PD-relevant assays, of multiple projecting neuromodulatory neurons — both PD-vulnerable and non-
vulnerable — compare, and how might this be understood in terms of the morphology and physiology of

the axonal domain?

We hypothesized that overt differences in the growth of the axonal domain of would be evident in
vitro, and that PD-vulnerable nuclei would show larger and more complex axonal domains. Furthermore,
we believed that we would observe elevated vulnerability to a cell stress assay in PD-vulnerable neurons,
coupled with elevated generation of reactive oxygen species, due to their larger and more complex axonal

domains.
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11 Chapter 2 — Review on cell loss in the Parkinson's
Disease literature

Overview

This review was born out of the observation that, very often, references referring to cell loss often
resulted in one going in circles, following citations, trying to find primary data on cell loss. It became
apparent that the quality of primary data was relatively weak, and that very few studies in confirmed cases
of PD were done in a manner that enabled correlation between relevant clinical progression, and overt
documented cell loss. Furthermore, it became apparent the neurochemical identity of neurons counted has
been often overlooked, and our assertions on the specific temporal order of neuronal cell loss and

degeneration are founded on opaque data.

Contributions

Samuel Burke: conception, data collection, analysis, writing of manuscript.
Nicolas Giguere: data collection, analysis, writing of manuscript.

Louis-Eric Trudeau: conception, providing resources, supervision, writing of manuscript.

Published in Frontiers in Neurology https://doi.org/10.3389/fneur.2018.00455
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11.01 On cell loss and selective vulnerability of neuronal populations in Parkinson's

disease

Samuel Burke Nanni*, Nicolas Giguére*, and Louis-Eric Trudeau (* co-first authors)

11.02 Abstract

Significant advances have been made uncovering the factors that render neurons vulnerable in
Parkinson’s disease (PD). However, the critical pathogenic events leading to cell loss remain poorly
understood, complicating the development of disease-modifying interventions. Given that the cardinal
motor symptoms and pathology of PD involve the loss of dopamine (DA) neurons of the substantia nigra
pars compacta (SNc), a majority of the work in the PD field has focused on this specific neuronal
population. PD however, is not a disease of DA neurons exclusively: pathology, most notably in the form
of Lewy bodies and neurites, has been reported in multiple regions of the central and peripheral nervous
system, including for example the locus coeruleus, the dorsal raphe nucleus and the dorsal motor nucleus
of the vagus. Cell and/or terminal loss of these additional nuclei is likely to contribute to some of the other
symptoms of PD and, most notably to the non-motor features. However, exactly what regions show actual,
well-documented, cell loss is presently unclear. In this review we will first examine the strength of the
evidence describing the regions of cell loss in idiopathic PD, as well as the order in which this loss occurs.
Secondly, we will discuss the neurochemical, morphological and physiological characteristics that render
SNc DA neurons vulnerable, and will examine the evidence for these characteristics being shared across
PD-affected neuronal populations. Some of the insights raised by focusing on the underpinnings of the
selective vulnerability of neurons in PD might be helpful to facilitate the development of new disease-

modifying strategies and improve animal models of the disease.

11.03 Introduction

Parkinson’s disease (PD) was first described two centuries ago in An essay on the shaking palsy (3).
Since then, great strides have been made in understanding the disease basics. However — as with many other
neurodegenerative disorders — there is still no disease modifying treatment for PD. Unfortunately, progress

has been slow, and a thorough understanding of the pathological processes has been elusive.

PD as a clinical diagnosis is characterized by the detection of significant motor deficits (including
bradykinesia, resting tremor and rigidity) due, in large part, to a loss of dopamine (DA)-containing neurons

of the substantia nigra pars compacta (SN¢). The SNc is a neuronal population projecting to the caudate
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and putamen and is critical for regulation of basal ganglia circuitry. At clinical presentation, it has been
estimated that 40 to 60% of SNc DA neurons have already degenerated (4, 5). The clinical features of the
disease are diverse and include substantial non-motor features including, autonomic and olfactory

dysfunction, constipation, sleep disturbances, depression, and anxiety (7-9).

The diagnostic criteria for PD have been recently re-defined by the International Parkinson and
Movement Disorder Society (MDS), with the MDS Clinical Diagnostic Criteria for Parkinson’s disease
(MDS-PD Criteria (6)). A diagnosis is made when there is documented parkinsonism (defined as
bradykinesia, with tremor at rest and/or rigidity), followed by the exclusion of other possible causes of
parkinsonism, and with additional supporting criteria, including olfactory dysfunction or cardiac
sympathetic denervation (See (6)). The recent nature of this re-evaluation illustrates both the heterogeneity

of PD expression, and the difficulties encountered in defining it.

In ~70% of the ‘clinically typical PD cases’, the hallmark pathological finding is the presence of
Lewy pathology (LP) in the SNc (7, 8) — however, LP is also found across the central, peripheral, and
enteric nervous system (CNS, PNS, and ENS) (9). This includes both Lewy bodies and Lewy neurites: both
similar cellular inclusions, formed predominantly of aggregated alpha-synuclein, but also including a large
number of different molecules, proteins and organelles, such as ubiquitin, tubulin, neurofilaments, lipids,

and mitochondria (10).

In considering the broad localization of LP and the origins of the various symptoms of PD, a critical
point to consider is the dysfunction and loss of neurons in regions of the CNS and PNS, other than the SNc.
There have been, indeed, many studies concluding that cholinergic neurons in the pedunculopontine nucleus
(PPN), noradrenergic neurons of the locus coeruleus (LC), cholinergic neurons of the nucleus basalis of
Meynert (NBM) and of the dorsal motor nucleus of the vagus (DMV), and serotonergic neurons of the
raphe nuclei (RN) are lost in PD. The strength of the evidence for actual neuronal cell body loss in these
regions is highly variable and one of the questions addressed in the present review. The fact that the
diagnostic criteria for PD have over time been refined adds another layer of complexity to the task of
identifying the origin of the diverse symptoms of PD. Presently, PD is classified into either primary or
secondary subtypes. Primary parkinsonism includes genetic and idiopathic forms of the disease and
secondary parkinsonism includes forms induced by drugs, infections, toxins, vascular defects, brain trauma
or tumors or metabolic dysfunctions. This second subtype of PD is also sometimes called atypical
parkinsonism when concomitant to progressive supranuclear palsy, multiple system atrophy or corticobasal

degeneration, for example.

Since pathology is likely to emerge through different processes depending of PD subtypes, and since

modern classification was non-existent when a substantial part of the research literature was produced,
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attempting to reach clear general vision of various pathophysiological markers and their link to disease
progression for each sub-type of PD presents a significant challenge. This review will primarily focus on
idiopathic PD, since this category represents more than 70% of cases and is likely to represent most of the

subjects examined in studies where PD type was not provided.

Another main hurdle in PD research is that the chain of events that leads to the death of neurons is
still not clear. The fact that pathology is thought to begin years/decades before the appearance of symptoms
might, in part, explain this lack of progress.

PD has been considered to exist as either a strictly monogenetic or environmentally-triggered disease,
as well as a mixture of the two. The pathological mechanisms at the core of each form have been proposed
to converge in causing cellular stress such as mitochondrial dysfunction, perturbed proteostasis and elevated
oxidative stress. A major conundrum is that at first glance, these factors alone fail to explain why PD
pathology is restricted to very limited subsets of brain nuclei. Therefore, a key question is what do these
PD sensitive neurons have in common and what is it about them that renders them more vulnerable

compared to neurons from other brain regions?

A better understanding of the fundamental nature of cell loss and cellular dysfunction in the
parkinsonian brain is required to develop critically needed, novel, therapeutic strategies. In this review, we
aim to re-evaluate the evidence for cell loss in PD, then to highlight the common characteristics that could

explain their selective vulnerability.

11.04 Physiopathology of Parkinson’s disease

The focus on SNc¢ DA neurons has brought significant advances in our understanding of PD
pathophysiology, as well as of the signaling pathways that lead to DA neuron death. Studies using DA
neuron selective toxins such as 6-OHDA and MPTP, as well as investigations of gene products mutated in
familial forms of the disease (including alpha-synuclein, Parkin, Pinkl, LRRK2, DJ-1 and GBA1), have
been instrumental to better understand some of the key dysfunctional processes implicated in the disease.
These include protein clearance (11-13), mitochondrial turnover (14-16), ROS management (17, 18) and
inflammation (17, 18). Perturbations of these processes have been proposed to underlie distinct
physiological dysfunctions in PD-vulnerable neurons (19). Nonetheless, since the first introduction of
Levodopa in the 1950s and the development of deep-brain stimulation in the 1990s, increased understanding

of PD pathophysiology has not yet permitted the discovery of disease-modifying therapies.

As stated previously, PD is more than just a disease of DA and the SNc. Non-motor symptoms —

including a reduced sense of smell, constipation, orthostatic hypotension, sleep disturbances, depression,
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and anxiety — are likely to be due to impaired function and/or loss of non-DA neurons. (20) There has thus
been a growing interest in better understanding the implications of other regions of the CNS and PNS in
the progression of PD pathology. In the early 2000s, pioneering work by Braak and colleagues defined
stages in PD based on the appearance of LP in various regions of the nervous system, correlating their
findings to the symptomatic progression of the disease (2, 21, 22). Most notably, LP was detected in the
dorsal IX/X motor nuclei, the intermediate reticular zone, the medulla oblongata, the pontine tegmentum,
the caudal RN, the gigantocellular reticular nucleus, the coeruleus—subcoeruleus complex, the pars
compacta of the substantia nigra, the basal prosencephalon, the mesocortex and the neocortex. However,
multiple lines of evidence suggest that LP is not systematically seen in the PD brain and LP is also
documented in healthy individuals (23). Also, in some cases of PD, and most notably in early-onset genetic

forms, loss of SNc DA neurons has been reported to occur in the absence of detectable LP (24-26).

Although the role of LP in the pathogenesis of PD has been the subject of much debate (27), the
detection of LP has remained central in investigations of the key brain regions and circuits underlying PD
pathophysiology. In this context, it may be useful to focus attention on brain and PNS regions that show
documented cell death and/or axonal degeneration, irrespective of the presence or absence of LP. This could
perhaps provide new perspectives on the actual, more proximate, causes of the major symptoms of the
disease and their progression. Relevant to the present point, in their most recent and insightful work, Braak
and Tredici write, “We ascribed the same weight to axonopathy and nerve cell dysfunction (presumably
attributable, but not limited, to the presence of Lewy pathology) as to neuronal death because the
development of pathology together with neurotransmitter loss, axonal, and somatodendritic dysfunction in
multiple neuronal populations could prove to be more stressful for involved neurons over time than

premature cell death within a select neuronal population” (9).

11.05 Where and when does neuronal loss appear in pd?

Loss of neurons in the brain is thought to occur in the context of normal ageing. For example, there
have been multiple publications reporting significant age-dependent decline in neuron number in the SN¢
(28-36), as well as in regions such as the PPN (37) and LC (38, 39). Above and beyond such cell loss
associated with normal ageing, a key question is where in the brain can one find substantial neuronal loss

in PD?

Although numerous publications have referred to cell loss occurring in many CNS and PNS regions
in the context of PD, we believed it germane to re-evaluate the published scientific literature addressing

this question.

64



To do so, we took great care to find work concentrating on neuronal loss and not only denervation
(as is common for the heart, for example (40-42)). We found 90 primary research articles reporting PD-
specific cell loss in the following regions (Table 4): the SNc, VT A, amygdala, cortex, DMV, hypothalamus,
laterodorsal tegmental nucleus, LC, NBM, OB, oral pontine reticular nucleus, PPN, pre-supplementary
motor cortex, RN, supraoptic nucleus, sympathetic/parasympathetic ganglia, and thalamus. These original
articles span from 1953 to 2015. The techniques used to quantify cell loss varied, and we have classified
them accordingly. Across all regions examined, 14 of the examinations were defined as observational, 39
as implicating manual counting, 18 used computer-assisted counting, and 26 used stereological counting
methods. While informative, the value of observational studies can be considered limited given their lack
of precision and the fact that they are greatly influenced by the observer. Lack of bias is also difficult to
assure in studies involving manual counting. This technique is also unable to assure that a cell is not being
counted twice if present in two subsequent sections. Other techniques such as computer-assisted counting
were developed to improve on these aforementioned methods, however, these are also limited in that they
often lack rigorous systematic sampling, are sensitive to tissue shrinkage, and are often unable to account
for local tissue thickness, or for cells damaged on slice edges. These issues are systematically addressed
using modern stereological counting techniques. Another issue to consider is that many of the studies
included in this review, including those employing stereology, either did not use age-matched controls or
did not state whether counting was conducted blind to diagnosis. Yet another apparent feature of this
literature is the diversity of method iterations used, the varying number of brain regions assessed in each
study and, importantly, the stage or type of PD studied (and how this was defined). Here, we will discuss
the evidence of cell loss (if not otherwise stated, relative to healthy control cases), ordering the regions in

subsections according to the strength of the evidence (Table 4).

11.06 Methodology and scales of PD progression

We searched the scientific literature using the search engines and databases of PubMed, Google
Scholar and ScienceDirect. The following search terms were used: ‘PD’, and ‘cell loss’, ‘cell death’ or
‘reduced cell/neuron number’. Furthermore, these terms were used in combination with brain structure
keywords: ‘SNc¢’, “‘VTA’, ‘LC’, ‘Raphe’, ‘DMV’, ‘PPN’, ‘NBM” and ‘enteric system’ (‘ENS’), and ‘gut’.
Review and original article abstracts were screened, then, where appropriate, read. Where any direct or
indirect claim for cell loss was found (rather than only the presence of LP), the claim was followed to its
original source. The Hoehn and Yahr scale (H&Y) is a widely used clinical rating scale, which defines

broad categories of motor function in PD (where 1 is the least severe, and 5, most severe symptoms) (1).
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11.07 Substantia nigra pars compacta

Loss of SNc DA neurons in PD is indisputable. Here we found 38 studies addressing this directly
with a total of 612 brains. However, if we consider the methods used, we found that 10 of these studies
were observational, 8 involved manual counting methods, 8 used computer-assisted methods, and 12 used
stereology. Considering stereological methods as best practice for unbiased evaluation of cell number, 181
brains were quantified as such for SNc: still a large number. The average cell loss reported for studies
involving stereological methods is ~ 68%. The definition and clinical stage of PD in most studies varied
greatly, especially in reporting. For example, for the 12 studies using stereological methods, three papers
(43-45) staged each case according to the Braak staging (to be expected given that Braak staging only came
about in the early 2000s). In the same 12 studies, the age ‘since disease onset’ varied between 1 to 27 years
when stated, the Hoehn and Yahr ratings (H&Y, used to describe the progression severity of PD symptoms)
varied between 2 to 5 and the UPDSR score (that includes H&Y rating, symptoms and quality-of-life
scores) was also on occasion provided. A correlation with disease duration/severity was found in 10 studies.
It is relevant here to mention that some authors, including Gibb et al. (46) have discussed the selective
vulnerability of restricted sub-regions within the SNc. These data are important and relevant to the

progression of the field; however, we found this distinction absent in the majority of the work we examined.

11.08 Pedunculopontine nucleus and Locus coeruleus

The evidence for cell loss for both the PPN (11 studies), containing cholinergic neurons and the LC

(18 studies), containing noradrenergic neurons, is also relatively strong.

For the PPN, four studies used stereological methods. In these four studies the average loss of
cholinergic PPN neurons was 41% and the range of PD stages amongst the subjects evaluated was broad.
For example, in Rinne, 2008 (47), the PD cases ranged from a H&Y rating of 2.5 to 5; in Karachi, 2010
(48), UDPRS score was used, and in both Hepp, 2013 (49) and Pienaar, 2013 (50), the PD cases were
between Braak stages 4 and 6 and between 2 and 4, respectively. Although sample sizes were relatively
small in these two studies, nine and eight, respectively, it is somewhat surprising that in the most advanced
PD group, loss of cholinergic PPN neurons was not higher than for less advanced PD subjects, contrarily

to the report by Rinne, 2008 (47).

Surprisingly, we found no study quantifying loss of LC neurons using stereological counting
methods. For the LC, 221 brains were studied, with cell loss ranging from ‘some’ to 94%. Five of the studies
were based on observational quantifications, 4 on manual counting and 9 used computer-assisted counting.

In these 18 papers, when stated, the H&Y score was between 3 and 5, and disease duration was between 1
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and 31 years. A correlation of the extent of cell loss with disease duration was found in two of these studies

(51, 52).

11.09 Dorsal motor nucleus of the vagus, Raphe nuclei, nucleus basalis of Meynert

and ventral tegmental area

Substantial cell loss has been documented in the DMV, containing cholinergic neurons, with 7 studies
evaluating this loss in 49 cases. Of these, only one study (53) used stereology, where they reported 55%
neuronal loss in eight PD cases, ranging from 5 to 24 years post diagnosis and reported correlation with

disease duration/severity.

The importance of re-evaluating cell loss is PD is apparent when considering the serotonergic RN.
For these nuclei, which are considered by many authors to be lost in PD, we found 7 papers describing
neuronal loss varying between 0 to 90%. Cheshire et al. however, using stereology in 44 late-stage PD
subjects, found no cell loss in the dorsal raphe nucleus (54). In the NBM, containing cholinergic neurons,
we found 13 papers, 12 using manual counting methods and one observational, which estimated an average
neuronal loss of between ‘some’ to 72%. No correlation with disease duration was reported. Surprisingly,
only 8 studies directly evaluated neuronal loss in the VTA, a dopaminergic region often considered to be
only modestly affected in PD. Of these, one study used stereology (55) to evaluate the loss of neurons in 3
cases of PD (or 6 including PD with a secondary diagnosis) that were between 1 and 27 years post diagnosis
and reported an average neuronal loss of 31%. One paper reported correlation of the extent of cell loss with

disease duration (56).
11.10 Thalamus, hypothalamus, olfactory bulb

Four studies reported neuronal loss in thalamic nuclei, with 2 using stereology (57, 58). In
Henderson, 2000, 9 subjects with H&Y disease ratings between 2 and 5 statistically significant loss of 30
to 40% was reported in the centromedian-parafasicular complex. However, no loss was found in the motor
thalamus in 9 subjects with similar H&Y disease ratings in the work of Halliday, 2005. Neuronal loss has
also sometimes been reported in the hypothalamus (9 studies), with one using stereology; Thannickal et al.
(59) reported a 50% cell loss in 10 PD cases, with increased loss with disease severity. Olfactory
dysfunction is now well established as an early symptom of PD. Four studies evaluating cell loss in the
olfactory bulb were reported. One of these (60) described a 57% decrease in neuronal number (identified
as cells with “a prominent nucleolus surrounded by Nissl substance”), while the others (61-63), using

stereology, reported a 100% increase in the number of TH-positive neurons.
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11.11 Peripheral nervous system, spinal cord and other brain regions

Though there is substantial evidence for LP occurring in the ENS (64), we did not find any study
reporting direct — quantitative evidence — for neuronal loss in the gut. Though it has been inferred that ENS
glial cell loss is occurring (65), there is evidence that neuronal loss in the gut is not associated with PD (66).
Of note, a publication often cited in support of neuronal loss in the ENS (67) shows, in fact, neuronal loss
in the DMV. With regards to the spinal cord, published evidence is also scarce; of the studies most relevant
here, Wakabayashi et al. (68), using manual counting methods, described a loss of 31% and 43%
respectively in the 2nd and 9th thoracic segments of the intermediolateral of the spinal cord. For the
amygdala, the pre-supplementary motor cortex, several other cortical regions, the laterodorsal tegmental
nucleus and the oral pontine reticular nucleus, we found only single studies supporting loss, with stereology

used for the amygdala (30% loss) (69) and cortex (10% loss) (69) (see Table 4).
11.12 Regional order of cell loss?

In summary, it seems clear that there is some level of cell loss in PD in restricted regions including
the SN¢, LC, NBM, PPN, DMV, VTA and probably the RN. However — because of the lack of data for
some regions, the variety of techniques used to count neurons, potentially numerous unintentional sources
of bias, and because of the inconsistency in criteria used for subject sampling — firm conclusions are
somewhat limited. In particular, it is difficult to conclude on the relative extent and temporal order of cell
loss in these different brain regions as a function of disease progression, information that would be critical
to advance the field. Indeed, a direct comparison of the extent of neuronal loss in different regions examined
in different studies is hazardous, even if stereological studies were to be selected. Interestingly, of the 38
studies we identified evaluating cell loss in the SNc, only 5 of these also looked at the VTA, and of these
only 1 used stereology. Given the importance of the difference in vulnerability of these two nuclei, a
systematic evaluation of the extent of loss of these neurons in PD would be very informative. But even if
as a technique, stereology mitigates for most of the classic biases, it is still unable to account for the
variation in subject sampling, i.e. variation in disease duration, sex and age, unless these criteria were
considered in a similar way for each study. Unfortunately, this has not, thus far, been the case. In conclusion,
it seams clear that stereological studies comparing multiple regions in the same subjects and these regions

in subject at different stages of PD are critically needed to advance the field.
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11.13 Table of 90 studies quantifying the loss of neurons in the brain in PD

Publications

Substantia Nigra pars Compacta (SNc)

Greenfield, 1953 (144)

Pakkenberg, 1965 (145)

Bernheimer, 1973 (146)

Rajput, 1976 (147)

Gaspar, 1984 (148)
Tagliavini, 1984 (149)
Chan-Palay, 1988 (150)

Gibb, 1988 (151)

Hirsch, 1988 (70)
German, 1989 (71)
Rinne, 1989 (152)

Zweig, 1989 (153)

Gibb, 1990  (46)

Halliday, 1990 (72)

Fearnley, 1991 (30)

Pakkenberg, 1991 (154)

Paulus, 1991 (73)

Technique N (ctrl)
0 19 (22)
m 10 (10)
0 69 (0)
0 6(1)

0 32 (6)
0 6(5)

0 9(22)
m 34 (-)
c 4 (3)

c 50)

s 12 (18)
0 6(8)
m 6 (6)

c 4(4)
m 20 (36)
] 7(7)
m 39 (14)

Loss of
neurons
(%)

some

66

some

some

some
some

some

77
61
60

Mild to
severe

75

68

20-90

66

59

Comparison group info

(healthy controls unless
stated otherwise)

Healthy controls and two
young controls

No healthy controls,
compared to type of PD
and Huntington’s disease

No healthy controls,
compared young and old
onset

Not compared -
estimation

Blinded /
age matched

Yes—Y

Not stated
—NS

NS

NS/Y

NS/Y

NS

Y'Y
NS/Y
Y/NS

NS

NS
NS/Y
NS/Y

NS/Y

NS

NS/Y

NS/Y

NS/Y

NS/Y

Stated diagnosis,
scale of severity,
disease duration

(expressed in range or
mean, when
available)

iPA, <1-20 years

iPA

PD, H&Y, 1-47 years

iPA, H&Y, 3-18 years

iPD, 2-23 years
iPD, 5-13 years
PD

PD, 1-34 years

PD
PD, 5-27 years
iPD, H&Y II-V

PD, 5-14 years

PD

PD

PD, 1.5-38 years

PD, 4-16 years

PD, H&Y I1I-V, 1-31
years

Other regions counted

LC, DMV, Cortex,
Hypothalamus,
Intermediolateral
spinal cord,
sympathetic ganglia
LC, NBM

NBM

NBM

A10, A8, CGS

VTA

PPN, DR, NBM

SNc + LC, RN, PPN,
DMV

LC, DRN, NBM

Correlations
(with
disease
severity,
duration or

age)

Y (demential
score)

Y (also in
controls)
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Xuereb, 1991 (155)

Moller, 1992 (156)

Zweig, 1993 (157)

Mouatt-Prigent, 1994
(158)

Ma, 1995 (159)
Halliday, 1996 (160)
Ma, 1996 (161)

Ma, 1997 (162)

Damier, 1999 (56)

Henderson, 2000 (57)

Zarrow, 2003 (74)

Greffard, 2006 (163)

Rudow, 2008  (34)

Beach, 2009 (164)

Karachi, 2010 (48)

Milber, 2012 (45)

Kordower, 2013 (165)

Dijkstra, 2014 (43)

Kraemmer, 2014 (166)

o 5(5)

c 303
m 13 (14)
c 4 (3)

s 4(7)

s 11 (15)
c 20 (8)
s 12 (12)
c 5(5)

c 9(8)
m 19 (13)
o 14 (5)
s 8 (23)
o 66 (87)
s 12 (8)
s 13 (17)
s 28 (9)
s 24 (12)
m 4 (0)

some

80

some

70

37-75

76

55

86

69

78

~80 vs
young,
~75vs
old
controls

some

69-88

70

50-90

56

Healthy controls, AD

Young, middle aged and
old healthy controls

Healthy controls, ILDB,
DLB, ADLB, ADNLB

Healthy controls, iLBD

Healthy controls, iLBD

No healthy controls,
compare to AD, CJD,
CBS, NPH

NS/Y

NS/Y

NS/Y

NS

NS/Y

NS/Y

NS/Y

NS

NS/Y

NS/Y

NS/Y

NS/Y

Y/NS

Y/NS

Y/NS

PD

PD

PD, H&Y 4.5, 11
years

iPD

PD
PD, 1-18 years
PD

PD, H&Y 1II-V, 3-17
years

iPD

PD, H&Y 1I-V, 3-17
years

iPD, 12.4 years

iPD, UPDRS3 = 53,
8.5 years

PD, 7-20 years

PD + DLB, UPDRS =
41, 10.6 years

PD, UPDRS

PD, Braak stage I-VI,
8.3 years.

PD, 1-27 years
PD and iLBD, Braak

stage 0-VI, H&Y,
13.6 years

PD and DLB, 2-4
years

Thalamus (multiple

nuclei)

LC, VTA, NBM

VTA

VTA

Centromedian—
Parafascicular
Complex,
mediodorsal or
anterior principal
nucleus

LC, NBM

PPN

Y, in
controls

Y iniLBD
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Cheshire, 2015  (54) S 44 (17) 75 - Y PD, LID severity, RN

14.8 years
lacono, 2015 (44) S 6 (6) 82 - Y iPD and iLDB, Braak --
stage [-IV, H&Y 2-5,
38 612(452
)

010, m8, c8, s12
Locus Coeruleus (LC)

Rajput, 1976 (147) o 6(1) some - NS iPA H&Y, 3-18 years SN, DMV, Cortex,
Hypothalamus,
Intermediolateral
spinal cord,
sympathetic ganglia

Gaspar, 1984 (148) 0 32(6) some - Y iPD, 2-23 years SNc, NBM
Hirsch, 1988 (70) c 4(3) 55 -- NS PD SNc, A10, A8
Chan-Palay, 1989 (167) ¢ 6(3) 31-94*% - NS/Y PD --
Zweig, 1989 (153) o 6(8) Mildto Not compared - NS/Y PD, 5-14 years PPN, SNc, DR, NBM
severe  estimation
Halliday, 1990 (72) c 44) 68 -- NS/Y PD SNc + LC, RN, PPN,
DMV
Gai, 1991 (51) c 6(5) 74 -- NS/Y iPD, 5-30 years PPN, LTN, OPN, RN
Paulus, 1991 (73) m 37(12) 63 -- NS/Y PD, H&Y III-V, 1-31 SNc, DRN, NBM
years
German, 1992 (168) c 6(7) 21-93 Healthy controls, AD, NS/Y PD, 5-16 years -

down-syndrome

Patt, 1993 (169) 0 8(8) some - NS PD -
Zweig, 1993 (157) m 13 (14) 46-69  -- Y'Y PD, H&Y 4.5, 11 SNc, VTA, NBM
years

Hoogendijk, 1995 (170) ¢ 5(5) 39NS  Healthy controls, AD, NS/Y PD, 7 years -

ALS
Bertrand, 1997 (52) c 11(6) 5878  -- NS PD --
Zarrow, 2003 (74) m 19(13) 83 Healthy controls, AD NS/Y iPD, 12.4 years SNc, NBM
Brunnstom, 2011 (171) m 25(0)  mild- Healthy controls, AD Y/NS DLB and PD -

severe dementia

Mc Millan, 2011 (172) m 7(8) 71-88 Healthy controls, AD, Y PD, 7-25 years -

DLB
Dugger, 2012 (173) c 21(11) some - NS/Y LBD, 8.4 years PPN
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Del Tredici, 2013 (174) o 5(1) some - NS
18 221(115
)

05, m4, ¢9, s0
*31 w/o dementia, 48 w/ dementia, 94 if Non-responsive to L-dopa

Nucleus Basalis of Meynert (NBM)

Arendt, 1983 (175) m 5(14) 70 -- NS/Y
Candy, 1983 (176) m 5(5) some Healthy controls, AD NS
NakaNo, 1983 (177) m 2(5) 90 -- NS/Y
Whitehouse, 1983 (178) m 12 (10) 45-71 -- Y
Gaspar, 1984 (148) m 32(6) 36 -- Y
NakaNo, 1984 (179) m 11(13) 60 -- NS/Y
Tagliavini, 1984 (149) m 6(5) 46-69  -- NS/Y
Perry, 1985 (180) m 4 (8) 17-72 Healthy controls, AD NS/Y
Rogers, 1985 (181) m 4(5) some Healthy controls, PSP, NS/Y
Creutzfeldt-Jakob
disease, ALS, MS and
AD (+ individual cases of
other diseases)
Chan-Palay, 1988 (150) m 9(22) ~50 Healthy controls, AD Y/NS
Paulus, 1991 (73) m 40 (17) some -- NS/Y
Zweig, 1993 (157) 0 13 (14) some - Y
Zarrow, 2003 (74) m 19 (13) 37 Healthy controls, AD NS/Y
13 162(137
ol, ml2, c0, sO )
Pedunculopontine Nucleus (PPN)
Hirsch, 1987 (182) c 6(4) 57 Healthy controls, NS
supranuclear palsy
Jellinger, 1988 (183) m 14 (15) 53 -- NS/Y
Zweig, 1989 (153) m 4 (8) 46-69 - NS/Y
Halliday, 1990 (72) c 44) 57 -- NS/Y

PD, H&Y 3-5, 7-15
years

Postencephalitic PD
PD

PD-dementia complex
of Guam, 4-5 years

iPD, 4-26 years
iPD, 2-23 years
PD, 1-17 years
iPD, 5-13 years
PD

PD

PD

PD, H&Y I1I-V, 1-31
years

PD, H&Y 4.5, 11
years

iPD, 12.4 years

PD

PD, 10 years
PD, 10-14 years

PD

SNc

SNc, LC, DRN

LC, SNc, VTA

SNc, LC

SNc + LC, RN, DMV
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Gai, 1991 (51)

Rinne, 2008  (47)

Schmeichel, 2008 (184)

Karachi, 2010 (48)
Dugger, 2012 (173)

Hepp, 2013 (49)

Pienaar, 2013 (185)

11
00, m3, c4, s4

Hypothalamus

Rajput, 1976 (147)

Kremer, 1992 (186)
Kremer, 1993 (187)

Purba, 1994 (188)

Nakamura, 1996 (189)

Ansorge, 1997 (190)

Hoogendijk, 1998 (191)

Fronczek, 2007 (192)

Thannickal, 2007 (59)

9

ol, m6, cl, sl

Dorsal Motor Nucleus of the Vagus Nerve (DMV)

Eadie, 1963 (193)

Rajput, 1976 (147)

m

7]

o

7]

[}

m

m

C

N

m

o

6(5)

11 (9)

13 (11)

12 (8)
21 (11)

90

8(5)

108 (89)

6 (1)

8 (15)
8(7)
6 (6)
8 (6)
7(8)
12 (6)
9(9)

10 (5)

74(63)

8(5)

6(1)

43

40

65

31-38

some

41

50

None

None

None

20

None

29-Dec

None

45

50

30

some

Healthy controls, MSA

Healthy controls, DLB

NS/Y

NS/Y

Y/NS

NS/Y

NS

NS

NS/Y

NS/Y

NS/Y

NS/Y

NS/Y

NS/Y

NS

iPD, 5-30 years

PD, H&Y 2.5 and 5,
9.3 years

DLB, 3-16 years

PD, UPDRS 0-1V
LBD, 8.4 years

PD, Braak stage IV-
VL, H&Y IV-V, 8-26

years

PD, Braak stage II-
IV, 6-13 years

iPA, H&Y, 3-18 years

PD

iPD, 4-17 years
PD

iPD

PD, 18 years
iPD

PD, late-stage

PD, H&Y I-V, 4-23
years

PD

iPA, H&Y, 3-18 years

LTN, OPN, RN, LC

Laterodorsal
tegmental nucleus

SN

LC

SN, LC, DMV,
Cortex,
intermediolateral
spinal cord,
sympathetic ganglia

Hypoglossal nuclei,
nucleus ambiguus

SN, LC, Cortex,
Hypothalamus,
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Halliday, 1990 (75)
Halliday, 1990 (72)
Saper, 1991 (194)
Gai, 1992 (53)
Benarroch, 2006 (67)

7
02, m2, c2, sl

Raphe Nuclei (RN)
Yamamoto, 1985 (195)

Halliday, 1990 (75)

Halliday, 1990 (72)

Gai, 1991 (51)

Paulus, 1991 (73)

Benarroch, 2007 (196)

Cheshire, 2015 (54)

7

00, m3, ¢3, sl

Ventral Tegmental Area (VTA)

Javoy-Agid, 1984 (197)
Hirsch, 1988 (70)
German, 1989 (71)

Zweig, 1993 (157)

4(4)
4(4)
5(5)
8(6)
14(12)

49(37)

2(1)

44

44

6 (5)

23 (6)

14 (12)

44 (17)

97 (49)

2(2)
4(3)
503)

13 (14)

77

77

60

55

50

50-90

0 dorsal-
56
median

0 dorsal-
44
obscurus
-60
median

37

60-67

None

77

48

42

some

NS

NS/Y

NS

NS/Y

Y/NS

NS/Y

NS

NS/Y

NS/Y

NS/Y

NS

NS

NS/Y

PD
PD
PD, 2-16 years
PD, 5-24 years

PD or LBD, 10 years

iPD

PD

PD

iPD, 5-30 years

PD, H&Y I1I-V, 1-31
years

DLB, 5-20 years

PD, LID severity,
14.8 years

PD
PD
PD, 5-27 years

PD, H&Y 4.5, 11
years

Intermediolateral
spinal cord,
sympathetic ganglia

RN

SNc + LC, RN, PPN

Hypoglossal nucleus

Nucleus ambiguus

DMV

SNc + LC, PPN,
DMV

PPN, LTN, OPN, LC

SNc, LC, RN, NBM

SNc

SNc, A10, A8, CGS
SNc

LC, SNc, NBM
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Mouatt-Prigent, 1994
(158)

Dymecki, 1996 (198)
McRitchie, 1997 (55)
Damier, 1999 (56)

8

00, m3, c4, sl
Olfactory Bulb (OB)
Pearce, 1995 (60)

Huisman, 2004 (61)

Huisman, 2008 (62)

MundinaNo, 2011  (63)

4

00, ml, c0, s3
Thalamus

Xuereb, 1991 (155)

Henderson, 2000 (199)

Henderson, 2000 (57)

Halliday, 2005  (58)

4

00, ml, cl, s2

Sympathic/parasympathic ganglia

Rajput, 1976 (147)

N

N

N

C

N

4(3)

7(6)
303)
5(5)

43 (39)

7(7)

10 (10)

20 (19)

6 (15)

43 (51)

5(5)

9 (10)

9(8)

9(9)

32(32)

6 (1)

some

41-62

31

46

57

increase
of 100

increase
of 100 in
female

increase
of 100

None

40-55

50-70

None

some

NS/Y

NS/Y

NS/Y

NS

NS/Y

NS/Y

NS/Y

NS/Y

NS/Y

NS/Y

NS/Y

NS

iPD

PD, long-term
iPD, 1-27 years

iPD

PD, 8-19 years

PD, 4-23 years

iPD, 3-30 years

PD, Braak stage II-V

PD

PD, H&Y 1I-V, 7.2
years

PD, H&Y 1I-V, 3-17
years

PD, H&Y II-V, 9
years

iPA, H&Y, 3-18 years

SNc

A8, A10

SNc

Thalamus (multiple
nuclei)

Caudal intralaminar
nuclei, limbic
thalamic nuclei

SNc¢, Centromedian—
parafascicular
complex, mediodorsal
or anterior principal
nucleus

Motor thalamus,
Cortex

SN, LC, DMV,
Cortex,
Hypothalamus
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Wakabayashi, 1997 (68) m 25(25) 3143 -- NS/Y PD - -

Benarroch, 2006 (67) 0 14 (12) None -- Y/NS PD or LBD, 10 years DMV, nucleus --
ambiguus

3 45 (38)

02, ml, c0, sO

Rajput, 1976 (147) 0 6(1) None -- NS iPA, H&Y, 3-18 years SN, LC, DMV, --
Hypothalamus,
Intermediolateral
spinal cord,
sympathetic ganglia
Pedersen, 2005 (200) S 10 (12) None -- NS/Y PD, 2-25 years -- --
2 16 (13)
ol, mO0, c0, sl

MacDonald, 2002 (201) m 505 32-45 - Y PD, 10-17 years -- --

Halliday, 2005 (58) s 909 None -- NS/Y PD, H&Y 1I-V, 9 Motor thalamus --
years

2 14 (14)

00, ml, c0, sl

Harding, 2002 (69) S 18 (16) 30 -- Y PD, 13 years -- --

Joelving, 2006 (202) s 8(8) None -- NS/Y PD, 2-25 years -- --

Gai, 1991 (51) c 6(5) 41 -- NS/Y iPD, 5-30 years PPN, OPN,RN,LC Y

Gai, 1991 (51) c 6(5) 41 -- NS/Y iPD, 5-30 years PPN,LTN,RN,LC Y

Table 4 List of 90 studies quantifying the loss of neurons in the brain in PD

Included in the table are the technique used for quantification (o, observation; m, manual c,
computer assisted; s, stereological counting), the number of subjects and controls (ctrl) studied,
the estimated % loss of neurons, any particularity in the comparison group, mention if studies
were performed blind and with age-matched controls, the stated diagnosis, scale of severity and
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disease duration when mentioned and note on other regions counted. Where an average value of
loss was not given by authors, this number was calculated from available data.

ABREVIATIONS: AD, Alzheimer Disease; ADLB, Alzheimer's Disease with Lewy bodies;
ADNLB, Alzheimer's Disease with no Lewy bodies; ALS, Amyotrophic Lateral Sclerosis; CBS,
corticobasal syndrome; CGS, central grey substance; CJD, Creutzfeldt-Jakob disease; ctrl,
control; DLB, dementia with Lewy bodies; H&Y, Hoehn and Yahr scale; iPA, idiopathic
paralysis agitans; LBD or iLBD, Lewy body disease or idiopathic Lewy body disease; LDB or
iLDB, dementia with Lewy bodies or idiopathic dementia with Lewy bodies; LID, levodopa (L-
dopa)—induced dyskinesias; MS, multiple sclerosis; MSA, multiple system atrophy; NPH,
normal pressure hydrocephalus; PD or iPD, Parkinson’s Disease or idiopathic Parkinson’s
Disease; PSP, progressive supranuclear palsy; UPDRS, unified Parkinson Disease rating scale.
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11.14 What are the common features shared by neurons affected in pd?

Although, as mentioned previously, the evidence for the extent of cell loss in regions other than the
SNc in the PD brain is not always sufficiently documented, it is clear that some level of cell loss occurs in
a limited subset of regions beyond the SNc (Figure 20) or, to the least, that neuronal functions including
neurotransmission are perturbed in multiple neuronal circuits. It is therefore of great interest to identify
some of the biological features that distinguish neuronal subgroups in terms of their basal vulnerability to
some of the cellular stresses that are invoked to trigger PD, including altered proteostasis (due to lysosomal
and/or proteosomal impairment), mitochondrial dysfunction and sustained oxidant stress (including from

highly reactive DA metabolites).

Several groups have been tackling this question by interrogating the characteristics that render
neurons, starting with those of the SNc, particularly vulnerable to degeneration / cell death (76-78). It is
likely that some shared functional or structural properties are responsible for selective vulnerability of
affected nuclei, as opposed to features truly unique to SNc DA neurons. The causative characteristic(s)
should be present in all affected neurons, but also be absent in neurons that do not degenerate or that
degenerate much later in the disease. Four main converging hypotheses on selective vulnerability in PD
have been gaining attention lately (Figure 20 B), related to DA toxicity, iron-content, autonomous
pacemaking and axonal arborization size. The next section will explore the likelihood that these hypotheses

can explain why select neuronal populations are particularly vulnerable in PD.
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Figure 20 Evidence for cell loss and selective vulnerability in PD: a critical review

A. Schematic representation of brain regions hypothesized to demonstrate cell loss in
Parkinson’s disease, color-coded as a function of the weight of the evidence supporting the
possibility of actual cell loss, and not only cellular dysfunction and Lewy pathology. Neuronal
loss: red = 60%, orange = 40% and yellow = 20%. Color gradient indicates a range of possible
loss, due to insufficient or inconsistent data. B. Summary of converging hypotheses regarding
the origin of the selective vulnerability of neurons in the context of Parkinson’s disease. Whether
due to the exceptionally large axonal arbor of affected neurons or their electrophysiological
properties, including calcium-dependent pacemaking, high levels of oxidant stress in the
somatodendritic and axonal domain is thought to play a key role in cellular dysfunction and cell
loss. Pathological protein aggregation and reactive dopamine quinones are considered as
additional precipitating factors.
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11.15 Dopamine toxicity

Firstly, it has been suggested that DA neurons in general are most at risk because they produce DA
as a neurotransmitter, a molecule that can be toxic in certain conditions through the generation of reactive
quinones during its oxidation (79). This oxidation has been proposed to be implicated in the production of
neuromelanin in SNc DA neurons. These DA quinones have been shown to interact with and negatively
impact the function of mitochondrial protein complexes I, III and V (80) and of other proteins such as
tyrosine hydroxylase, the DA transporter and a-synuclein (81, 82). Such reactive by-products can promote
mitochondrial dysfunction, pathological aggregation of proteins such as a-synuclein and oxidative stress
(83). Increasing the vesicular packaging of DA accordingly reduces the vulnerability of DA neurons, while
down-regulating vesicular packaging has the opposite effect (84-87). Although highly relevant, this
phenomenon alone does not readily explain the differential vulnerability of different dopaminergic neuron
subgroups (such as SNc vs VTA) and cannot contribute to the potential vulnerability of non-dopaminergic
neurons in PD. Also, in the context of DA-induced toxicity, it is puzzling that levodopa therapy, acting to
increase DA synthesis, does not appear to accelerate cell loss (88, 89). For these reasons, even if DA toxicity
most certainly contributes to degeneration of SNc DA neurons, it is certainly not the sole factor driving

neuronal death in PD.
11.16 Iron content

Secondly, iron content is thought to also be an important contributor to the selective vulnerability of
SNc DA neurons. Iron is known to be able to generate ROS by the Fenton reaction and has been shown to
accumulate with age in SNc¢ (90-92). Since the mitochondrial electron transport chain relies on iron sulphur
clusters for its function and since it is believed that SNc neurons have particularly high bioenergetic
demands (76, 78, 93), elevated iron content could in part underlie elevated and sustained mitochondrial
activity. Another interesting feature of iron in SNc DA neurons is that it can be chelated by neuromelanin,
which renders it unavailable for mitochondrial function. Even if the affinity of iron for neuromelanin is
much lower than for other iron binding proteins such as ferritin, it is possible that accumulation of
neuromelanin and loss of ferritin concentration with age impacts gradually mitochondrial function, which
could eventually promote cell death. However, data about potential iron content and iron-binding protein
concentration changes in PD is still a matter of debate (94, 95). In addition, data is lacking on iron levels in
other brain regions presenting cell death in PD. In fact, the only other region studied in this context has

been the LC, which did not show high iron relative to the SNc (96-99).
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11.17 Autonomous pacemaking

A third highly attractive hypothesis to explain the vulnerability of SNc DA neurons has its origins in
the fact that these neurons demonstrate autonomous pacemaking. Many receptors/channels can potentially
modulate the excitability and survival of DA neurons (100). The fact that pacemaking activity in SNc DA
neurons is accompanied by slow oscillations in intracellular calcium concentrations, caused by the opening
of voltage-dependent Cavl plasma membrane calcium channels (Cavl.1 and 1.3) has recently renewed
interest to this topic. In the Cavl family, Cav1.3 has been suggested to be of particular interest because its
voltage-sensitivity and inactivation properties allow a subset of the calcium channels to always stay open
during pacemaking, causing extensive calcium entry (77). These oscillations have a positive contribution
to cell physiology because they help maintain pacemaking and directly promote mitochondrial oxidative
phosphorylation (OXPHOS) (101). However, by doing so, they have been proposed to also promote
chronically high levels of ROS production (102, 103). Along with a reduction in mitochondrial function
with age, chronically elevated oxidative stress has been proposed to be a causative factor in the decline of
neuronal survival (104). Although CaV currents and autonomous pacemaking are also a feature of LC and
DMV neurons (102, 103), their influence on the survival of these neurons has not yet been investigated.
The fact that other neuronal populations also expressing Cav1.3 such as hippocampal neurons (105) and
striatal spiny projection neurons (106) do not degenerate in PD highlights the possibility that the particular
vulnerability of SNc¢ DA neurons is due to a combination of physiological phenotypes and not only
intracellular calcium oscillations. Intriguingly, recent post-mortem studies showed that there was no
decrease in Cavl.3 mRNA level in early or late stage PD in human SNc compared to controls (106, 107),
despite significant loss of SNc¢ neurons. Finally, in addition to CaV channels, ATP sensitive potassium
channels (K-ATP) have also been reported to regulate the excitability and vulnerability of SNc DA neurons
(108).

11.18 Axonal arborization size

A fourth hypothesis proposes that vulnerable neurons such as those of the SNc are particularly
vulnerable because of the massive scale of their axonal arborization, leading to very high numbers of axon
terminals, elevated energetic requirements and chronically high oxidant stress. Indeed, it has been shown
that SNc DA neurons have an exuberant and highly arborized axonal arborization with estimates upwards
of a million neurotransmitter release sites per SNc¢ DA neuron in humans (76, 109): this would make them
some of the most highly arborized neurons in the nervous system. This characteristic has the potential to
place a very large bioenergetic burden on these cells, leaving little margin for additional bioenergetic stress
(76, 78, 93). It has been calculated that the ATP requirement for propagation of one AP grows exponentially

with the level of branching (110). In a recent publication (78), we demonstrated in vitro that reducing the
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axonal arbor size of SNc DA neurons to a size more similar to that of VTA DA neurons using the axonal
guidance factor Semaphorin 7A, was sufficient to greatly reduce basal OXPHOS and reduce their
vulnerability to toxins including MPP+ and rotenone. Although as previously discussed, the extent of
neuronal loss is still unclear for many neuronal populations, it does seem likely that most neuronal nuclei
affected in PD include neurons that are relatively few in number, but all possess long and profuse
unmyelinated axonal arbors and a large number of axonal terminals (111-116). However, comparative data
evaluating axonal arbor size amongst these populations and in populations of neurons that do not degenerate
in PD is presently lacking. An interesting case is that of striatal cholinergic interneurons, which were
previously estimated in rats to present 500 000 axonal varicosities (117, 118), but have not been reported
to degenerate in PD. This estimate was obtained by dividing the estimated number of terminals by the
estimated number of cholinergic interneurons in the striatum, which was based on the total number of
striatal neurons and the proportion of cholinergic interneurons. Considering recent stereological counting
of the number of neurons in the rat striatum, it is possible that the total number of terminals estimated for
striatal cholinergic neurons may have been overestimated by a factor of six (119). Careful quantitative and

comparative studies are clearly needed.

11.19 A global bioenergetic failure hypothesis

One commonality between these four hypotheses is that they all suggest that vulnerable neurons are
under intense mitochondrial / bioenergetic demand. This could alter the oxidative stress response by
depleting antioxidants like glutathione (GSH), as previously suggested to occur in the PD brain (120-122).
This stress could also, at a certain point, place the cells in a situation in which the rate of OXPHOS required
to sustain neurotransmitter release and cellular excitability leaves too little of the cell’s resources to sustain
other key cellular functions such as degradation of damaged or misfolded proteins (77). This could lead to
preferential dysregulation of axon terminals, triggering a dying back cascade culminating later in cell death
(5, 123, 124). Approximately half of the oxygen consumed by mitochondria in SNc DA neurons appears to
be used by activity-dependent cellular processes such as firing and neurotransmitter release (78). In this
context, axon terminal degeneration seen early in the disease, prior to cell death, could be in part an attempt
by stressed neurons to adapt to such excessively high metabolic needs. Such a dying back process could
also lead to increased amounts of damaged axonal proteins to manage, potentially promoting their
accumulation in intracellular inclusions. Since a-synuclein is highly concentrated in axon terminals, it is
possible that retraction of axonal processes in a cell where protein degradation systems are overwhelmed
promotes creation of pathological aggregates of this protein, thus accelerating cell death. Interestingly,

lysosomal defects secondary to GBA1 gene mutations are present in up to 10% of PD patients. This gene
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encodes a glucocerebrosidase responsible for breaking down lysosomal glucolipid. When GBA1 is mutated,
the level of glucolipid and of misfolded proteins increases in neurons. This is likely to represent a particular
challenge for highly arborized neurons such as SNc¢ DA neurons, perhaps explaining why such mutations
are now considered the greatest genetic risk factor for PD (125-131). Similarly, mutations in gene products
implicated in mitophagy and mitochondrial antigen presentation (PARK2, PINK1) (132, 133), oxidative
stress response (PARK7) (134, 135) or vesicular trafficking (LRRK?2) (136, 137) are present in familial
forms of PD and their detrimental impact on cellular functions could represent larger challenges for highly

arborized and energetically ambitious neurons.

11.20 Towards better treatments of PD

In the context of the hypotheses discussed here regarding the origin of the selective vulnerability of
neurons in PD, novel strategies to promote survival and preservation of cellular functions amongst
challenged neuronal populations could possibly come from approaches that aim to reduce mitochondrial
burden by either reducing neuronal metabolic needs or optimizing mitochondrial function. As an example,
the CaV1.3 channel inhibitor isradipine is presently in phase 3 clinical trial and could possibly reduce the
calcium- and activity-related metabolic stress of SN¢ DA neurons leading to neuroprotection (138). Other
promising molecules could come from the repurposing of drugs used to treat diabetes and other metabolic
diseases. One example is exenatide, a glucagon-like-peptide-1 agonist that has the property to increase
glucose-induced insulin secretion, to prevent the rise of ROS and prevent decreases of mitochondrial
function in diet-induced obese mice (139). This agonist was found to reduce the loss of DA neurons in the
MPTP mouse model (140) and a recent clinical trial has shown improved motor function after 60 days of
administration to PD patients (141). Overexpression of the mitochondrial deacetylase SIRT3 has also
recently been shown in two studies to reduce basal OXPHOS by DA neurons and to protect SN¢ neurons
in rodent models of PD (142, 143). With further discoveries of the underlying causes of the intrinsic
vulnerability of neurons in the PD brain and PNS, multiple other strategies may soon be devised to address

some of the specific challenges faced by energetically challenged neurons.

In conclusion, although the presently available data strongly argue that multiple populations of
neurons are affected in PD and degenerate to varying extents, new work is needed to provide a more
systematic, comparative, and time-dependent quantification of neuronal loss in this disease. More
comprehensive and convincing data on cell death and axon terminal dysfunction in PD will likely provide
additional impetus for new work aiming to solve the long-awaited challenge of identifying disease-

modifying therapeutic approaches for this incapacitating and ill-treated disorder.
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12 Chapter 3 — Letter to the editor

Overview

Given the importance of the identity of the neurons degenerating in PD, we noticed that citations to
our review on the evidence for cell loss in PD were often inaccurate or missing the point. Because we
believe this to be such an essential element for understanding PD, we thought it pertinent to demonstrate to
our research community that this crucial observation is not being addressed in the current literature. For the
most part, claims made citing our work were for background information on PD. However, it became
apparent that some of the claims made, citing our work, implied the contrary of what we had aimed to
highlight. With hindsight, we could have made our observations more assertive, and clear; including a
review on selective vulnerability in the review perhaps diluted the core message we had hoped to convey.
In all, this letter hopes to illustrate what is perhaps a dogmatic view of selective vulnerability in PD, and to
contribute to our community recognizing the need for further investigation into the identity of “PD-

vulnerable neurons”.
Contributions
Samuel Burke: conception, data collection, analysis, writing of manuscript.

Louis-Eric Trudeau: conception, providing resources, supervision, writing of manuscript.

Accepted subject to revisions (2021-11-17) at npj Parkinson’s Disease
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12.01 On cell loss in Parkinson’s disease, and the citations that followed

Samuel Burke and Loui-Eric Trudeau

Writ large, Parkinson’s disease (PD) is caused by the dysfunction and subsequent loss of several
neuronal populations, notably dopamine neurons of the Substantia Nigra pars compacta (SNpc). Identifying
the neurochemical and neuroanatomical identity of these neuronal populations — as well as the temporal

order of their degeneration — is fundamental to understanding this disease.

It appears that many claims concerning the spatiotemporal pattern of neuronal loss in PD are based
on Lewy pathology, rather than overt cell loss. However, counting neurons in post-mortem tissue is the
only way to generate the data necessary required to understand properly such spatiotemporal pattern
underlying the multiple symptoms of this disease. And the most (and only) reliable method for this is
unbiased design-based stereology (1-3). Stereology as a method for ‘neuromorphometry’ has been around
for well over a century (4), however, its application to the SNpc is comparatively recent (5), and much of
the data on cell loss in PD precedes its widespread implementation. Not only has large parts of the literature
on cell loss in PD not used design-based stereology, much has also not used simple standards of blinding
and reporting essential clinical variables, let alone comparing cell counts of multiple neuronal populations

in the same cases (6).

In 2018 we published a review article (6) where we aimed to communicate that, given the available
literature, there is insufficient evidence to support granular claims made about the specific neurochemical
identity of cells lost in the brains of people diagnosed with PD and to make conclusive and broad statements
about the temporal order of this specific cell loss. Our goal was also to encourage the field to undertake

further quantitative studies on neuronal loss in the human brain in PD, comparing multiple brain regions.

This review has gone on to be well cited (2021-09-24: Google Scholar: 136), yet, despite our
presented data and arguments, statements citing this work very often do not integrate the view we have put
forward. In fact, several even cite this piece in support of what is now most probably a dogma. Motivated
by this observation, in this letter we aim to draw to the attention of basic and clinical scientists that the
identity and temporal order of neuronal degeneration in PD is still an open question. Given that the specific
identity and temporal order of degeneration underpins hypotheses of selective vulnerability — shaping the
nature of comparative work trying to distinguish the features of neurons that render them vulnerable in PD
and the paradigms that major funding bodies are funding — we believe it essential that new longitudinal

studies be conducted addressing these questions.

Our aim here is to illustrate and understand the nature in which our previous review has impacted

our field’s understanding of PD. We note that most papers that cited our work, did so in support of
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statements on general background information related to PD, and PD pathophysiology. However, we have
noticed that very few claims integrate our core message: that as a field, we need to generate better quality

data on the location and order of neuronal degeneration in PD.

Of the 136 citations listed by Google Scholar [at the time of writing] (the highest count across
indexing platforms), we extracted 153 statements from 114 scientific documents citing our review (written
in English and from peer-reviewed articles or theses). We then characterized these statements (Table 6)

according to the criteria listed in Table 5.

Classification Instances
Description
Statements addressing broad background information on PD. 124

e.g. PD is associated with loss of dopamine

(DA) neurons of the Substantia Nigra pars compacta.

Statements addressing core message of review. 7

Referring to the lack of data on the spatiotemporal pattern of PD-specific cell loss.

Statements made that are contrary to contents of review. 7

Inaccurate given the contents of our review. e.g. Ventral Tegmental Area dopamine neurons are
unaffected in PD.

Statements that are citing specific data from within the review. 39

Refers to specific data available from a study cited within our review.

Statements made that are unrelated to review, or inaccurate. 12

Claiming specific loss, or lack of loss of neuronal types not mentioned in review.

Table 5 Statements made citing our review categorized according to the described criteria.

Multiple statements made within a single publication were categorized individually.

The scarcity of statements made citing our core message suggests that our field is yet to integrate this
message into its understanding of cell loss in PD. We observe that an equal number of statements — seven
— are made addressing the core message of the review, as those that are inaccurate (continuing a narrative
that this spatiotemporal pattern is well-established). Considering that how we cite can impact scientific
narratives for decades (7,8), we hope that by addressing the nature of how the research community has
taken up our initial message, we can contribute to accelerating progress in our field: avoiding epistemic

cul-de-sacs driven by our research culture (9), and re-opening avenues towards progress.
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We must highlight a notable exception by Huynh and colleagues (10) — whether impelled or not by
our work — re-examined previous cases of a “well-characterized cohort”. Acquiring bilateral brain stem
samples (with detailed clinical records) from a previous study (11), Huynh et al. performed the first
stereological quantifications of noradrenergic locus coeruleus neurons in confirmed cases of PD.
Promisingly, for the sake of our models and in line with previous quantifications, they find substantial
neuronal loss with ~43% of noradrenergic neurons remaining in this structure for cases with PD, and ~14%
for cases of PD with dementia, compared to controls (with an n of 9, 5 and, 7 respectively).
Notwithstanding, this study is unique, and it remains essential that we acquire more extensive longitudinal

data on multiple neuronal populations, in the same cases, with detailed clinical variables measured.

At the time of writing, we have not received correspondence suggesting that we have missed vital
literature, nor that our claims are unwarranted. Nevertheless, we have come to realize that literature was
missed. With colleagues, a preregistered systematic review and meta-analysis (12) is ongoing to quantify

cell loss in confirmed cases of PD across all studies available.

The following quote we believe embodies the urgency of addressing the points we raise: “What if
our understanding of Parkinson’s disease is also impeding our ability to find cures? Could it be that
generating hypotheses based on what we think we know, along with our rigid funding models, is making it
nearly impossible to find what we really need to know?” (13). As scientists, we must continue to serve the

individuals at the end of our label — those diagnosed with PD, today and in the future.
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12.03 Statements citing our work

Statements Publication Classification

After the motor symptoms appear, nigral DA neuron loss increases up to 60% or (Kouli et al., 2018) background,
higher and strongly correlates with the severity of motor features and disease background
duration.

Apart from the SNpc, widespread cell loss can be found in several subcortical
nuclei, including the locus coereleus, the nucleus basalis of Meynert, the dorsal
motor nucleus of the vagus nerve, the pedunculopontine nucleus, the raphe
nuclei, and also the hypothalamus and the olfactory bulb.

The mechanisms underlying the selective and progressive mDAergic neuron (Marchetti, 2018)  background, unrelated
death in PD and experimentally induced PD are not clarified; however, oxidative

stress and inflammation associated to molecular changes indicative of

mitochondrial dysfunction and apoptosis were identified in the parkinsonian

brain.

Earlier and more recent findings underscored that Wntl/B-catenin signaling
cascades play a prominent role in mDAergic development.

PD is primarily characterized by a selective degeneration of dopaminergic (Assini, 2019) background
neurons in the substantia nigra pars compacta (SNc) and their projections to the

basal ganglia (BG) via the nigrostriatal pathway. Neurodegeneration has also

been observed in other regions; including the locus coeruleus, basal forebrain,

pedunculopontine nucleus, raphe nuclei, and hypothalamus.

The underlying cause of neurodegeneration in PD remains unknown. (Bastasic, 2019) background,
. . . . background,

However, numerous studies have shown mitochondrial dysfunction to be grou

. . background
associated with PD.
Whether mitochondrial dysfunction is causative or simply a symptom of PD is
still under investigation.
Its primary motor symptoms are caused by the progressive degeneration of (Benkert et al., background, contrary
dopaminergic midbrain neurons, particularly those within the substantia nigra 2019)
(SN).

This stressful Ca2+-driven mode of action distinguishes dopaminergic neurons
in the SNc (and other vulnerable neurons) from neighboring pacemaking
dopaminergic neurons in the ventral tegmental area (VTA), which are spared in
Parkinson’s disease.

As aresult, the degree of Parkinson’s disease-related neuronal loss is likely just  (Betts et al., 2019)  within, contrary [now is

as severe in the LC as in the SNpc. accurate with new data
(2021) — but not at
time of writing]

Though it is important to note that evidence connecting Lewy pathology and (Blair et al., 2019)  background
neuronal death is limited and neurodegeneration is an imperfect proxy for Lewy
pathology.
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Statements Publication
... higher basal rate of mitochondrial oxidative phosphorylation ... (Blesa & Vila,
2019)

... axonal arborization, or afferent/efferent activity pattern ...

While other neuronal populations also undergo neurodegeneration in PD, the (Bucher, 2019)
motor deficits resulting from nigrostriatal degeneration are the cardinal

symptoms of PD and lead patients to seek medical attention. By the time that

motor symptoms present, there is already significant loss of DAergic neurons in

the nigrostriatal pathway.

While the accumulation of iron has not been proven as the sole cause of (Deal &
pathogenesis in these disorders, the fact that iron rich centers in the brain such as Yamamoto, 2019)
the basal ganglia are often more susceptible in neurodegenerative diseases

suggests their potential involvement

In this order of evidences, a recent review by Giguere et al. (2018) reveals that ~ (Diaz et al., 2019)
vulnerability of neuronal populations in PD extends well beyond basal ganglia

and SNpc, these including the hippotalamus, locus coeruleous, pre-

supplementary and premotor cortex, amygdala, thalamus, ventral tegmental area,

raphe nuclei, dorsal motor nucleus of the vagus nerve, amongst others.

Interestingly, no cell loss has been observed in the cerebellum.

Some cells and regions within the brain are further vulnerable to inflammation ~ (Dwyer, 2019)
for a variety of reasons including axonal length and complexity ...

The dopamine producing cells located in the SNc are one of these vulnerable
populations.

These areas notably include the SNc in PD as well as cholinergic neurons in
LBD and are thought to be vulnerable to o-syn dysregulation and accumulation
due to factors including: heightened metabolic rate.

Parkinson’s disease (PD) is characterized by a loss of substantia nigra pars
compacta (SNc) dopaminergic neurons which project the basal ganglia, resulting
in motor disturbances.

Recent in vitro evidence suggests that the dopaminergic cells of the SNc may be
particularly vulnerable to oxidative stress even compared to the relatively similar
dopamine producing neurons of the ventral tegmental area, due to a variety of
factors including activity, axonal length and mitochondrial density.

At the time of PD diagnosis, it is estimated that between 50% and 70% of (Giannopoulos et
dopaminergic neurons within the SNpc have degenerated (Giguere et al., 2018), al., 2019)

but by increasing the supply of exogenous LDOPA, the synthesis of dopamine

can be increased in the surviving dopaminergic neurons.

PD is a neurodegenerative disorder primarily characterized by a massive loss of  (Giguere et al.,
DA neurons in the SNc that is also thought to be accompanied by the loss of 2019)

other types of neurons in a select subset of brain regions including the locus

coeruleus and the pedunculopontine nucleus.

A striking example of this selectivity is the much higher resilience of the
neighboring DA neurons of the ventral tegmental area (VTA), which are far less
affected than SNc¢ DA neurons in PD.

Classification

background,
background

background, unrelated

background

background, within

background,
background, unrelated,
background, within

background, within

self-citation,
background, within
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Statements Publication

Aside from the SNc, PD-specific cell loss has also been reported in the ventral ~ (Goh et al., 2019)
tegmental area, amygdala and dorsal motor nucleus of the vagus nerve,
hypothalamus, cortex, thalamus and many other brain regions.

In PD the predominant neurodegeneration involves dopamine neurons in the (Hernandez et al.,
SNpc ventro-lateral tier. 2019)

There has also been some controversy about the ‘neuroprotective’ role of
calbindin, since some studies have reported its presence in surviving neurons,
but the expression pattern does not accurately reflect the different degrees of
dopamine neuron vulnerability.

Additionally, in PD animal models has been shown that complex axonal (Hernandez-
arborization, elevated mitochondrial bioenergetics (other references), and Baltazar et al.,
selective vulnerability of neuronal populations could contribute to the speed of ~ 2019)
progression of neurodegeneration.

These neurons contain calbindin (CAB) and glycolytic enzymes, but are poor in  (Jellinger, 2019)
DAT and arborize profusely in the striatum and extrastriatal components of the

BG. NM lipid changes, upregulation of a-Syn, low intrinsic calcium buffering

capacity, change in iron levels, long, poorly myelinated, highly branched axons,

and various risk factors promote the susceptibility to selective death of these

neurons due to disruption of nuclear membrane integrity.

However, relative vulnerability of some types of cells over others to the disease  (Korecka et al.,
causing mechanisms account for the specific loss of dopamine neurons in the 2019)
substantia nigra.

After the motor features appear, nigral DA neuron loss increases up to 60% or  (Kouli, 2019)
higher and strongly correlates with the severity of motor features and disease
duration.

Apart from the SNpc, widespread cell loss can be found in several other brain
areas, including the locus coereleus, the nucleus basalis of Meynert, the dorsal
motor nucleus of the vagus nerve, the pedunculopontine nucleus, the raphe
nuclei, and also the hypothalamus and the olfactory bulb.

Investigating axons with large arbours is important for understanding (Kuznetsov &
Parkinson’s disease (PD). Kuznetsov, 2019)

On the other hand, nondopamine neuronal populations are also highly affected  (Liss & Striessnig,
by the degenerative process in PD. 2019)

Additionally, degeneration of locus coeruleus (LC) neurons, which utilize NE as (Monzani et al.,
neurotransmitter, occurs in PD and may precede that of SNpc DAneurons. 2019)

Since the metabolic demands of SNc neurons are particularly high when (Muddapu et al.,
compared to any other neuronal types (Sulzer, 2007) including neurons of other 2019)
dopaminergic systems (Bolam and Pissadaki, 2012; Pacelli et al., 2015; Giguére

et al., 2018), any sustained insufficiency in the supply of energy can result in

cellular degeneration, characteristic of PD.

Classification

background

background, within,
within

background

Background, within

background, unrelated

within, contrary,
background, within,
background

Background, within

background

background, contrary

background, unrelated
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Statements

Therefore, the insight behind these new lines of investigation is the mismatch in
energy supply and demand which could be a primary factor underlying
neurodegeneration in PD. Such a mismatch is more likely to take place in special
nuclei like SNc due to their peculiar metabolic vulnerability.

Parkinson’s disease (PD) is characterized by progressive loss of the nigral
dopaminergic neurons and pathological intraneuronal accumulation of a-
synuclein (a-syn) in Lewy bodies in different areas of the nervous system.

Although unbiased stereological quantifications are lacking, reported LC cell
loss ranges from 21% to 93% and is commonly observed in advanced PD stages.

PD typically starts with neuromelanin-rich dopaminergic neurons (DANs)
degeneration in the substantia nigra pars compacta of the midbrain and
dopamine (DA) deficiency in the striatum ...

Loss of these cells causes the characteristic motor symptoms of the disease. In
contrast, non-DA neuronal populations, such as cortical (CTX) neurons, are
generally spared in the disease.

Its motor-related symptoms are caused by a progressive loss of dopaminergic
(DA) neurons, particularly within the Substantia nigra (SN).

Nigral dopaminergic neurons, and other specific cell types, are highly vulnerable
in Parkinson’s disease.

Extensively cited.

Among several hypotheses regarding the selective neuronal vulnerability in PD,
the autonomous pacemaking is gaining attention.

The most prominent aspect is the loss of dopaminergic neurons in the substantia
nigra pars compacta.

Apart from the SNpc, widespread cell loss can be found in several subcortical
nuclei, including the locus coeruleus, the nucleus basalis of Meynert, the dorsal
motor nucleus of the vagus nerve, the pedunculopontine nucleus, the raphe
nuclei, the hypothalamus, and the olfactory bulp.

PD is a multisystemic disorder since Lewy pathology also affects
nondopaminergic areas.

Starting from the knowledge that there is neurodegeneration in extranigral nuclei
as part of the degenerative course of Parkinson’s disease.

Due to the fact that PD is characterized by a broad Lewy pathology localization
and at the same time by a neuronal loss evident only in limited brain regions,
including subsets of brain nuclei and the SN, it is indeed supposed that there

Publication

(Nissen et al.,
2019)

(Oertel et al., 2019)

(Ren et al., 2019)

(Riessland et al.,
2019)

(Simons et al.,
2019, p. 1)

(Snyder, 2019)

(Wong et al., 2019)

(Zhan et al., 2019)

(Alegre-Cortés et
al., 2020)

(Aryal et al., 2020)

(Belloli et al.,
2020)

(Blanco-Lezcano et
al., 2020)

(Brazdis et al.,
2020)

Classification

background

core, within

background, contrary,
within

Background, within

background

background

Self-citation

background, within

background

background

background

background

background
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Statements

might be common features rendering PD pathology-related neurons more
vulnerable.

Not all DA neurons are equally susceptible to neurodegeneration, as DA neurons
in the ventral tegmental area (VTA) are more resilient than DA neurons of the
substantia nigra pars compacta (SNc).

PD patients have low levels of dopamine in basal ganglia owing to a severe loss
of dopaminergic neurons in the substantial nigra pars compacta (SNpc).

However, while this mismatch does not at all exclude such prion like
propagation of aSyn pathology, regional or cell-autonomous mechanisms, as
proposed here, must also be factored into pathogenesis.

ongoing generation of toxic dopamine metabolites in the cytosol; a greater need
to buffer Ca2+ ions; and collectively, a greater degree of oxidative stress.

It is estimated that 40-60% of dopaminergic neurons are already lost once motor
symptoms arise, due to the degeneration of dopaminergic projections from the
SNpc to the putamen in the dorsal striatum.

However, diagnosis usually only occurs when 40—-60 % of dopaminergic
neurons have already been degenerated.

The symptomatology is further broadened by alterations of other neuronal types
throughout the course of the disease, although to a lesser extent.

A9 mDA neurons, which primarily project to sensorimotor and associative
striatal areas (putamen and caudate nucleus), as well as some cortical areas, are
particularly vulnerable to neurodegeneration in PD.

Nevertheless, despite mDA neuron neurodegeneration being the central element
of PD pathology, there is also evidence of a loss of cholinergic, adrenergic, and
potentially serotonergic neurons over the course of the disease, which alters
cortical and basal ganglia function and has been linked to several nonmotor
symptoms.

The most vulnerable neuronal subpopulations include SNpc DA neurons;
cholinergic neurons in the pedunculopontine nucleus, nucleus basalis of
Meynert, and dorsal motor nucleus of vagus; noradrenergic neurons in the locus
coeruleus; and serotoninergic neurons in the raphe nucleus.

Other proposed causes include oxidative stress (eg. loss of iron homeostasis),
dopamine toxicity, autonomous pacemaking driving rhythmic Ca2+-dependent
action potentials, and other vulnerabilities in mitochondrial function arising from
the size of axonal arbors.

However, the magnitude and timing of this degeneration is poorly defined
because of the constraints of working with post-mortem human tissue.
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... although it must be acknowledged that the assessment of neuronal loss has
not been rigorously distinguished from phenotypic down-regulation in the vast
majority of studies.

... the PPN was chosen because it is cytologically heterogeneous and manifests
both LP and cell loss in cPP.

Regardless, the selective vulnerability of PPN CNs to PFFs is consistent with
studies of the human cPD brain, in which neuronal cell loss and LP in the PPN is
largely limited to CNs.

However, it should be noted that few studies have performed stereological
quantification of neurons in the VTA and the one study to do so reported a loss
of neurons in this dopaminergic regions.

While the clinical syndrome of PD was initially attributed to basal ganglia
dysfunction, human postmortem and animal model studies have subsequently
shown that non-dopaminergic neurons in other brain regions (such as vagus
dorsal motor nucleus, locus coeruleus and raphe nuclei) are also involved.

Although SNCA mutations are a rare cause of PD, the pivotal role of a-
synuclein in the pathogenesis of PD is now clearly recognised.

a-synuclein also exists in different forms/ species depending on experimental
conditions, and the relative toxicity of its oligomeric and fibrillar species has
been debated.

PD is known to cause progressive cell loss in various regions of the brain.

Moreover, cell loss has also been observed in the hypothalamus of Parkinson’s
disease patients; Thannickal et al. reported 50% hypothalamic cell loss in 10
patients with Parkinson’s disease, with cell loss increasing with severity.

Although how or why they form is unknown, aberrantly phosphorylated o-syn
aggregates are found variously throughout the post-mortem brain in
synucleinopathies, including most (but not all) forms of PD.

Furthermore, the failure of dopamine replenishment to abate many non-motor
symptoms and prevent disease progression, in concert with extranigral cell death
in thalamic and cortical areas.

Although the loss of DA neurons at the SNc is the canonical pathological feature
in PD patients, a large body of evidence has shown that non-DA neuron
populations in other regions of the brain also undergo neuron loss.

In late-stage Parkinson’s disease, post-mortem Lewy pathology is observed in
surviving nigral cells, but also throughout the brain, to varying degrees.

Ageing, interacting with a myriad of environmental noxious factors, represents a
most crucial event, linking increased inflammation and oxidative stress to
mitochondrial deficits and dysregulation of lysosomal, proteosomal and
autophagic functions, robustely contributing to the chronic mDAn deterioration
in the PD brain.
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A key feature of astrocyte neuroprotective properties is the activation of an
antioxidant self-defense response. Indeed, DA oxidative metabolism represents a
vulnerability factor linking both mitochondrial and lysosomal dysfunctions to
PD pathogenesis.

Aging represents the most crucial event, linking increased inflammation and
oxidative stress to mitochondrial dysfunction and dysregulation of lysosomal,
proteosomal and autophagic functions, likely contributing to the chronic
neuronal deterioration in the PD brain.

In areas such as Nucleus Basalis of Meynert (NBM), Olfactory Bulb and
neurons of the enteric nerves system (ENS) no clear evidence of neuronal lose in
these areas.

These symptoms likely arise from a more widespread distribution of
pathological Lewy bodies and neurites and from the degeneration of non-
dopaminergic brain nuclei and are therefore treated in a patient-specific manner.

One key characteristic of PD is the death of the midbrain dopaminergic (mDA)
neurons, but until recently, it was impossible to study them since 60% of these
neurons have disappeared by the time of diagnosis, and about 90% by the time
the patients die.

In contrast to mDA neurons, the effect of PD on other types of DA neurons is
variable, hence their study would not be as pertinent to the elucidation of
mechanisms causing PD-induced cell death.

Their distinct identity is reflected in their function and leads to their unique
susceptibility to death in PD, which in turn leads to the classic movement
symptoms of the disease.

Oxidative stress, mitochondrial dysfunction, protein aggregation and misfolding,
activation of programmed cell death, neuroinflammation, neurotoxins, and the
loss of neurotrophic factors (NTFs) have been proposed to be involved in
neuronal loss upon PD.

Both ADHD and PD are characterized by basal ganglia alterations. Enlarged
echogenic substantia nigra area has been found in children with ADHD but also
in people with PD.

This selective vulnerability is one hallmark for PD in patients and raises the
question which cell type specific factors render SNc DaNs vulnerable to
mitochondrial dysfunction.

PD is associated with loss of dopamine (DA) neurons in the Substantia Nigra
pars compacta (SNpc).

Studies have also reported a substantial loss of cholinergic neurons in the
different brain regions and also serotonergic neurons of the raphe nuclei in PD
pathogenesis.
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... likely play an important role in DAergic neuroprotection against oxidative
damage.

Even though the PD is depicted by the loss of nigrostriatal dopamine (DA)
neurons, but its pathology also involves the profound loss of serotonergic and
cholinergic neurons as well as a profound loss of neurons in LC.

PD is characterized by progressive dopaminergic cell death in the SNc, which
primarily projects to the basal ganglia, and a less severe but significant loss of
dopaminergic neurons in the VTA.

Besides the SNc DA neurons, TH positive noradrenergic cells in the locus
coeruleus (Ic), tryptophan hydroxylase 2 (TH2) -positive serotonergic cells in
the raphe nuclei (rn) and choline acetyltransferase (ChAT)-positive cholinergic
neurons in the nucleus basalis of Meynert (nbM) have been reported to exhibit
LBP.

In addition to SN¢ DA neurons, a number of additional cell types with a distinct
neurochemical profile may be affected in PD, including noradrenergic cells in
the locus coeruleus (Ic), serotonergic cells in the raphe nuclei (rn) and
cholinergic neurons of the nucleus basalis of Meynert (nbM).

The presence of LBs in the nucleus basilaris was declared pathognomonic to PD;
however, they were detected in 100% of patients diagnosed with idiopathic PD
by ubiquitin immunohistochemistry.

However, there is also widespread cell loss in several subcortical nuclei,
including the locus coeruleus (LC).

The average reduction of nigral DA neurons determined by stereological
estimates in 181 PD patients across 12 studies has been estimated to around
~68% but reflected considerable inter-study and inter-individual variation.

The most important of these is likely to be the neuron’s massive axonal arbor.

While transmitter phenotype may not be a universally shared trait of vulnerable
neurons, other traits are shared.

If Ca2+ and feedforward control of mitochondrial OXPHOS are the keys to the
vulnerability of SNc¢ DAergic neurons in PD, other neuronal populations at-risk
in PD should have a similar phenotype. Many other neurons, particularly in the
brainstem, are vulnerable in PD.

PD is classically defined by loss of dopaminergic neurons within the substantia
nigra pars compacta, but evidence of neuronal cell death within other brains
regions and diffuse Lewy body pathology, including in cortical regions, is
commonly observed in the disease.

We chose to analyze the amygdala because it is a brain area severely affected by
a-syn pathology in patients with Braak stages IV to VI without the presence of
overt neurodegeneration.
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By the time PD can be diagnosed on the basis of its cardinal motor symptoms,
the neurodegeneration not only in the substantia nigra pars compacta but more
widely — has been advancing for many years.

In a similar theory of susceptibility, degeneration in the substantia nigra and
other nuclei is thought to be accelerated, perhaps owing to high energy demands
as a result of high baseline activity and arborization.

The extensive axonal arborization of dopaminergic nigrostriatal neurons may
make these cells especially vulnerable to transport deficits.

... it is also unclear why certain types of neurons appear to be much more
vulnerable than others.

Parkinson’s disease (PD) is characterized by a loss of substantia nigra pars
compacta (SNc) dopaminergic neurons resulting in motor disturbances.

VTA dopamine neurons, which are far less vulnerable to degeneration, did not
show altered survival in the absence of parkin, suggesting that the absence of
parkin is potentially lethal only in neurons that exhibit higher energetic demands
and higher oxidative stress associated with profuse arborization.

Likewise, accumulation of iron in the brain, especially in the basal ganglia, is
often more susceptible to neurodegenerative diseases, suggests its potential
involvement.

The neuronal loss in the PD brain is not restricted to substantia nigra only, but
catecholaminergic as well as non-catecholaminergic neurons in the dorsal motor
nucleus of the vagus, olfactory bulb, ventral tegmental region, locus coeruleus,
raphe nucleus, and nucleus basalis of Meynert, and the neuronal loss is
associated with reactive gliosis.

A recent review on cell loss throughout the PD brain took great care to analyze
all the studies (ranging from 1953 to 2015) demonstrating cell loss and classified
whether these studies utilized unbiased stereology to count neuron populations
within brain nuclei.

Overall, clearly, there is cell loss in brain areas in addition to the SNc, but
neuron loss in these other brain areas requires further validation. It is also
important to consider that while the cells might not die in PD, they could be but
how these other neurons and circuits contribute to PD symptoms, and in which
circuits synaptic dysfunction occurs remains unclear.

The degeneration of dopaminergic neurons and the decrease in dopamine
content are main causes of Parkinson’s disease and its associated dyskinesia.

Cellular mechanisms such as impaired protein clearance, altered mitochondrial
function, inflammation, and management of reactive oxygen species have all
been proposed to play a role in cell death in Parkinson’s disease.
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These multifaceted clinical features correlate with a sequential degeneration of
neurons within several discrete loci of the brain, which points to both spreading
neuropathology and regional vulnerability as underlying causes for PD.

Considering that clinical signs of PD are presented when about more than 50%
of DA neurons in the SNc and 70% of their synaptic terminals in the striatum are
lost ...

There are nine quantitative postmortem studies published assessing the loss of
A6 neurons in PD that range from very little to 95% loss with greater disease
stages and longer disease durations.

Selectively vulnerable brain regions to LP include (from caudal to rostral); the
noradrenergic A6 locus coeruleus, the midbrain dopaminergic regions, and the
basal forebrain cholinergic regions. Assessments of the SNc are well established,
with an average 68% loss of neurons using stereology, and more severe loss with
increasing disease duration and severity.

Publications on the A10 regions are scarce with an average 31% loss, and
publications on the basal forebrain vary greatly in their outcome (up to 72%
loss). Cell loss in these later regions are both impacted by Alzheimer pathology,
a variable that has not often been controlled for.

The basic tenet of this viewpoint is that certain neuronal populations, due to their
inherent cellular and network properties, are more vulnerable to a-syn induced
proteopathic stress and susceptible to changes in the local microenvironment
(e.g., neuroinflammation, metabolic deficits).

PD is a multifactorial neurodegenerative disease that is believed to be caused by
both genetic changes and environmental factors. It is characterized by the
deposition of toxic a-synuclein inclusions that lead to the death of dopaminergic
neurons in the striatum and, consequently, motor dysfunction.

PD is one of the most common neurodegenerative disorders with cardinal signs
of resting tremor, bradykinesia and rigidity, which mostly result from prominent
death of dopaminergic (DA) neurons in the substantia nigra (SN) pars compacta.

Since the disease discovery over 200 years ago, there has been no disease-
modifying treatment for PD.

A more widespread neurodegeneration affecting non-dopaminergic systems has
also been described. Alterations in neurotransmitter levels have been detected in
the nucleus basalis of Meynert (acetylcholine), locus coeruleus (noradrenaline)
and the raphe nuclei (serotonin), which may contribute to the non-motor
components of the illness including cognition, depression and dementia.

Future versions of the model should take into account the following. (i) Effect of
a complex structure of axonal arbor. DA neurons in SNc have hundreds of
thousands of synapses, which is two orders of magnitude more than other
neurons in basal ganglia.
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Moreover, the higher pacemaker activity and massive axonal arborization of
Tg2576 DA neurons could contribute to their vulnerability, because of the high
metabolic demand and need of increased mitochondrial efficiency.

Interestingly, these SNc-ALDH1A 1+neurons have been shown to undergo
degeneration in PD and have been linked directly with the motor impairments
associated with PD.

Characterized by intracellular aggregation of alpha synuclein (a-syn) and loss of
dopaminergic neurons, PD affects the substantia nigra pars compacta (SNpc),
critical for motor function, and other nuclei.

Pathologically, PD is associated with Lewy bodies and Lewy neurites consisting
of misfolded and aggregated alpha-synuclein protein. Physiologically, PD results
in loss of dopamine neurons in the substantia nigra pars compacta and
subsequent basal ganglia dysfunction.

Since the metabolic demands of SNc neurons are particularly high when
compared to any other neuronal types including neurons of other dopaminergic
systems.

With the progressive loss of dopaminergic and non-dopaminergic neurons and
synapses, available therapies gradually become less effective at controlling PD
motor symptoms.

The pathology of PD involves the loss of dopamine (DA) neurons of the
substantia nigra pars compacta, but other lesions in the form of Lewy bodies
(aggregates of a-synuclein) and neurites have been reported in multiple regions
of the central and peripheral nervous system, including the locus coeruleus, the
dorsal raphe nucleus and the dorsal motor nucleus of the vagus.

...which insinuated that KORs and MORs are less sensitive to brain injury then
DORs and stimulation of DORs might display a protective effect.

While dopaminergic neuronal death is a key pathological hallmark of PD ...

Given that the GABAergic neurons in the striatum and SNr are less affected by
neuronal dysfunction and loss in PD than the dopaminergic neurons of the SN¢

Emerging animal PD models and clinical PD studies clearly show loss of these
three catecholaminergic neuronal populations contributing to disease symptom
characteristics.

Parkinson’s disease (PD) is one of the most common neurodegenerative
disorders. Its motor symptoms are characterized by progressive degeneration of
dopamine (DA)-releasing neurons in the substantia nigra (SN), while
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neighboring DA neurons in the ventral tegmental area (VTA) remain largely
unaffected.

Classically, PD is considered a motor disorder driven by dopamine system (Stanojlovic et al.,  background
impairment, but the importance of non-motor symptoms and pathophysiological 2021)

mechanisms involving different brain regions, neuronal populations, and

signaling pathways has been recently recognized.

In spite of this widespread dysfunction across multiple neurologic systems, the ~ (Subrahmanian &  background, within
SNpc clearly manifests an unparalleled degree of neuronal loss in the PD brain. LaVoie, 2021)

PFF uptake’s activity dependence is a fundamental insight into how aSYN (Surmeier, 2021)  background
pathology might spread in the human brain. It is of considerable interest that

most of the brain neurons that manifest LP in PD are spontaneously (or

autonomously) active neurons with massive axonal arbors.

Mounting evidence suggests that the maintenance of proper NAD+ homeostasis  (Turconi et al., background
is essential for DA neurons that are special types of neurons differing from most 2021)

of the other neurons in the central nervous system in several ways, including

greater energy demand, increased mitochondrial activity, reactive oxygen

species release, and altered Ca+ homeostasis.

Several stereological studies have verified atrophy and neurodegeneration in (Villar-Conde et background
different areas in the postmortem brain of patients with PD. al., 2021)

And the striatum is not considered the brain region where neuron loss occurs in ~ (Yang et al., 2021) unrelated
PD.

The distribution of a-synuclein in the cranial nervous system and the site where  (Yoshino et al., background
neuronal cell loss occurs in PD have been investigated. 2021)
This may explain the increased vulnerability of dopaminergic neurons to (Young, 2021) background

degeneration in Parkinson’s disease, and why treatment with dopamine
precursor, L-dopa, leads to increased dyskinesia follow long-term treatment.

Loss of dopaminergic neurons in the brainstem, including the substantia nigra (Ishikuro et al., background, within
pars compacta (SNpc), ventral tegmental area (VTA), and locus coeruleus (LC), 2021)
is characteristic of Parkinson’s disease (PD).
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13 Chapter 4 — Axonal domain structure and function as a
key cell-autonomous characteristic of selective
vulnerability in Parkinson’s disease — a murine study of
primary cultured neurons

Overview

In this study we aimed to test the hypothesis that neuronal populations vulnerable in PD grow larger
and more complex axonal arborizations than non-vulnerable populations. Furthermore, we
hypothesized that these PD-vulnerable neurons would, at basal levels, produce higher levels of
oxidative stress, and in turn, would be more vulnerable to cell stress induced by hydrogen peroxide
— a potent oxidative stressor. We recognize that, given our previous discussions on the identity of
“vulnerable” vs “non-vulnerable”, this binarization is perhaps somewhat questionable. However, we
believe that by comparing the vulnerability of different neuronal populations, in the context of assays
relevant to the pathophysiology of PD, we are able to reveal insights relevant to cell-autonomous
factors such as the morphology and physiology of the axonal domain, that may be important for

neuronal vulnerability in the context of PD.
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Axonal domain structure and function as a key cell-autonomous characteristic of selective
vulnerability in Parkinson’s disease — a murine study of primary cultured neurons
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13.01 Abstract

The motor symptoms of Parkinson’s disease (PD) are linked to the degeneration of dopamine (DA)
neurons of the substantia nigra pars compacta (SNc).Several populations of neurons are purported to
degenerate in PD. . One current hypothesis suggests that vulnerable neurons in PD share common
morphological characteristics including projecting to voluminous territories and having extremely long and
branched axonal domains with large numbers of neurotransmitter release sites. In this study, we used a
mouse in vitro culture system to compare the axonal domain of neuronal populations suspected to be
vulnerable in PD to that of neuronal population considered at a lesser risk. In the first group, we included
DA neurons of the SNc, noradrenergic neurons of the locus coeruleus (LC), serotonin neurons of the raphe
nuclei (R), and cholinergic (ChAT+) neurons of the dorsal motor nucleus of the vagus (DMV). In the second
group, we included DA neurons of the VTA, cholinergic neurons of the hypoglossal nucleus (XII), and
cholinergic interneurons of the dorsal striatum (STR). Validating their differential vulnerability, we find
that, when compared to PD-resilient neurons, a larger proportion of PD-vulnerable neurons die in the
presence of hydrogen peroxide, despite similar levels of reactive oxygen species production in
mitochondria. We also find that they are endowed with larger axonal domains, that are more complex, have
more axonal varicosities and with a higher proportion of varicosities that are positive for synaptotagmin 1.
Globally, these findings support the hypothesis that axonal domain structure and function is a key cell-

autonomous characteristic of vulnerability.
13.02 Significance statement

Parkinson’s disease (PD) causes the specific degeneration of a small number of neuroanatomically
and neurochemically defined neuronal populations. Currently, our hypotheses suggest that these neurons
are vulnerable due to their specific physiology and morphology. In this study — using mouse primary
neurons — we demonstrate that, when compared to comparable neuronal populations that are not vulnerable
in PD, PD-vulnerable neuron are more vulnerable to cell stress induced by hydrogen peroxide, and that the

overt length and complexity of their axonal arborizations is larger. Furthermore, the striking difference
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between the comparable projecting neurons is the number of Synaptotagminl positive axonal varicosities:

a proxy for their functional status.

13.03 Introduction

There are no disease modifying treatments available for people living with Parkinson’s Disease (PD).
This is clearly related to our limited understanding of why varying PD-related risk factors converge in
causing selective dysfunction and degeneration of several neurochemically and anatomically restricted
neuronal populations. A better understanding of the origin of selective neuronal vulnerability in PD is

therefore critical.

Canonically, PD pathology is described by the presence of Lewy bodies in the brain (for a historical
review see (Goedert et al., 2013)) and by the loss of neuromelanin-containing dopamine (DA) neurons in
the substantia nigra pars compacta (SNc). However, the relationship between Lewy pathology and cell loss
in PD is unclear and has not unequivocally revealed why certain neurons degenerate, while others do not
(Espay & Lang, 2018; Surmeier et al., 2017b). Importantly, the pathology and degeneration in PD is not
limited to dopamine (DA) neurons of the SNc, but rather appears to occur in several nuclei, including the
locus coeruleus (Huynh et al., 2021) and pedunculopontine nucleus (Hirsch et al., 1987; Tubert et al., 2019),
although more systematic stereological quantifications are clearly required to confirm the nuclei showing
frank cell loss and not only Lewy pathology, as well as the sequence of this cell loss (Giguére et al., 2018).
A better understanding of what determines the vulnerability of neurons that are affected in PD is essential

for progress (Surmeier et al., 2017a).

An increasing amount of work supports the hypothesis that the neurons that are most vulnerable in
PD share distinguishing morphological and physiological characteristics — cell-autonomous factors — that
render them selectively vulnerable. Among these, two have been increasingly gaining experimental support.
The first is autonomous pacemaking, with broad spikes, and high intracellular calcium oscillations
(Surmeier et al., 2017a). The second is being endowed with a very long, and highly branched axonal
domain, with orders of magnitude more neurotransmitter-release sites than most other neuron types (Pacelli
et al., 2015; Parent & Parent, 2006; Pissadaki & Bolam, 2013; Wong et al., 2019). It is thought that these
features converge in leading to elevated bioenergetic demands and an associated high level of chronic
oxidative stress (Pissadaki & Bolam, 2013), making the neurons less resilient to mitochondrial dysfunction,
proteostatic burden (Lehtonen et al., 2019) or dysfunction in essential cellular systems such as the endo-

lysosomal system (Vidyadhara et al., 2019).
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However, two important foundations underlying this working hypothesis require additional
investigation. One, is the purported identity of PD-vulnerable neurons, which is still unclear because
comparative stereological counting of multiple nuclei in post-mortem brains from PD subjects has not been
achieved (Giguére et al., 2018; Lunt et al., 2021). And two, work comparing cell-autonomous factors in
PD-vulnerable neuronal populations has been mainly limited to a comparison of SNc¢ and VTA neurons

(albeit some exceptions (Goldberg et al., 2012; Sanchez—Padilla et al., 2014)).

Previous work has shown that cell-autonomous differential vulnerability of SNc and VTA DA
neurons is maintained in vitro, including a striking correlation between bioenergetic demands, vulnerability
to PD-relevant cell stress, and axonal arbor size (Pacelli et al., 2015). In this present study we use a similar
in vitro system, where we examine the characteristics and vulnerability of several PD-relevant neuronal
populations, with the objective to evaluate the hypothesis that the outright size, complexity, and extensive
number of neurotransmitter release sites is linked to vulnerability. We compared neurons from regions
suspected to be vulnerable in PD (DA neurons of the SNc, noradrenergic neurons of the locus coeruleus
(LC), serotonin neurons of the raphe nuclei (R), and cholinergic neurons of the dorsal motor nucleus of the
vagus (DMV) to neurons from regions classically hypothesized as more resilient in PD (DA neurons of the
VTA (although their vulnerability in PD is controversial (Alberico et al., 2015)), cholinergic neurons of the

hypoglossal nucleus (XII), and cholinergic interneurons of the dorsal striatum (STR)).

We find that globally, neurons previously suspected to be vulnerable in PD are less resilient in
response to cell stress induced by hydrogen peroxide, except for cholinergic neurons of the DMV. In
keeping with the hypothesis of a link between axonal domain complexity and vulnerability, we also find
that these PD-vulnerable neurons, on average, have longer and more complex axonal domains, with a much
higher proportion of varicosities containing the Ca*" sensor synaptotagmin 1 (Sytl) and that are thus likely
active. Together these findings support the notion of a link between axonal complexity and basal

vulnerability of neurons in PD.
13.04 Materials and Methods

Animals Procedures with animals and their care were conducted in accordance with the Guide to care and
use of Experimental Animals of the Canadian Council on Animal Care (Canadian Council on Animal Care,
1993). Experimental protocols were approved by the animal ethics committees of the Université de
Montréal. Housing was at a constant temperature of 21°C and humidity of 60%, under a fixed 12-hour light

/ dark cycle, with food and water available ad libitum.

Transgenic animals used All mice were maintained as heterozygotes.
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TH-GFP The TH-green fluorescent protein (GFP) transgenic mouse line TH-EGFP/21-31, which carries
the enhanced GFP gene under control of the TH promoter (Matsushita et al., 2002), was maintained on a

C57/BL6 background.

DAT-Ai9 Dat-Ires-Cre animals (catalog #006660, The Jackson Laboratory; (Backman et al., 2006)) were
crossed with Ai9/tdTomato mice (catalog #007905, The Jackson Laboratory; (Madisen et al., 2010)),

allowing conditional expression of the red fluorescent protein tdTomato in DA neurons.

ChAT-Ai9 ChAT-IRES-Cre (catalog #006410, The Jackson Laboratory; (Rossi et al., 2011)) were crossed
with Ai9/tdTomato mice (catalog #007905, The Jackson Laboratory; (Madisen et al., 2010)) allowing

conditional expression of the red fluorescent protein tdTomato in cholinergic neurons.

SERT-Ai9 Slc6a4-Cre (MMRRC Stock #031028-UCD; (Gong et al., 2007)) were crossed with Ai9
(catalog #007905, The Jackson Laboratory; (Madisen et al., 2010)) mice, allowing conditional expression

of the red fluorescent protein tdTomato in serotonin neurons.

Primary cell culture Primary neuron cultures were prepared from dissections of male and female PO mice
as described previously with slight modification (Figure 21A) (Fasano et al., 2008). Figure 21B shows the
anatomical location of target structures used in this work. For all experiments, cells were cultured for 10
days, prior to either fixation, or live cell imaging. All experiments were performed on at least 3 (3-6)
independent cultures. For analysis of varicosities, cultures were prepared as previously described, and
seeded onto 15mm cell adhesion-treated glass coverslips (65ul of 100,000 cells / ml) (Fasano et al., 2008).
For hydrogen peroxide assays concentrations of 0, 100, 150, and 200uM were used, as these have been

found to generate consistent decreases in neuronal survival across neurons types (Pacelli et al., 2015).

96 well plates For cell stress assays and neurite tracing, primary cultures were prepared as described above,
but seeded into 96 well plates (u-Plate 96 Well Black, ibiTreat: #1.5 polymer coverslip, tissue culture
treated, sterilized; Cat.No. 89626). Since dissections of tissue surrounding targeted neurochemically and
anatomically defined nuclei can vary, we pooled cells from, 3-5 post-natal day 0-2 pups, per multi well
plate. This enables a reduction in, for example, total DA SNc neurons variability — culture to culture —
even where total number of cells (neurons and glia) seeded varied. This resulted in ~ 5k to 10k cells, in
total, being seeded per well. For cell stress assays, hydrogen peroxide (30% (W/W) solution, Sigma H-
4381) was added at 0, 100, 150, and 200uM, at 10 days in vitro (DIV), and cells were fixed at 11 DIV.

Live cell imaging For live cell imaging, cultures were prepared as above, but seeded (200ul of 100,000
cells / ml) into 35mm imaging compatible glass-bottomed petris (u-Dish 35 mm, high ibiTreat: 35 mm,
high wall (2 ml volume), #1.5 polymer coverslip, tissue culture treated, sterilized; Cat.No. 81156).
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Immunocytochemistry Cultures were fixed with 4% paraformaldehyde (PFA; in PBS, pH-7.4) at 10 DIV,
permeabilized with 0,1% triton X-100 during 20-min, and nonspecific binding sites were blocked with 10%
bovine serum albumin for 10 min. Primary antibodies were incubated overnight at room temperature: Anti-
Tyrosine Hydroxylase (1:2000, AB152, Cedarlane), Anti-MAP-2 (1:2000, MAB3418, Millipore Sigma),
Anti-RFP (1:1000, 600-401-379, Cedarlane), Anti-Sytl (1:200, 105 102, Synaptic Systems). These were
subsequently detected using Alexa Fluor-488-conjugated, Alexa Fluor-546-conjugated, Alexa Fluor-568-
conjugated, or Alexa Fluor-647-conjugated secondary antibodies (incubated at room temperature at 1:1000

for 1 hour, Invitrogen).

Mitochondrial targeting of the ROS sensor, roGFP For all primary neuron cultures in a cre-backround,
1ul of AAV9-CMV-DIO-MTS-roGFP-WPRE-bGHpA (~2-3 x 10" vector genome ml—1 titers) was added
to cultures at 1 DIV and for cultures targeting MTS-roGFP to LC neurons, in C57 primary neurons, 1pul
AAV9-TH-MTSroGFP (~2-3 x 10" vector genome ml—1 titers). These tools (Sanchez—Padilla et al., 2014)
were kind gifts from the laboratory of D James Surmeier (Department of Physiology, Feinberg School of
Medicine, Northwestern University, Chicago, Illinois, USA).

Imaging & data analysis

Image acquisition Confocal imaging was carried out on an Olympus Fluoview FV1000 point-scanning
confocal microscope (Olympus, Tokyo, Japan). Images were scanned sequentially to prevent non-specific
bleed-through signal using 488, 546, and 647-nm laser excitation and a 60X (NA 1:42) oil immersion
objective. All other imaging was acquired on a Nikon Eclipse Ti2-E inverted microscope, using either a
CFI Plan Apo Lambda 20X objective (for cell counting and neurite tracing), or a CFI Plan Apo Lambda

60X oil immersion objective (for live cell imaging).

Image processing and analysis, data analysis, and statistics Exploratory image visualization and analysis
was done using Napari (Nicholas Sofroniew et al., 2021). Subsequently, unmodified images were all
processed using ImagelJ (Schneider et al., 2012), and custom analysis scripts written in ImageJ Macro

language [https://github.com/samuelorion/burke-trudeau-2022]).

Raw data availability Due to the considerable volume of imaging data (> 5 TBs) generated in the present
study, sharing of the primary data on an open data-storage solutions was not possible. However, these data

are available upon request.

Image analysis
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Counts and neurite tracing To conduct unbiased and high-throughput quantifications of neuron numbers,
we developed our own algorithm to count projecting neurons [Chapter 5]. Briefly, images were processed
for segmentation to identity cell bodies. Segmentations were then compared to raw images and validated
for accuracy, where we achieved ~90% accuracy across neuron types [Chapter 5] with minimal
computational requirements. A slightly modified version [https://github.com/samuelorion/manuscript-
burke-trudeau] of the above system was adapted to achieve similar performance in tracing neurites, for

quantification (Figure 5 and 6).

ROS Imaging experiments were performed at room temperature (20-22 °C) because previous studies
showed that probe oxidation was nearly complete at physiological temperatures (Sanchez—Padilla et al.,
2014). Regions of interest (ROIs) were generated using an automatic segmentation approach
[https://github.com/samuelorion/manuscript-burke-trudeau], where GFP positive puncta were segmented
and used to measure fluorescence intensity. Recordings where a drifting baseline of more than 10% was
detected — due to photobleaching or photo-oxidation of roGFP — were not included. The maximum and
minimum fluorescence of mito-roGFP was determined according to a previously described procedure
(Guzman et al., 2010), by application of 2 mM dithiothreitol (DTT) (to reduce the mitochondria fully), and
then 100 uM aldrithiol (Ald) (to oxidize the mitochondria fully). ROIs that did not responds to DTT and
Ald were not included. The relative oxidation level was then calculated as 1 — [(F — FAId)/(FDTT — FAld)],
where F represents, fluorescence intensity, at baseline, FDTT, F in the presence of DTT, and FAId, F in the
presence of ALD. Image alignment was done using the ImageJ plugin StackReg (Thévenaz et al., 1998).

Varicosities Confocal images were processed [https://github.com/samuelorion/burke-trudeau-2022] and
varicosities were segmented. Varicosities were defined as enlargements along thin neurites with a measured
width between 0.2—1pum, and a length of 0.3—0.5pm. Segmentations were then mapped onto images of Sytl,
where fluorescence intensity was quantified. To determine the status of Syt positivity (Figure 7 A; Figure
8 B), we estimated the intensity of sytl signal in segmentations that were excluded and used this value as a

cut off for Sytl positive status.

Statistics Given previous work in our group quantifying neuron numbers on coverslips, we conducted an a
priori power analysis to detect an effect size of 25%, with a power of 80%, and an alpha = 0.05, concluding
our requirement for n to be 22 for survival assays. We therefore aimed for this. However, for some wells,
images were excluded due to contamination. For all other experiments we aimed to have an n of at least 12.
For statistical analyses and data visualization we used R(R Core Team, 2017), and the subsequent packages
for all statistical analyses, and data visualisation (Data Analysis Using Bootstrap-Coupled Estimation [R
Package Dabestr Version 0.3.0], 2020; RStudio | Open Source & Professional Software for Data Science
Teams, n.d.; Simple Fisheries Stock Assessment Methods [r Package Fsa Version 0. 8. 32], 2021; Miiller,
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2020; Pedersen, 2021; Slowikowski, 2021; Wickham, 2021, 2021; Wilke, 2021). For each statistical
analysis, we evaluated whether the data were parametric or non-parametric, and subsequently conducted
appropriate analyses, including appropriate post-hoc multiple comparisons: described in the available
supplementary .Rmd file (https://github.com/samuelorion/burke-trudeau-2022). In figures, we include an
asterisk to indicate that, for an alpha = 0.05, there is a significant difference compared to the value for the
SNc (our reference neuronal population). All other post-hoc comparisons can be found in
supplementary .Rmd file. All figures include box and whiskers plots, in the style of Tukey, where we
indicate the median value, and the lower and upper hinges correspond to the first and third quartiles (the
25th and 75th percentiles), and the whiskers extend to the largest and smallest value (no further than 1.5
times the interquartile range). Furthermore, where appropriate, we include individual data points. Following
null hypothesis testing, we also performed estimation based on confidence intervals using the R package
dabestr (Ho et al., 2019). For all experiments, we conducted shared control Cumming plots, compared to
the SNc. These Cumming plots have been placed below plots, below null hypothesis testing. Furthermore,
analyses were conducted comparing “PD-vulnerable” to “PD-resilient” neurons, where Gardner-Altman

two-group estimation plots are plotted next to main box and whisker plots.
13.05 Results

We used a mouse primary culture system in which neurons from multiple brain PD-relevant regions
were grown on supporting astrocytes (Figure 21). These were subsequently neurochemically defined,
identifying them either by immunocytochemistry for their neurochemical identity, or the presence of the
fluorescent reporter protein TdTomato, expressed in a cre-dependent manner. For this study we chose four
nuclei that are considered vulnerable in PD, including DA neurons of the SNc¢, noradrenergic neurons of
the LC, serotonin neurons of the raphe nuclei, and cholinergic (ChAT+) neurons of the dorsal motor nucleus
of the vagus (DMV). We compared these to neuronal populations considered more resilient in PD, including
DA neurons of the VTA, cholinergic neurons of the hypoglossal nucleus (XII), and cholinergic interneurons

of the dorsal striatum (STR).
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Figure 1
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Figure 21 Overview of experimental paradigm, neuroanatomical, and neurochemical
identify of target structures cultured

A) Post-natal day 0-2 mice pups had their brains dissected, and target structures isolated, and

cultured in 96-well plates for 10 DIV. B) Overview of the eight target structures and subsequent
dissection strategy in 4 transgenic mice lines (TH-GFP, DAT-Ai9, ChAT-Ai9, and SERT-Ai9).
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Additional images from the Allen Developing Mouse Brain Atlas (ISH Data :: Allen Brain Atlas:
Developing Mouse Brain, 2008; Lein et al., 2007).

PD-vulnerable neurons are less resilient to cell stress induced by hydrogen peroxide

Previous work has shown that in line with in vivo observations, DA neurons of the SNc¢ in vitro are
more vulnerable than DA neurons of the VTA to cell stress induced by several PD-relevant stressors
(Lieberman et al., 2017; Pacelli et al., 2015). Here we extended such a comparative analysis of neuronal
vulnerability in a much larger set of neuronal populations with distinct neurochemical identities.
Considering the well-established contribution of oxidative stress to PD pathophysiology, we compared the
survival of neurons exposed to three concentrations of hydrogen peroxide (100, 150 and 200 puM), a cell
stressor that is expected to act on all types of neurons (Figure 22). A quantification of neurochemically-
defined neurons in these cultures revealed that, considered as a group, neurons from “PD-vulnerable” nuclei
(SNc, LC, Raphe, DMV) were more sensitive to hydrogen peroxide compared to neurons from “PD-

resilient” nuclei (VTA, XII, STR (Figure 22C and Figure 2-1).

A closer examination of the relative vulnerability of each neuronal population across the increasing
doses of hydrogen peroxide (Figure 23) revealed significant effects of hydrogen peroxide at doses of 100,
150, and 200uM (Figure 3-1). Notably, at 150 uM hydrogen peroxide, cholinergic neurons of the DMV,
hypoglossal nucleus and striatum showed less neuronal loss compared to SNc¢ DA neurons, ChAT+ neurons
of the DMV (unpaired mean difference of DMV (n = 16) minus SNc (n =20) 0.197 [95CI 0.0662; 0.34]),
ChAT+ neurons of the XII (Unpaired mean difference of XII (n = 23) minus SNc¢ (n = 20) 0.152 [95CI -
0.0443; 0.388]), and ChAT+ neurons of the STR (Unpaired mean difference of STR (n = 12) minus SNc
(n=20) 0.581 [95CI 0.35; 0.831]. In comparison, LC and Raphe neurons showed cell loss comparable to
SNc DA neurons. VTA DA neurons also showed a tendency for reduced cell loss compared to SNc DA
neurons, although this did not reach significance (Figure 23). This differential vulnerability to hydrogen
peroxide persisted at 200uM, with VTA DA neurons and all cholinergic groups showing reduced
vulnerability (Figure 23). Except for the DMV — hypothesized to be vulnerable in PD — our findings are
in keeping with the hypothesis that in addition to DA neurons of the SNc, noradrenergic LC neurons and

serotonergic Raphe neurons show elevated intrinsic vulnerability.

132
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Figure 22 PD-vulnerable neurons are more vulnerable to hydrogen peroxide than pd-
resilient neurons

Neurons were treated with hydrogen peroxide at 10 DIV, and fixed at 11 DIV. A) Example
photomicrographs of all positive-identified neuron types across the PD-vulnerable, and PD-
resilient target structures. B) Normalized number of positive-neurons across hydrogen peroxide
concentrations. Box and whiskers plots, in the style of Tukey, where the median value is
indicated, and the lower and upper hinges correspond to the first and third quartiles. * = one-way
ANOVA, Tukey's HSD, p<0.05; *= pairwise t-test, pd-vulnerable vs pd-resilient, p<0.05.
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Figure 3
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Figure 23 Differential vulnerability of neurons to hydrogen peroxide

Normalized number of positive-neurons, for each concentration of hydrogen peroxide, and
neuronal population. Box and whiskers plots, in the style of Tukey, where we indicate the
median value, and the lower and upper hinges correspond to the first and third quartiles,
Kruskal-Wallis multiple comparison, p-values adjusted with the Bonferroni method, * =p <
0.05. Shared control estimation plot: mean difference for comparisons against the shared control,
SNec, using Data Analysis with Bootstrap Estimation, with 5000 bootstrap resamples. All
confidence intervals are bias-corrected and accelerated.

ROS production is elevated in the somatodendritic domain in PD-vulnerable neurons.

The origin of the elevated vulnerability of SNc and other vulnerable neurons in PD has been
previously hypothesized to result at least in part from their particularly elevated bioenergetic demands,

leading to higher rates of mitochondrial oxidative phosphorylation and chronically elevated levels of
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oxidative stress (Bolam & Pissadaki, 2012; Pacelli et al., 2015). We therefore examined basal
mitochondrially-derived ROS production using the ROS sensitive GFP probe, mito-roGFP. The construct
was expressed in neurons using a Cre recombinase-dependant AAV vector or a TH promotor (for LC
neurons) (Figure 24A). The selective expression of mito-roGFP was validated by confirming that
expression was limited to tdTomato-expressing neurons or to neurons positive for TH (for LC neurons, see
(Figure 1-2)). Experiments were conducted by live time-lapse imaging of baseline mito-roGFP
fluorescence, followed by a determination of the dynamic range of the reporter by measuring the
fluorescence increase induced by the reducing agent DTT and the fluorescence decrease induced by the
oxidant molecule aldrithiol (ALD) (Figure 24B). The signal was quantified both in the neurons’
somatodendritic domain and in the neurons’ axonal fields (Figure 24A). Among the neurons examined, a
broad range of basal oxidant levels were identified, with some mitochondria within neurons showing low
basal oxidation and others showing high basal oxidation (Figure 24C). These experiments revealed that,
contrary to expectation, only ChAT+ DMV neurons had significantly reduced relative oxidation, when
compared to the DA SNc neurons (Figure 24C, Figure 4-1). Furthermore, intermitochondrial distances
within the axonal domain were comparable across neuron types, with a mean of ~ 13um (SD of 5.4) (Figure

24D, Figure 4-2).
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Figure 4
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A) The redux sensitive GFP, roGFP, was expressed in a cre-dependent manner in target neurons.
Photomicrographs of roGFP in a TdTomato-positive SNc DA neuron, in the somatodendritic
compartment and in the axonal compartment. B) Example traces of GFP fluorescence arbitrary
units (AU) in responsive ROIs, in an SNc DA neuron. Two traces are shown: for a GFP-positive
puncta that showing low relative oxidation status, and for a GFP-positive puncta showing high
relative oxidation status. C) Quantification of the relative oxidative state of mitochondria across
neuron types. Box and whiskers plots, in the style of Tukey, where the median value is indicated,
and the lower and upper hinges correspond to the first and third quartiles, Kruskal-Wallis
multiple comparison, p-values adjusted with the Bonferroni method, * = p <0.05. Shared control
estimation plot: mean difference for comparisons against the shared control, SNc, using Data
Analysis with Bootstrap Estimation, with 5000 bootstrap resamples. All confidence intervals are
bias-corrected and accelerated. D) Quantification of intermitochondrial distance in the axonal
domain (measured from the centre of each GFP positive puncta). Box and whiskers plots, in the
style of Tukey, where the median value is indicated, and the lower and upper hinges correspond
to the first and third quartiles, Kruskal-Wallis p>0.05. Density plots show distribution of
individual measurements.

PD-vulnerable neurons have large axonal domains, that are more complex than PD-resilient neurons

Previous work has shown that murine DA SNc neurons have larger and more complex axonal arbors
compared to VTA DA neurons, both in vitro (Pacelli et al., 2015), and in vivo (Giguere et al., 2019). This
observation is in line with the hypothesis that the total length and complexity of the axonal domain is a cell-
autonomous feature that contributes to rendering these cells most vulnerable because of its associated
bioenergetic burden. Here, given our working hypothesis, we examined the morphology of the axonal
domain of each neuronal population. Given the number of neuron sub-types evaluated in this study, we
developed simple and robust methods to quantify the axonal domain of these projecting neurons — all
quantifications normalized to the number of neurons within each well (Figure 25A, 25B, 26A). Given that
the majority of neurites detected in these neurons were MAP-2 negative, and thus not dendrites, we
considered the neurons’ somatodendritic domain as being negligeable in size compared to the axonal
domain (Figure 25A) and therefore quantified neurite length as a proxy for axonal length. We find that
there is a significant difference in mean total neurite length when comparing PD-vulnerable to resilient
neurons (Figure 26B, Figure 6-1). Surprisingly, only VTA DA neurons were significantly different
compared to SNc¢ DA neurons in terms of mean neurite length per neuron (Unpaired mean difference of
VTA (n = 22) minus SNc¢ (n = 21) -9450 [95CI -16900; -5080]). However, using data analysis with
bootstrap estimation suggests that both hypoglossal and striatal cholinergic neurons also have, on average,
shorter axonal arborizations (Unpaired mean difference of XII (n = 19) minus SNc¢ (n = 21) -6940 [95CI -
15300; -1850], Unpaired mean difference of STR (n = 14) minus SN¢ (n =21) -5660 [95CI -13700; -190].
We also estimated axonal arbor complexity by measuring the total number of segmentations and average
length of segmentations (Figure 26C, 26D). PD-vulnerable neurons had far more segmentations per neuron
that PD-resilient neurons. We find that, compared to SN¢ DA neurons, VTA DA neurons and hypoglossal

neurons have substantially fewer segmentations per neuron (Figure 26C, Figure 6-1 ). We finally estimated
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the average length per branch of axon, where no overt difference were observed between PD-vulnerable
and resilient neurons. However, VTA DA neurons, LC noradrenergic neurons, DMV cholinergic neurons
and hypoglossal cholinergic neurons had longer segmented neurite length compared to SNc DA neurons
(Figure 26D, Figure 6-1) (Unpaired mean difference of VTA (n = 22) minus SNc (n = 21) 64.6 [95CI
31.4; 99.1], Unpaired mean difference of DMV (n = 30) minus SNc (n = 21) 77.3 [95CI 50.9; 104]).
Together these results suggest that even though inconsistencies were observed, globally, mean total neurite
length is smaller in neuronal populations suspected to be more resilient in PD and the total number of

neurites were also smaller in these neurons.
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Figure 25 Overview of neurite tracing for quantification

A) Photomicrograph of SNc DA neurons, and overview of neurite quantification method. B)
Photomicrographs fields of neurons, with their neurochemical marker immunocytochemistry.
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Figure 26 PD-vulnerable neurons have large axonal domains, that are globally more complex
than PD-resilient neurons

A) Overview of quantification method for neurite segmentations. B) Quantification of mean
neurite length (total neurite length, per well, divided by number of neurons). Box and whiskers
plots, in the style of Tukey, where we indicate the median value, and the lower and upper hinges
correspond to the first and third quartiles, Kruskal-Wallis multiple comparison, p-values adjusted
with the Bonferroni method, * = p < 0.05. Shared control estimation plot: mean difference for
comparisons against the shared control, SNc, using Data Analysis with Bootstrap Estimation,
with 5000 bootstrap resamples. All confidence intervals are bias-corrected and accelerated. C)
Quantification of mean number of segmentations (sections) of neurites segmented per neuron.
Box and whiskers plots, in the style of Tukey, where we indicate the median value, and the lower
and upper hinges correspond to the first and third quartiles, Kruskal-Wallis multiple comparison,
p-values adjusted with the Bonferroni method, * = p < 0.05. Shared control estimation plot:
mean difference for comparisons against the shared control, SNc, using Data Analysis with
Bootstrap Estimation, with 5000 bootstrap resamples. All confidence intervals are bias-corrected
and accelerated. D) Quantification of mean length of segmentations (sections) of neurites
segmented per neuron. Box and whiskers plots, in the style of Tukey, where we indicate the
median value, and the lower and upper hinges correspond to the first and third quartiles,
Kruskal-Wallis multiple comparison, p-values adjusted with the Bonferroni method, * =p <
0.05. Shared control estimation plot: mean difference for comparisons against the shared control,
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SNec, using Data Analysis with Bootstrap Estimation, with 5000 bootstrap resamples. All
confidence intervals are bias-corrected and accelerated. B to C have a supplementary plot of all
data grouped as PD-vulnerable and PD-resilient, where an independent 2-group Mann-Whitney
U Test was performed, and an asterisk denotes p<0.05. Precise values can be found in the
supplementary tables alongside unpaired Gardner-Altman two group estimation plots.

PD-vulnerable neurons have a higher proportion of varicosities that are positive for Sytl1.

Neurotransmitter release sites are known to represent sites of high energy consumption in neurons
(Pulido & Ryan, 2021). As such, we hypothesize that their density could represent a defining characteristic
of vulnerable neurons in PD. We therefore estimated the density of potential neurotransmitter release sites
(varicosities) along the axonal domains of these projecting neurons (Figure 27A, 27B). Following 10 DIV,
we segmented probable varicosities, identified them based on morphology and dimensions, and evaluated
the presence of synaptotagminl (Sytl), a calcium sensor of exocytosis that is critical for neurotransmitter
release in DA neurons (Banerjee et al., 2020; Delignat-Lavaud et al., 2021; Mendez et al., 2011), as an
index of release-competent terminals. Strikingly, we find that PD-vulnerable neurons have a significantly
higher proportion of varicosities that are positive for Sytl (Figure 28A, 28B, Figure 7-1), suggesting that
these neurons have a higher proportion of active neurotransmitter release sites. Further examination of
axonal varicosity density, calculated as inter-varicosity distance and density per unit length of axon,
revealed that there were no major differences between PD-vulnerable and PD-resilient neurons, with an
inter-varicose distance in the range ~2-4um (Figure 28C). Raphe serotonin and hypoglossal cholinergic
neurons nonetheless had slightly higher inter-varicose distances, while DMV and hypoglossal cholinergic
neurons had a higher density of varicosities per unit length (Figure 28C, 8D). (Unpaired mean difference
of DMV (n = 12) minus SNc¢ (n = 12) 45.6 [95CI 34.2; 72.2]) and XII neurons (Unpaired mean difference
of XII (n = 12) minus SNc¢ (n = 12) 33.2 [95CI 24.8; 47.4]). Together, these results provide support for the
hypothesis that a distinguishing feature of vulnerable neurons is having an axonal arbor endowed with a
high proportion of active neurotransmitter release sites, presumably linked with higher bioenergetic
requirements, placing a larger load on the neuron’s mitochondrial network, that is equally dense across

neuron types (Figure 24D).
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Figure 7
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Figure 27 Revealing the proportion of varicosities that are positive for Syt1l

A) Overview of image analysis for quantification of Sytl positivity of varicosities, and
distribution of Sytl intensity within varicosities (bottom right). B) Photomicrographs of axonal
fields of neurons, with their neurochemical marker and Sytl immunocytochemistry.
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Figure 28 PD-vulnerable neurons have a higher proportion of varicosities that are positive
for Sytl

A) Density plot of Sytl intensity (arbitrary units (AU) - fluorescence) in all segmented
varicosities included for analysis (red line indicate quintiles). B) Quantification of proportion of
varicosities that are positive for Sytl. Box and whiskers plots, in the style of Tukey, where we
indicate the median value, and the lower and upper hinges correspond to the first and third
quartiles, Kruskal-Wallis multiple comparison, p-values adjusted with the Bonferroni method, *
=p < 0.05. Shared control estimation plot: mean difference for comparisons against the shared

control, SNc, using Data Analysis with Bootstrap Estimation, with 5000 bootstrap resamples. All

confidence intervals are bias-corrected and accelerated. C) Quantification of intervaricose
distance (nearest neighbour analysis of segmentations). Box and whiskers plots, in the style of
Tukey, where we indicate the median value, and the lower and upper hinges correspond to the
first and third quartiles, Kruskal-Wallis multiple comparison, p-values adjusted with the
Bonferroni method, * = p < 0.05. Shared control estimation plot: mean difference for
comparisons against the shared control, SNc, using Data Analysis with Bootstrap Estimation,
with 5000 bootstrap resamples. All confidence intervals are bias-corrected and accelerated. D)
Mean number of varicosities per unit length of axonal domain. Box and whiskers plots, in the
style of Tukey, where we indicate the median value, and the lower and upper hinges correspond
to the first and third quartiles, Kruskal-Wallis multiple comparison, p-values adjusted with the
Bonferroni method, * = p < 0.05. Shared control estimation plot: mean difference for
comparisons against the shared control, SNc, using Data Analysis with Bootstrap Estimation,
with 5000 bootstrap resamples. All confidence intervals are bias-corrected and accelerated. B to
C have a supplementary plot of all data grouped as PD-vulnerable and PD-resilient, where an
independent 2-group Mann-Whitney U Test was performed, and an asterisk denotes p<0.05.
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Precise values can be found in the supplementary tables alongside unpaired Gardner-Altman two
group estimation plots.

13.06 Discussion

To our knowledge, this is the first study to compare the intrinsic vulnerability and morphological
characteristics of several neuronal populations suspected to be vulnerable in PD, to others considered as
more resilient in this disorder. Despite the obvious caveats associated with the use of in vitro models, the
results of this study show that PD-vulnerable neurons, except for cholinergic DMV neurons, are more
vulnerable to oxidative stress induced by hydrogen peroxide: a cellular stress model that is relevant in the
context of the large body of work linking oxidative stress to cell loss in PD (EI Kodsi et al., 2020; Jenner,
2003; Monzani et al., 2019). We also find that vulnerable neurons are endowed with a broad axonal arbor
that bears a higher proportion of sytl-positive axonal varicosities. Broadly, our work supports a model
proposing that a large and highly arborized axonal domain, coupled with a dense network of active
neurotransmitter release sites render projection neuromodulatory neurons vulnerable due to such
characteristics being linked to a high mitochondrial-dependent bioenergetic burden and elevated sensitivity

to extra-homeostatic conditions.
PD-vulnerable neurons are more vulnerable to cell stress induced by hydrogen peroxide

As hypothesised, PD-vulnerable neurons were as a class, most vulnerable to the hydrogen peroxide
cell stress assay. This finding and in particular the differential vulnerability of SNc and VTA DA neurons
is in line with previous work (Mosharov et al., 2009; Pacelli et al., 2015) demonstrating increased
vulnerability of SNc DA neurons to both hydrogen peroxide and MPP+. The finding that cholinergic DMV
neurons were relatively resilient to our neurotoxicity assay is somewhat surprizing in light of previous data
suggesting that these neurons are affected in PD. However, it is also possible that DMV neurons are
vulnerable in PD via mechanisms that are not directly related to oxidative stress, such as through a-
synuclein-dependent mechanisms (Chiu et al., 2021). However, given the very limited data derived from
stereological counting methods validating whether DMV cholinergic neurons do, in fact, degenerate in PD
(Giguere et al., 2018), it remains possible that our observation is explained by the fact that DMV cholinergic
neurons are not particularly vulnerable in PD (Kalaitzakis et al., 2008). To strengthen these assertations,
within the context of this experimental paradigm, it may be pertinent in future studies to use other cellular

stress assays, such as a-synuclein overexpression or a-synuclein fibrils.

ROS production was not significantly different across neuron types
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Using the mitochondrially-targeted ROS sensor mito-roGFP, we detected relatively similar levels
of basal ROS production across all neuron types examined. We also found a very large spread of relative
baseline oxidation status in the axonal and somatodendritic compartments of neurons (Figure 4C). The
lack of significant difference between neuron types may be a bit surprizing considering that basal ROS
production has been found to be significantly higher in SNc¢ compared to VTA DA neurons both in vitro
and in vivo (Guzman et al., 2010; Pacelli et al., 2015; Sanchez—Padilla et al., 2014) — as well as in LC
(Sanchez—Padilla et al., 2014) and DMV neurons (Goldberg et al., 2012). One possibility is that in vitro,
the lack of a sufficient level of synaptic inputs severely limits the firing frequency of these neurons and
thus the level of metabolic activity and energy needs. Additional experiments driving neuronal firing
pharmacologically or optogenetically would be required to further test this hypothesis. The use of a cell-
wide ROS sensor such as DHE, as previously used (Pacelli et al., 2015), would also help to assess ROS
production deriving from other sources in addition to mitochondrial activity. Strikingly, we also made the
observation that, in our in vitro system, the distance between mitochondria along the axonal domain was
consistent across neuron types (Figure 24D). This observation suggests that vulnerable neurons with highly
complex axonal arbours may have a density of mitochondria along their axons that is comparable to that of
simpler, more resilient neurons. And therefore, their higher level of vulnerability may not simply derive
from a higher density of mitochondria. It remains that given the differential vulnerability to hydrogen
peroxide detected in the present study, it can be assumed that cell-autonomous developmental differences

between these neurons are present in the in vitro postnatal culture model used.

The complexity and activity of the axonal domain may be a key component of what renders a neuron

vulnerable

A striking observation arising from the present study is the finding that globally, the neuronal
populations that were most vulnerable to hydrogen peroxide neurotoxicity (SNc DA neurons, Raphe
serotonin neurons and LC noradrenergic neurons) were also the ones with the largest axonal domain, and
most robustly, with the largest proportion of sytl-positive axonal varicosities. These findings are in line
with the hypothesis that at least in part, the elevated vulnerability of long-range projection neuromodulatory
neurons is linked to the very large energetic requirements of their large numbers of neurotransmitter release
sites found along their vast axonal domain. This conclusion is compatible with the hypothesis that processes
occurring in axon terminals, and in particular vesicular neurotransmitter packaging, is particularly costly

for neurons in terms of energy requirements (Pulido & Ryan, 2021).

One relative “anomaly” in the present data set is the surprising resilience of cholinergic DMV
neurons, especially considering their large axonal domain and large proportion of sytl-positive release sites.

Perhaps, ChAT+ DMV neurons are significantly less vulnerable to hydrogen peroxide as they develop less
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complex — albeit very long — axonal arborizations. These arborization, in turn, contain far fewer varicosities
per length of axon, despite having a similar proportion of varicosities that are active. Although we did not
verify this in the present study, it can be reliably assumed that the presence of sytl in varicosities is a
reliable indicator of release site functionality (Brose et al., 1992; Ducrot et al., 2021). One possibility is that
since DMV neurons project in large part to regions outside of the brain, the culture conditions used in the
present study did not allow these neurons to get sufficient access to factors secreted by target cells in the
peripheral nervous system and that are required to maintain these neurons’ excitability and normal baseline
activity. Previous work has provided support for the role of target cells in regulating the proportion of
axonal varicosities formed by SNc and VTA DA neurons (Ducrot et al., 2021). Furthermore, there is a vast
literature on the role of extracellular signals regulating axonal development (Bilimoria & Bonni, 2013).
Complementary electrophysiological recordings coupled to the use of genetically encoded sensors of
activity-dependent vesicular cycling would help to examine this possibility further. It remains important
to note that in the in vitro context used in the present study, all of the examined long-range projection
neurons nonetheless developed a very large and branched axonal domain, orders of magnitude larger than
most other neuron types under similar conditions, supporting the hypothesis that such exuberant axonal

growth is driven by an intrinsic developmental program.
13.07 Conclusion

Taken together, the results presented in the present study provide further support for the general
relevance of the hypothesis that a key component of the selective vulnerability of neurons in PD (Wong et
al., 2019) takes its origin in the large axonal domain of long-range projection neurons. We conclude that
more efforts are now needed to better understand the bioenergetic challenges imposed by having a highly
branched axonal domain endowed with a large number of active neurotransmitter release sites. In addition
to the outright energetic demands imposed by such an axonal domain, it is intriguing to consider the
possibility that such features may confer a massive demand on the endolysosomal system where, notably

12 out of 23 PARK genes (to denote their putative link to PD) are involved (Vidyadhara et al., 2019).
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14 Chapter 5 — Simple and reproducible methods for
counting primary projecting neurons in vitro

Overview

The quantification of cell numbers in in vitro experiments can be automated using available, and
relatively simple, existing tools. However, for projecting neuromodulatory neurons, such as Substantia
nigra pars compacta dopamine neurons, these methods are not able to accurately perform this task. In this
manuscript we describe a simple, yet robust, imaging analysis pipeline that achieves ~90% accuracy, when
compared to manual counting methods, in a cell stress assay. This image analysis pipeline is written in
python and is available as an iPython Jupyter Notebook, enabling simple to deploy, and reproducible,

quantifications of projecting neurons in in vitro assays.

Contributions

Samuel Burke: conception, data collection, analysis, writing of manuscript.
Alex Tchung: conception, data collection, analysis.

Louis-Eric Trudeau: providing resources, supervision, writing of manuscript.

Available: Will be posted as a pre-print, with the notebooks hosted on GitHub for access — and in

preparation for publication.
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14.01 Abstract

The quantification of cell numbers in in vitro experiments can be automated using available, and
relatively simple, existing tools. However, for projecting neuromodulatory neurons, such as Substantia
nigra pars compacta dopamine neurons, these methods are not able to accurately perform the same task. In
these brief methods we describe a simple, yet robust, imaging analysis pipeline that achieves ~90%
accuracy, when compared to manual counting methods, in a cell stress assay. This image analysis pipeline
is written in python and is available as an iPython Jupyter Notebook, enabling simple to deploy, and

reproducible, quantifications of projecting neurons in in vifro assays.
14.02 Introduction

The quantification of cell numbers in in vitro and in vivo experiments is a foundational variable in
experimental biology. However, manually counting cells is a laborious task. Classically, the task will be
achieved by either sitting at the microscope, or computer — with a counting-clicker (or equivalent) — for
extended periods of time. With the advent of user-friendly automated imaging systems, relatively high
throughput experiments are increasingly imaged for cell number quantification by scientists. With relatively
little computational ability, most biologists can use software such as Imagel (Schneider et al., 2012),
CellProfiler (McQuin et al., 2018) or other similar products to achieve extremely accurate quantifications
of cells that have simple morphological features such as stained nuclei. However, for neurons, and
especially projecting neurons, this becomes a significant challenge. These types of cells have more complex
morphologies, often with significant numbers of overlapping neurites, increasing the risk of errors in
identifying and counting individual cells. In addition, such cell types have received less attention from

software developers.

The current literature and documentation for methods for quantifying cell numbers are either limited
to imaging segmentation tasks that are too simple or describing methods that require extensive knowledge
in mathematics or computer programming. In the context of in vitro experiments, the quantification of
number of nuclei can be achieved with very simple segmentation techniques. However, when working with
tissue samples, the task becomes significantly more complex. Open competitions have allowed the open

sourcing of machine learning and data science practitioners to apply their methods to these tasks and have
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achieved very high accuracy in nuclei segmentation challenges (Caicedo et al., 2019). However,

experimental biologist are faced with major challenges in the use of these methods.

For the more difficult task of automating the counting of neurons, multiple authors have described
the application of state-of-the-art methods to achieve accurate quantifications (Igbal et al., 2019; Tyson et
al., 2020). More recently authors have also attempted to create deep learning solutions to the problem of
counting neurons, that can be used as a plug-in in ImageJ. Albeit a valiant effort to “... present an ImageJ
plugin that enables non-machine-learning experts to analyze their data with U-Net on either a local
computer or a remote server/cloud service” (Falk et al., 2019), the implementation of such methods is still

challenging for many biologists, and for in vitro contexts, perhaps unnecessarily complex.

Finally, a grossly underserved aspect of many of these more advanced methods is the pedagogical
component and user-friendliness. To implement many of the existing methods, specific domain expertise
— even the most basic — is required in the computational realm. One solution is for these methods and
protocols to be contained within notebook interfaces such as Jupyter Notebooks (Project Jupyter, n.d.). In
addition, using these formats for the sharing of methods may help instil a culture of open documentation

and analysis.

In this work we describe simple to use and apply methods that allow biologist/neuroscientists to
quantify the number of projecting neurons cultured in multi-well plates, as well as becoming familiar with
the Jupyter notebook format. In this manuscript, we show that simple image processing can achieve ~90%

accuracy in quantifying neuronal numbers in vitro.
14.03 Methods

Procedures with animals and their care were conducted in accordance with the Guide to care and use
of Experimental Animals of the Canadian Council on Animal Care (Canadian Council on Animal Care,
1993). Experimental protocols were approved by the animal ethics committees of the Université de
Montréal. Housing was at a constant temperature of 21°C and humidity of 60%, under a fixed 12-hour light
/ dark cycle, with food and water available ad libitum. Primary neuron cultures were prepared from
dissections of PO mice as described previously with slight modification (Fasano et al., 2008), and seeded
into 96 well plates (u-Plate 96 Well Black, ibiTreat: #1.5 polymer coverslip, tissue culture treated,
sterilized; Cat.No. 89626). Primary neuron cultures were from the study (Chapter 4, Burke et al., 2021) and
random images were included in our training set from cultures prepared from DA neurons of the SN,
noradrenergic neurons of the locus coeruleus (LC), serotonin neurons of the raphe nuclei (R), cholinergic
neurons of the dorsal motor nucleus of the vagus (DMV), DA neurons of the VTA, cholinergic neurons of

the hypoglossal nucleus (XII), and cholinergic interneurons of the dorsal striatum (STR). Neurons were
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cultured and then treated with hydrogen peroxide at 0, 100, 150, and 200uM, at 10 days in vitro (DIV), and
cells were fixed at 11 DIV. Immunocytochemistry was performed to reveal the neurochemical identity of
interest (as described in our previous study Burke et al., 2021 and imaging were acquired on a Nikon Eclipse
Ti2-E inverted microscope using a CFI Plan Apo Lambda 20X objective. Images were acquired and stored

as single channel 16-bit TIFF images.
14.04 Image processing and neuron counting

To achieve simple segmentations of cell bodies to allow quantification of neurons numbers, raw
images are processed using simple image processing algorithms available across a variety of image
processing libraries. For these methods we use, Python (Van Rossum & Drake, 2009), iPython Jupyter
Notebooks (Kluyver et al., 2016), NumPy (Harris et al., 2020), and the scikit-image library (Walt et al.,
2014).

Image visualization

As a first step, images are opened and visualised with exposure being adjusted using two methods of
automated exposure modification, to help visualisation and evaluation of subsequent image processing

(Figure 29).

#open images using scikit-image and matplotlib

from skimage.io import imread

image = imread(address_to_image’)
from skimage import exposure
equalized_data = exposure.equalize hist(image)

gamma_modified= exposure.adjust_gamma(image, gamma=0.1)

#plot imported image

fig, ax = plt.subplots(l, 3, figsize=(30, 15))
ax[@].imshow(image, cmap="viridis")
ax[@].set_title('Original")
ax[1].imshow(equalized data, cmap='viridis')
ax[1].set_title('Equalized')
ax[2].imshow(gamma_modified, cmap='viridis")
ax[2].set_title('Gamma Modified")

plt.show()
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Figure 29 Image visualization. Modification of brightness and contrast using two exposure
adjustment methods.

Image processing

To be able to count the number of neurons present in an image, we implemented a multi-step image
processing pipeline that cleans and normalizes images, independent of sample preparation and image
acquisition parameters (Figure 30). This is then followed by image segmentation to quantify the number

of neurons present within each image.
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) Image processing pipeline
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Figure 30 Image processing pipeline

A gaussian filter is applied to the raw image, with a user defined sigma. The product of a
subtraction of this processed image is then subtracted (with an additional value added) from the
raw image. Subsequently a second gaussian filter is applied, with a user defined sigma, and
binarization of the image is achieved by manual thresholding with a minimum object size. The
resulting image can then be used to quantify the number of neurons present in the image.

Five variables (which are pre-set) can be modified by the user for their use-case if segmentation

requires optimization. These values within the notebook are:
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# first sigma for gaussian filter
sigmal=20

# value to subtract from image
subtract_value=100

# sigma for second gaussian filter
sigma2=10

# you can get an idea for where this should be calling mean_threshold or
median_threshold

threshold_value=3000

# minimum size of objects to remove — this can help for small objects such
as dirt or noise

small objects_size min=1000

Within the notebook, the user can iterate across both sample images and modify the cell counting
algorithm until accurate neuron segmentation is achieved. This is visualised by showing the original image,
the segmentation product (Figure 31), and a composite image of segmentation and original image (Figure
32).

Original segmented

Figure 31 Result of segmentation
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Figure 32 Segmentation of neurons for neuron counting

The results of image binarization, following the image analysis pipeline, can be visualized with
the contours of segmented objects shown in situ, on the raw images. Note that objects on the of
the image are not shown in this plot but are counted.

Once suitable parameters have been set, the user may execute the notebook to quantify neuron numbers
found within images contained within a declared parent directory (Figure 33). To implement, the user needs

only to point the notebook to the folder containing imaging data, by modifying the directory address:

folder = 'parent_directory_of_images'

Results of the count are saved as a .csv file within the notebook directory, ‘data_out’.
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Figure 33 Overview of image processing for quantification of neuron numbers

14.05 Code required to execute count of neurons

The following code is the minimum amount of code required to execute a count of neurons, on a
directory of images, where the resultant quantification is saved as a comma separated values (CSV) file.
The code can be executed either as python file, or iPython Notebook. The pre-set values (“sigmal=30",
“subtract value=100", “sigma2=15", “threshold value=3000", “small_objects_size min=1000") work on

the test data set, but may be modified for user-specific data sets.
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import skimage.io as io
from skimage.measure import label
import os
from skimage import filters
from skimage.morphology import remove_small objects
folder = 'parent_directory_of_images'
##
## modify this section
sigmal=30
subtract_value=1600
sigma2=15
threshold_value=3000 #which you can base around mean_threshold
small objects_size min=1000
##
file list = [f for f in os.listdir(folder) if f.endswith('.tif")]
#close number_of neurons_list and file name_list if open
if 'number_of neurons_list' in locals():

del number_of neurons_list
if 'file _name_list' in locals():

del file name_list

#for loop to open each file in folder and run the function to count the
number of neurons

for file in file list:
image=io.imread(folder + file)

#mutlti step image processing with variables from above. Rinse and repieat
until satistified

image = image - filters.gaussian(image, sigmal)

image

(image - subtract_value).clip(min=0)

image

filters.gaussian(image, sigma2)
image = image > threshold_value

image = remove_small objects(image, min_size=small objects_size min)
#remove small objects - this minima is set to 1000, can be modified above

#count number of objects segmented
label_image = label(image)
number_of_neurons = label_ image.max()

print(file)
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print(' contains roughly ' + str(number_of_neurons) + ' neurons')
#create list of number of neurons in each image
#create list if doesnt exist
if 'number_of _neurons_list' not in locals():
number_of_neurons_list = []
number_of_neurons_list.append(number_of neurons)
#create list of file names
if 'file name_list' not in locals():
file name list = []
file name list.append(file)
#icreate data frame with number of neurons and file name
import pandas as pd
#icreate data frame

df = pd.DataFrame({'file _name':file name list,
'number_of neurons':number_of_neurons_list})

#sort df by file name alphabetically

df = df.sort_values(by='file name")

#print data frame

print(df)

#save data frame as csv in current directory

df.to _csv('data_out/number_of neurons.csv')

14.06 Performance on known data set

To evaluate the performance of the methods described here to quantify neuron numbers, random
images were sampled from a dataset previously collected where projecting neurons were cultured and
treated with the cell stressor hydrogen peroxide. These images were manually counted for ground truth
neuron numbers and subsequently counted using our simple automated methods. We found that our
automated methods achieved reliable estimates of neuron numbers (Pearson’s correlation comparing
zmmmmmcmmhmmmmdcmmﬂ¥=090Lp<ODOLﬂqm=IJ,F@m@3®JMHMmmnmwewm¢mﬂ
that there were no statistically significant differences between manual and automated counts for the mean
values across the whole dataset (Figure 35, paired t-test assuming unequal variances, t stat: -0.95 p value:
0.34), as well as for individual concentrations of hydrogen peroxide (Figure 36, paired t-test assuming

unequal variances; hydrogen peroxide = 0, t stat = 0.0, p = 1.1; hydrogen peroxide = 100, t stat = 0.97, p =
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0.35; hydrogen peroxide = 150, t stat = 1.35, p = 0.199; hydrogen peroxide = 200, t stat =-1.59, p = 0.14)
suggesting that these simple methods can be used to accurately quantify neuron numbers in assays designed

to modify cell survival.
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Figure 34 Automated vs manual counts

Pearson’s R?=0.901, p < 0.001, and slope = 1.1 with line of y = x plotted for refence. Red line is
best fit.
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Figure 35 Comparing mean difference between manual and automated counts

Paired t-test assuming unequal variances, t stat: -0.954 p value: 0.344. Box and whisker plot: the
box extends from the lower to upper quartile values of the data, with a line at the median. The
whiskers extend from the box to show the range of the data. Flier points are those past the end of
the whiskers.
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Figure 36 Comparing mean quantifications of counts for each concentration of hydrogen
peroxide treatment

Paired t-test assuming unequal variances (results on plot). Box and whisker plot: the box extends
from the lower to upper quartile values of the data, with a line at the median. The whiskers
extend from the box to show the range of the data. Flier points are those past the end of the
whiskers.

14.07 Conclusion

Though simple, the method described here allow for robust quantification of neuron numbers in
primary cultures of projecting neurons cultured in multi-well plates. We show that the approach is reliable
to quantify neuron numbers across a range of ~100-300 projecting neurons per well imaged, as well as for
cells that have been treated with hydrogen peroxide. We find that there is a linear relationship between the

manual and automatic counts, validating that the approach is robust enough to allow useful quantification
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in in vitro assays. Using this method, biologists/neuroscientists will be able to produce reliable
quantifications of neuron cell numbers in primary cultures that allow for robust sample sizes to be collected:
previously a highly time-consuming task. Additionally, this method can be hosted and executed on Google
Colab, allowing zero-set-up on a user’s own machine (often a challenge for non-computational scientists):
similarly, to other similar work (von Chamier et al., 2021). In addition, our performance, though not as high
as other methods, reaches similar levels as deep learning approaches optimized for three-dimensional
samples (Falk et al., 2019; Tyson et al., 2020). Finally, the notebook nature of this method allows for data

analysis parameters to be saved for future reference, and to allow reproducibility of findings.
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15 Chapter 6 — Discussion

15.01 General considerations

In Chapter 3, we end with the quote, “What if our understanding of Parkinson’s disease is also
impeding our ability to find cures? Could it be that generating hypotheses based on what we think we know,
along with our rigid funding models, is making it nearly impossible to find what we really need to know?”
(Espay & Stecher, 2020). Without the necessary depth for such important and large questions, I believe that
this thesis begins to address some fundamental questions and assumptions generate the simple question:

why are certain neurons affected in PD, and others are not?

Many elements of disease-centric research preclude this question. Basic, fundamental, science finds
itself at the interface of biology and disease. Much of our funding is disease-centric, yet the knowledge
required for answering questions about pathophysiology requires a solid understanding of physiology — a
reference to compare to; where even here, the dichotomy is likely naive. In the context of PD and the other
neurodegenerative diseases, we aim to prevent and treat. Yet, we concurrently aim to understand why PD
is happening, to understand which biological systems are in dysfunction, how these systems function
normally, and how to intervene, or ‘rescue’, these yet-to-be-fully understood dysfunctional systems. [ would
argue that there is little acknowledgement of the overt challenge such an approach entails; how it may be
“making it nearly impossible to find what we really need to know”. Of course, I do believe that funding
bodies are responsible for many of these issues, in part: they dangle the proverbial carrot, after all. I
recognise that criticizing “translational impact” is relatively easy, and has been articulated for some time

(Fang & Casadevall, 2010; Microbe, 2021; Seyhan, 2019; Szaszi, 2015).

I would argue that as scientists, however, how we describe and discuss our day-to-day observations
is equally important. Not only must we verbalise and publish our valuing of basic science for the sake of
basic science (Curiosity Creates Cures: The Value and Impact of Basic Research, n.d.), we should also
believe it in such a manner that it guides our day-to-day. We may find ourselves exploring, for example, a
specific aspect of DA neuron biology in the context of a mouses behaviour and find ourselves trying to
understand what this means for PD or addiction/depression/schizophrenia in humans. Of course, there is a
link. Of course, there are examples where rodent models have — serendipitously, | would argue — managed
to capture key elements of biology and be transformative. However, I would suggest that these are
exceptions that prove the rule. When we have a body of data from model systems, from a multitude of

groups, that purport to explain a natural phenomenon causally, we can extrapolate and form hypotheses of
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how these models translate into human context or apply more broadly to biology. Even then, is this enough?
Considering a neurodegenerative disease such as Alzheimer’s disease, for example, it would seem — if one
considers the pre-clinical data — that we have generated effective treatments. Yet almost no clinical
efficacy has been demonstrated in human populations. Why is it that we keep on attempting to use very
similar mechanistic approaches, within very similar clinical trials, when there is almost no signal of efficacy
(Espay & Stecher, 2020)? If one considers how approaches in the treatment of breast cancer changed very
rapidly on the turn of a single clinical trial (Veronesi et al., 1981), where no differences in survival between
radical mastectomy versus breast-conserving surgery was demonstrated (Veronesi et al., 2002), scientific
communities have been able to change their approach, and paradigms, relatively quickly. These clinical

contexts differ substantially, evidently, but the fundamental principle is clear.

Confounding short term observations with basic science and subsequently translatable science, at
every step, must — I believe — be clouding our ability to resolve truth about biology from our models.
Given that in our laboratories, the success or failure of experiments is very often seen through a lens of
whether the data support the hypothesis and conclusions of some potential future manuscript, we set
ourselves up to be victims of our scientific hubris (Diamandis & Bouras, 2018). My hope with the data

generated in this PhD we minimise this error, perhaps even at the cost of extrapolating.

In PD research (as in many diseases), we clearly distinguish between disease and health. This is, of
course, a model. It is useful and necessary but taking the binary distinction for granted, without pause, is
likely clouding our ability to understand PD. Especially if one considers that this binary will impact the
grouping of individuals who are included in a GWA study, the fibroblasts that will be re-programmed into
neurons to study cell biology, the cells that are counted in post-mortem tissues, and the patients that will or

not be included in a clinical trial.

We often hear the over-used adage, “all models are wrong, but some are useful” (attributed to George
Box (“All Models Are Wrong,” 2021)). However, I believe it germane to follow this quote with the
following “a theory has only the alternative of being right or wrong. A model has a third possibility: it may
be right, but irrelevant.” (Eigen, 1973). Models are helpful; there is no doubt. But without robust theory,
which informs our models, and importantly, keeps us mindful of the fact that our models are models, after

all, it will be challenging to discover what we need to discover.
15.02 Considerations on selective vulnerability

Why are certain neurons vulnerable in PD, and others are not? I suggest, therefore, that to answer
this question, one needs an acute understanding of the layered models which are applied in formulating this

question (Table 7).
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Binary distinctions made (models) Notes and questions

Healthy (ageing)  vs Parkinson disease What is healthy ageing anyway? PD, is this a spectrum, and/or
Parkinson diseases (PDs) — plural?

Physiology Vs Pathophysiology In certain PDs, this may be pathophysiology (i.e. SNCA expansion);
in others, it is possible that this is only a form of physiological
ageing?

Humans Vs Animals Animal models of “PD” capture what, exactly, about human PD? Do

animals have the biology to ‘get’ PD?

Non-vulnerable Vs Vulnerable neurons What about non-neuronal cells? Which neurons, specifically? In
neurons what order are they affected — is this important?

Table 7 Models and questions in PD research

The notion that certain neurons dysfunction and degenerate, whilst others do not, is evident — for
the sake of simplicity PD vs non-PD neurons. This dysfunction and degeneration of specific circuits has
been elucidated by both the clinical symptoms and in vivo imaging, as well as by the neuropathological
evidence. This, however, has its caveats (as outlined in chapters 2 and 3). The way these cells have been
counted warrants re-addressing, and ‘what’, in terms of specific cell-type, has also been counted, is not
clear. Therefore, the sub-set, neurochemically speaking, of PD-neurons that are vulnerable is not exactly
clear (except for perhaps SNc DA neurons and TH+ LC neurons). If we are to understand the vulnerability
as a function of the morphology and physiology and try to understand how pathophysiology may be
selectively affecting these PD-vulnerable neurons, we need to be prepared that the PD vs non-PD neuron
is perhaps not accurate and that we are perhaps grouping neurons incorrectly (or not even considering other
types). For example, the SNc/VTA dichotomy is pervasive in our literature (and I recognised the irony
given the data and dichotomisation of the SNc¢/VTA in Chapter 4). However, the claim that the VTA is not
vulnerable in PD is overtly false. It is likely less vulnerable than the SNc, with estimates across all studies
suggesting that decreases in the SNc¢ (DA neurons) numbers compared to controls of 67% and 53% for the

VTA (Alberico et al., 2015).

Again, there is very limited actual data on the temporal order of this loss. As we showed in Chapter
2, there is very limited quantification of neuron numbers in multiple anatomically defined regions within
the same cases and very limited data on clinical variables such as progression or disease duration. In some
of the field’s best work, Huynh et al., have modelled the temporal order of SNc, VTA, and LC (TH+) cell
loss (referred to in chapter 3, letter to the editor) — shown in Figure 37 (Huynh et al., 2021). We can see

that, according to this modelling (and one could dispute the choice of modelling) that at the time of
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diagnosis, there is already substantial loss of SNc¢ DA neurons but no VTA DA loss. However, these models
are drawn from a relatively small data set (less than n=10 for each group), making this conclusion only
tentative. Furthermore, given that other quantifications of VTA DA neurons show a loss at between 0-5

years of disease duration, it seems improbable that there is no VTA DA neuron loss at the time of diagnosis

(as per Figure 37).
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Figure 37 Regression modelling of cell loss as a function of disease duration for A9 (SNc),
A10 (VTA), and A6 (L.C) neurons

Overlaid graphs of the regression modelling with curve fitting comparing the decline in the A6
noradrenergic and A9 and A10 dopaminergic neurons (Huynh et al., 2021)

The inspiration for Chapter 2, the review on the cell loss literature (Giguere et al., 2018), was born
out of an observation that when one was to seek the primary data supporting claims of cell loss, these were
not forthcoming with the rabbit hole of citations. And Chapter 3, letter to the editor, was about the nature
of claims citing this review, all through the lens of understanding how notions of PD-vulnerable neurons
exists within our literature. Robust scientific writing is exceptionally challenging. And an obvious
possibility is that some authors fail to read thoroughly enough the work they choose to cite (and I must
confess, despite my initial naive and hopeful intentions, many of the claims made in this thesis are not citing

literature in a manner that would satisfy these initial intentions, fully).
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It is widely recognised (one would hope) that scientific citation practices are opaque, and that
scientists-in-training receive insufficient guidance on citing (Jamieson, 2019) — even clear expectations
and the purpose of a citation are unclear, even at the level of publication and more ‘official’ channels of
scientific communication. Some descriptions of how to cite have been published in readily digestible
formats (Penders, 2018), and machine-readable citing systems have been developed (Shotton, 2010) that
hope to add an extra layer of annotation to the purpose of the citation. The uptake of these practices,
however, appears slow and disjointed, at best. Furthermore, the obscure role citations now play in academia
have been depicted elegantly (Rekdal, 2014). And, interestingly, mathematical modelling purports that
perhaps only 20% of citers read the source they cite (Simkin & Roychowdhury, 2002). However, in Chapter

3, we did find some clear examples (of the seven) claims citing the core message of our review, including:

“However, the magnitude and timing of this degeneration is poorly defined because of
the constraints of working with post-mortem human tissue.” (Gonzalez-Rodriguez et al.,
2020); “Overall, clearly, there is cell loss in brain areas in addition to the SNc, but neuron loss
in these other brain areas requires further validation ...” (Gcwensa et al., 2021); “However, it
should be noted that few studies have performed stereological quantification of neurons in the
VTA and the one study to do so reported a loss of neurons in this dopaminergic regions.”

(Hijaz & Volpicelli-Daley, 2020).

These select examples perhaps give us hope that this almost dogmatic idea of which specific neurons
degenerate in PD are changing and that novel work will emerge attempting to answer these questions. When
we explore the physiology and morphology of PD vs non-PD neurons, much of this work is carried out in
rodent models. Rodents, and mice, are great models for human biology for a plethora of reasons. But are
they good models for the physiology and morphology of PD-vulnerable neurons? For all PD-vulnerable
neurons vs non-vulnerable neurons? Is the pathophysiology that we hope to uncover, is it pertinently
captured in the biology of rodents? Overt differences between projecting and non-projecting neurons, in
terms axonal size and complexity, as well as several physiological variables, are obviously present in many

of our mammalian models — but may begin to become less overt in invertebrate models.

In Chapter 4, we saw the selective vulnerability of PD-vulnerable neurons modelled — somewhat
well — in vitro, using very young murine primary neurons. These data, at minimum support hypotheses of
selective vulnerability. The differential vulnerability to oxidative stress induced by treatment with hydrogen
peroxide suggests that there truly is an autonomous vulnerability that is different between these different
neuronal populations. One could ask, is this because the theory is correct? Or instead, the model “may be
right, but irrelevant”; that it is to say, in this system, the data support the hypothesis that PD-vulnerable

neurons are selectively vulnerable to elevated oxidative stress, even in vitro. Despite an in vitro system
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being unable to capture major elements of what we are trying to model: an aged neuron (~60 years), within
the full complement of brain tissues, with axonal arborisations totalling at least, at minimum, more than ~5
meters: is it able to capture the core biology that renders neurons vulnerable to PD? If so, why don’t mice

‘get’ PD?

Do other animals get PD or other neurodegenerative diseases? In much of the literature, it is often
claimed that neurodegenerative diseases are an exclusively human phenomena, and possible explanations
for this have been suggested. As cited in “The Evolution-Driven Signature of Parkinson’s Disease”
(Diederich et al., 2020), which will be discussed, these ideas can be drawn back to fundamental work by
Parent and colleagues where it was stated that “structures that appear early in the evolution are among the
first to undergo involution in ageing diseases” and “the neurodegenerative processes at play specifically
target the most phylogenetically ancient components of the brain, including the SN” (Parent, 1997). (Note:
It is worth considering that some of the evidence, which is used to form these ideas within his article “The
brain in evolution and involution”, especially in the dichotomisation of SNc versus VTA differential
vulnerability, is supported by data from MPTP treatment in primates, rather than post-mortem tissue in

cases of PD).

In an elegant brief communication, Paul Manger says, “The majority of neuroscience research is
focused on 3 species, rat, mouse and human. The general aim is to understand the basis of human neural
function and dysfunction, and to develop therapeutics or interventions; however, over 80% of potential
therapeutics developed in rodent models do not translate to the human condition, i.e. these rodent models
are inefficient” (P. Manger, 2019) (P. Manger, 2019). Of course, these repeated failures are perhaps merely
a reflection of a fact that our knowledge of biology is far from complete, and that our attempts to test

potential therapies are often too late in disease progression.

Though limited, there is a neuroscience literature in a greater diversity of species. This is useful
because many of the functional and structural systems are well conserved across vertebrates, and especially
mammals (Cisek, 2021; P. R. Manger, 2020; Yamamoto & Vernier, 2011). Are there examples of human

(brain) diseases in other species?

Age is the greatest risk factor for cognitive decline and many neurodegenerative diseases; therefore,
it is an essential variable to consider when seeking to discover human, age-associated diseases, in the wild.
Mild cognitive impairment often precedes a diagnosis of dementia in humans. Interestingly, cognitive
impairment has been described in one-third of dogs by age 12 and two-thirds by age 16. Furthermore,
dyskinesias in dogs have been reported purportedly due to basal ganglia dysfunction. Additionally,
Alzheimer’s-disease-related-pathology (AP plaques, neurofibrillary-related changes and cognitive deficits)

have been reported in dogs, cats, dolphins, sheep, goats, wolves, polar bears, lemurs, chimpanzees, rhesus
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monkeys, African green monkeys, and squirrel monkeys (Devinsky et al., 2018). Interestingly, rather
obscure but fascinating hypotheses have been put forward to suggest that post-reproductive life span may
be a key variable in terms of age and occurrence of Alzheimer’s. Gunn-Moore and colleagues put forward
the idea that the known link between failure in insulin signalling, type-2 diabetes, and Alzheimer’s may be
a consequence of a long post-reproductive life span. Dolphins are animals with long post-reproductive life
spans, and both tangle and plaque (Alzheimer’s) pathology have been observed in stranded animals (Gunn-

Moore et al., 2018; Sarasa & Gallego, 2006). “Pathology-like”, however, is of course not human disease.

Longevity, or rather, elevated mean age — at least in the context of a post-industrialised society —
seems to be uniquely human. However, data does exist — weak in nature, but existent nonetheless —
showing significant longevity “in the wild”. Elephants are reported to live well up to 70-80 years (Chusyd
etal., 2021), and Bowhead whales (Balaena mysticetus), for example, have been estimated to live well over
100 years consistently. Evidence even suggests that there have been individuals over 200 years old (George
et al., 1999; Keane et al., 2015). Other work exists showing “AD pathology” as well as a-synuclein Lewy
pathology in nine species of stranded toothed whales. The authors note, however, that they interpret these
data as being potentially due to hypoxia (rather than ageing) due to the diving nature of the animals —
positing the question as to which is causative (Sacchini et al., 2020). Notwithstanding, there does seem to

be an absence of evidence for overt neurodegenerative diseases in the wild, rather than evidence of absence.

The core ideas that summarise why PD may be an exclusively human disease are best described in
Garcia-Ruiz & Espay, 2017, Diederich et al., 2020, and Diederich et al., 2019. These ideas are elegant and
well-substantiated by the data. Some of these ideas can trace their origins back to Parent’s work, suggesting
that the most evolutionary conserved components of the basal ganglia — which seem to have diverged
~500 million years ago — remain relatively similar across the taxa [Cyclostomes (lamprey),
Chondrichthyes (sharks), Osteichthyes (lungfish), and Tetrapods (amphibians, reptiles, birds, and
mammals)], and are the most vulnerable in disorders of ageing, in particular PD (Parent, 1997). Why then

might SNc DA neurons in humans be vulnerable to PD, but those in the rodent, not?

Despite such conserved network structure and physiology, mammalian brain evolution has generated
great diversity. Ancestral mammalian brains were relatively small but have evolved to be highly variable
in size: modern mammalian brains vary in size by 100,000-fold (Count, 1947). However, this crude
measurement does little to interrogate the variation in the composition of the brain. It is suggested that the
variability in mammalian brains is due to varying mechanisms of scaling. For example, the expansions of
the cerebral cortex across species are not consistent with increases in brain size (Herculano-Houzel,
Manger, et al., 2014). The African elephant brain is ~3 times larger than the human brain, containing ~257

billion neurons. However, ~98% of these neurons are found in an enlarged cerebellum. In contrast, their

173



cerebral cortex has two times the mass of that found in humans, with only 5.6 billion neurons: roughly one-
third of those found in humans (Herculano-Houzel, Avelino-de-Souza, et al., 2014) (though unintuitive,
this is not an error). The mechanisms of scaling involve both the expansion (or reduction) of neuron
numbers within specific structures, but also the variation in the size of these neurons. The human brain is,
in fact, somewhat larger than would be expected based on body mass when compared to other primates

(Figure 38).
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Figure 38 Brain mass versus body mass of primates
(Diederich et al., 2019)

However, what may truly differentiate the human brain is the ratio of scaling of certain structures
within the basal ganglia. The elegant studies described previously (Figure 15) by Matsuda showed how a
single SNc DA neuron occupied 6% of the volume of the striatum in rats. The volume of the striatum,
however, in humans, has expanded to 300 times that of the rat. The number of neurons, however, has only
increased by 32-fold (from 12,000 in rats to ~300,000—400,000 in humans). This expansion results in
dopamine neurons within relatively similar structures and circuits having to innervate around ten times the
functional domain (Diederich et al., 2019; Garcia-Ruiz & Espay, 2017). This expansion is summarised in

Figure 39.
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Figure 39 Schematic diagram depicting the impact of telencephalisation.

The disproportionately increasing the ratio of functional domain volume to the number of
neurons of evolutionarily conserved components of the basal ganglia — principally SNc DA
neurons. It is thought that this expansion renders these cells vulnerable to the insults associated
with the PD. Furthermore, it is hypothesized that the other principle neuromodulator systems
have been equally “left behind”, evolutionary speaking (Diederich et al., 2019).

This could mean that a single SN¢ DA neuron, which has to remain functional for a lifetime, has
likely over 1 million pre-synaptic terminals along an axonal domain totalling around 4.5 meters (as

estimated by Bolam & Pissadaki, 2012). However, given estimated total lengths for other neuromodulatory
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projecting neurons (described in Chapter 1) being an order of magnitude larger (Wu et al., 2014) (these
claims, however, warrant further validation) than SNc¢ DA neurons, it seems paramount to validate whether

these neurons are equally, or even more vulnerable than SNc DA neurons.
15.03 Further interpretation of experimental data

Interestingly, as we see in Chapter 4, even in vitro, we see these projecting neurons growing highly
branched and very long axonal domains that seem to correlate with relative vulnerability to oxidative stress
induced by hydrogen peroxide. The subtle yet interesting observation is that what may differentiate even
the projecting neurons is the number of mature pre-synaptic terminals We do not have data to know whether
this phenomenon is an artefact of the model system or whether the activity and density of neurotransmitter
release sites in the axonal domain of these purported PD-vulnerable projecting neurons is actually the key
variable rendering them vulnerable in PD, in humans. In Chapter 4, we discussed possible interpretations
of our data, specifically the absence of overt differences in ROS production: despite other functional and
morphological differences. It is of course possible that roGFP is not a probe sensitive enough to distinguish
small variabilities in local ROS production relevant to homeostatic limits of the cell. Or that ROS
production is distributed throughout the axonal domain, and we would have been better placed to attempt
to measure ROS production using a probe localised to the cytoplasmic domain such as cyto-roGFP, rather
than MTS-roGFP, targeted to mitochondria specifically. Another important factor we did not evaluate was
the intrinsic firing rates of all our neurons in culture. It is highly possible that in our culture conditions, at
10 DIV, the majority of these neurons had not matured enough to begin to exhibit their defining pacemaker
firing. It is also possible that in vitro many of these neurons do not have their specific connectivity which

may be required to induce the developmental programs essential for a full physiological maturation.

Perhaps, if we assume the premise that we should observe differences, these data could be simply
explained by the lack of appropriate axonal growth. Given estimates of axonal lengths in vivo, differences
in ROS production may only arise when the axonal domain is at least orders of magnitude larger than those
observed in vitro where our axonal arborization are around 20 times smaller than in vivo. In future work it
would perhaps be fruitful to try to emulate in vivo size axonal arborizations. This would perhaps be possible
by extending the time of culture — aiming to optimize conditions to achieve cultures that last months rather
than weeks. Another potential approach would be to target genes that drive axonal growth, in an attempt to
engineer even larger SNc DA neurons. Would this render the cell closer to an in vivo-like neuron who would
be sensitive to the bioenergetic costs associated with such large axonal domains. Of course, this implies the
assumption that an axonal domain within the size ranges of rodents is ‘vulnerable’ from a bioenergetic point
of view. Data from our lab suggests that it is possible to increase the axonal arborization of single SNc DA

neurons using multiple models (Tanguay et al., 2021), where we can increase their vulnerability to 6-OHDA
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(but not, interestingly, a-synuclein) (Giguére et al., 2019). By increasing the ratio of axonal domain to
single SNc DA neuron, would we be able to generate a more ‘humanized’ mouse model. Perhaps in this
form the mouse may become spontaneously parkinsonian if coupled with accelerated ageing models, or the

insertion of known genetic risk factors for PD.

There is not necessarily something in biology called PD, per se, but rather many biological pathways
or (mal)adaptations that manifest in such a way that result in consistent clinical presentation (and
pathophysiology) — thus the diagnosis. It can be presumed that the emergence of clinical phenotypes
(which inform the diagnosis) arise due to the dysfunction of common systems — independent of the reason
for dysfunction in itself. For example, whether it be an individual with genetically linked young-onset PD
(Reed et al., 2019), or individuals who consumed recreational drugs containing the toxin MPTP (Langston,
2017), the dysfunction at the level of the brain system contributes to the clinical manifestation,
independently of the cellular/biochemical pathways differentially affected (I appreciate that given modern
diagnostic criteria that these individuals would be categorised differentially). It is, therefore, important to
isolate the biological features (or physiology and function) that are vulnerable to the insults that generate

the clinically categorised phenotype we call PD.

Throughout the literature and this thesis, we have seen a plethora of biological systems which may
or may not be key causes of PD. Figure 40 for example, illustrates the concept that PD may be visualised
as a puzzle of potential pathologies, all capable of causing “PD”. Though not discussed in either publication,
I believe it plausible that any and all of these systems may be capable of generating “PD”. These biological
systems are perhaps the most integral to the function of projecting neuromodulatory neurons, with a
physiology associated with intense calcium management. Perhaps PD is defined by this puzzle, and ALS,

or AD, is defined by a different puzzle (with substantial overlap).
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Figure 40 PD as a puzzle

Analytic methods by a Japanese team created a “map of molecular mechanisms and pathways
considered to be the key players in the disease” based on 2,285 elements and 989 reactions
supported by 429 articles and 254 entries from publicly available bioinformatic databases. The
map shows the range of abnormalities ever described, including synaptic and mitochondrial
dysfunction, failure of protein degradation systems, alpha-synuclein misfolding, and
neuroinflammation (Espay & Stecher, 2020; Fujita et al., 2014).

How might we understand this in the context of all we know about the genetics of PD? I would
propose that each of these systems can be dysfunctional, but it is only the critical mass of many of these
dysfunctional systems that generates crossing the critical limit for physiology, or rather extra-homeostatic
conditions. An SNCA triplication perhaps is a big enough “dose” of system dysfunction that it causes
degeneration of “PD neurons”. And a medium dose of mitochondrial dysfunction, and protein degradation
dysfunction, causes “PD” neurons to degenerate. And of course, degeneration that is generated may only
be observable in the context of a “PD-puzzle”, in a human neuron. Perhaps a view like this explains, quite
easily, why no two PDs are quite alike. They are similar enough to be categorised together, but not for the
subjective experience for the patient to be the same. It would naive, therefore, to aim to treat — with the

aim of disease modification — all cases of PD with a PD-biological-subtype-specific target.
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Finally, the distinction of PD vs healthy is fundamental (as is the distinction between disease and
non-disease (Smith, 2002)). How clear is the distinction between ageing, and PD. Is it possible that this is
a spectrum for at least certain forms of PD? One example of the importance of this question can be
illustrated by the lack of solid information on neuron numbers. Both in healthy ageing, as well as in healthy
vs disease. The biology of ageing is a vast field growing rapidly. However, we can make some astute
observations on this fundamental variable, cell numbers. Though data is still somewhat weak, there is
evidence to suggest that the number of SNc DA neurons declines with age, with the most robust estimates
suggesting a decrease of roughly 10% per decade, on average. This rate, and how it changes during life
(i.e., whether this number is stable until 50 years, and then declines rapidly) is unclear (Ma et al., 2003).
Furthermore, there are tentative reports — and given their nature, requiring sensitivity — that decline in
SNc DA neuron numbers vary by ethnic ancestry. One such report suggests that lower incidences of PD in
individuals of Asian Indian ancestry (Ben-Joseph et al., 2020; Muthane et al., 2001) may be accounted for
by differential loss of SNc¢ DA neurons over time (Alladi et al., 2009) — with individuals of Asian Indian
ancestry showing an “absence of age-related changes in nigral dopaminergic neurons”. Of course,
extraordinary claims require extraordinary evidence. But the suggestion that genetic variability may be
available to understand differential vulnerability of SNc DA neurons to both age and disease is promising.
The number of TH+ locus coeruleus neurons has also be quantified as a function of age, and data suggests
that total numbers may halve over a 100-year life span (however, this is from a limited data set: 20
individuals, from 1-100 years of age) (Manaye et al., 1995). In addition, the severity of LC neuronal loss
has been correlated with the incidence of dementia in PD (Zarow et al., 2003; Zweig et al., 1993). Given
that we are beginning to appreciate that not all individuals age, biologically, at the same rate (Belsky et al.,
2015; Santos et al., 2021), could PD arise because of an accelerated ageing phenotype (‘ageotype’ — (Ahadi
et al., 2020)), rather than say a genetic or environmental risk profile causing selective degeneration of “PD-

nuclei”?
15.04 Future directions

In the context of this discussion and thesis, LP has somewhat been neglected in attempting to
understand the selective degeneration observed in PD. We have observed a restricted and staged LP in the
work by Braak and colleagues (Braak & Del Tredici, 2017), the ‘spreading’ of LP in long-term fetal nigral
transplants (Kordower & Brundin, 2009), and an abundant literature on possible toxic effects of
‘pathological’ a-synuclein. However, given that PD, or PD-like diseases, are reported without LP (Johansen
etal., 2018; Takanashi et al., 2018), and that LP is present in normal elderly subjects (Knopman et al., 2003;
Markesbery et al., 2009; Mensikova et al., 2022), it seems logical that the focus must remain on the neurons

that are affected, and not the subsequent pathology that we observe. Furthermore, the clinical subtyping of
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PD has been shown to be un-correlated to the neuropathological findings (De Pablo-Fernandez et al., 2019;

Espay & Marras, 2019).

To conclude, though we have may have some confidence in which neurons are degenerating in PD
— given the fundamental nature of this knowledge to our endeavours to understand PD — novel thorough
investigations asking which neurons and cells are affected in PD, as well as other neurodegenerative
diseases, is essential. Secondly, I believe that our data showing that the vulnerability to cell stress may be
conferred by the number of active neurotransmitter release sites in projecting neuromodulatory neurons,
suggests that this unique characteristic may be a critical factor rendering neurons vulnerable to

dysfunctional biological pathways (outlined in Figure 40) associated with PD.

The phenotyping of neuron sub-types that is currently being undertaken (such as the work at the
Allen Institute (Abbott, 2021; Peng et al., 2021)) is currently somewhat limited to cortical neurons and must
be continued into the neuronal types of interest for diseases such as PD — projecting neuromodulatory
neurons. With the advent of novel methods, we may be in the position in the not-too-distant future to carry
out brain-wide spatial transcriptomics (Marx, 2021) coupled with stereology-like automated quantifications
— perhaps across neurodegenerative disease categories, and age — coupled with longitudinal, rich clinical,
functional, and behavioural data to allow us to probe which neurons, precisely, and when, dysfunction
beings to arise. At the time of writing, we currently have a subsequent meta-analysis being undertaken
evaluating the evidence for cell loss in PD (Lunt et al., 2021). It is hoped that with these new analyses of
existing data, coupled with our review (Giguere et al., 2018) on the cell loss data in PD, we will be able to
encourage our peers that a thorough evaluation of specific cell loss, across multiple brain regions, within

the same, well-documented cases of PD, is essential.
15.05 Closure

What a privilege it is to be a scientist. To discover for the sake of discovery itself; to improve the
lives of people, present and future. I think a fitting observation to hold following a PhD is well described
by the late S Gould:

“But, as we consider the totality of similarly broad and fundamental aspects of life, we
cannot defend division by two as a natural principle of objective order. Indeed, the ‘stuff’ of
the universe often strikes our senses as complex and shaded continua, admittedly with faster
and slower moments, and bigger and smaller steps, along the way. Nature does not dictate
dualities, trinities, quarterings, or any ‘objective’ basis for human taxonomies; most of our

chosen schemes, and our designated numbers of categories, record human choices from a
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cornucopia of possibilities offered by natural variation from place to place, and permitted by
the flexibility of our mental capacities. How many seasons (if we wish to divide by seasons at

all) does a year contain? How many stages shall we recognise in a human life?”

— Stephen Jay Gould (2003)
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17 Appendix

Figure 1-2
A  TH-GFP LC neurons infected with AAV9-TH-MTSroGFP
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