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While current effective therapies are available for the symptomatic control of Parkinsońs disease 

(PD), treatments to halt the progressive neurodegeneration still do not exist. Loss of dopamine 

neurons in the substantia nigra pars compacta and dopamine terminals in the striatum drive the 

motor features of PD. Multiple lines of research point to several pathways which may contribute to 

the dopaminergic neurodegeneration. These pathways include extensive axonal arborization, 

mitochondrial dysfunction, dopamine’s biochemical properties, abnormal protein accumulation of 

α-synuclein, defective autophagy and lysosomal degradation, and synaptic impairment. Thus, 

understanding the essential features and mechanisms of dopaminergic neuronal vulnerability is a 

major scientific challenge and highlights an outstanding need for fostering effective therapies 

against neurodegeneration in PD. This article, which arose from the Movement Disorders 2018 
Conference, discusses and reviews the possible mechanisms underlying neuronal vulnerability and 

potential therapeutic approaches in PD.

Introduction

The cardinal features of Parkinson disease (PD) were elegantly described some 200 years 

ago by James Parkinson and Jean-Martin Charcot. The second half of the 20th century 

produced remarkable advances in defining neurodegeneration of the nigrostriatal 

dopaminergic projection as the primary basis for PD, and major therapeutic developments 

such as levodopa and deep brain stimulation (1). Thus, clinical management of PD has 

improved substantially, diagnosis of genetic forms is readily available, patient quality of life 

continues to improve, and life expectancy is approaching that of the normal population. 

Furthermore, the clinical spectrum has expanded enormously with the recognition of a 

plethora of non-motor manifestations, particularly hyposmia, sleep disturbances, autonomic 

dysfunction, constipation, depression, and cognitive impairment. However, despite these 

major advances, there is still no treatment to stop progression of the disease, minimal 

therapeutic strategies exist to alleviate the nonmotor symptoms, and the underlying causes of 

PD are still unclear. This has produced a new clinical situation and phenotype of patients in 

whom the long-term evolution of neurodegeneration in PD interacts with aging and 

comorbidity. Accordingly, efforts to understand the mechanisms underlying neuronal loss 

and to halt disease progression are currently considered one of the most important 

unresolved issues in PD. This is particularly relevant regarding Lewy pathology (2), as major 

efforts are now underway to develop treatments that target abnormal aggregation of α-

synuclein (α-syn) and other proteins. It is well known that α-syn aggregates are present in 

selected regions in the central and peripheral nervous system, suggesting that some neurons 

may be more susceptible to forming pathological inclusions. Examples of regions that 

harbor Lewy pathology include the olfactory bulb, retina, salivary gland, enteric nervous 

system, sympathetic ganglia, nerves of the cardiac conduction system, dorsal motor nucleus 

of the vagus, spinal cord, brainstem (including the substantia nigra pars compacta [SNc] and 

locus coeruleus), hypothalamus, hippocampus, and cortex (3–9). Why some neuron 

populations are more susceptible to forming Lewy pathology and the impact of these 

inclusions on neuronal function is thus an important area of current research (10, 11) .

Consequently, an outstanding question that remains to be answered is what makes particular 

subpopulations of neurons especially vulnerable in PD. An approximate 70% loss of 
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dopamine (DA) neurons in the SNc defines PD, and contributes to the majority of motor 

features (12). Pigmented neurons are particularly susceptible, especially in the ventral tier of 

the SNc as assessed in post-mortem brains and recently, with in vivo neuromelanin-sensitve 

MRI (13). Although less well characterized, there is evidence for neuronal loss in other brain 

regions (14). A recent thorough review assessed all the published papers in which neuron 

counts in particular brain regions of PD patients were performed (14). Studies using 

unbiased, precise stereological counts showed loss of neurons, in addition to the SNc, in the 

pedunculopontine nucleus, dorsal motor nucleus of the vagus, the amygdala, and the cortex. 

However, the extent of cell loss in these brain areas (10–40%) was not as robust as in the 

SNc (70%), nor did it typically occur early in the disease process. There is a substantial 

decrease in glutamatergic neurons (up to 70%) in the parafascicular and centromedian nuclei 

of the thalamus, which project to the striatum (15), but the origin and significance of this 

early cell loss has yet to be clarified. Interestingly, three studies showed an up to 100% 

increase in DA neurons in the olfactory bulb, which suggests that not all dopaminergic cells 

are prone to neurodegeneration in the PD brain (16). Although loss of neurons in the locus 

coeruleus and raphe nucleus have also been reported, studies employing stereological cell 

counts of these important brain regions in PD are lacking.

In addition, treating disease progression and development of non-motor symptoms in PD 

and preventing progression from the brainstem to other brain areas is another critical unmet 

need in the field of PD. Neuronal loss in other non-dopaminergic brain regions conceivably 

contributes to some of the non-motor features of PD and thus, understanding the 

mechanisms that contribute to their neuronal dysfunction will be important but has not been 

elucidated. In addition, while synaptic loss has been appreciated for several years now in 

Alzheimer disease, it is only recently becoming clear that synaptic loss before neuronal 

death also occurs in PD.

In this article we focus on ascertaining and discussing mechanisms of neuronal vulnerability 

of the SNc dopaminergic striatal projection neurons, as this is better known and the primary 

target of probable therapeutic advances.

Role of axonal arborization

Neurons that are particularly vulnerable in PD including dopaminergic nigrostriatal neurons, 

cholinergic neurons of the pedunculopontine nucleus, and noradrenergic neurons of the 

locus coeruleus have long axons that are unmyelinated in the region of arborization. 

Nigrostriatal neurons exhibit a large synaptic tree (i.e. 1 axon has 2–6 × 105 synapses) which 

is likely to be required to sustain tonic DA release in the striatum (17, 18). Thus, extensive 

axonal arborization has been postulated as a key vulnerability factor in PD. The fundamental 

implication of this hypothesis is that such a highly branched axonal domain imposes 

extraordinary metabolic costs on these cells and places them close to their maximum 

capacity to manage elevated energetic demands, oxidant stress, protein delivery, and 

proteasomal systems (19–21). In the presence of the risk factors associated with PD, the 

subsets of neurons that express these characteristics will therefore begin to experience 

cellular dysfunction before other neuronal populations and ultimately lead to degeneration.
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In a paper published in 2006, Parent and Parent raised the hypothesis that the highly 

collateralized nature of DA neurons, which they studied using single-neuron juxtacellular 

labelling (22–25), may underscore their risk to neurodegenerative, metabolic, or neurotoxic 

insults (26). Based on the increased vulnerability of DA neurons of the ventral tier of the 

SNc (projecting mostly to sensory-motor territories of the dorsal striatum), they further 

hypothesized that these neurons may have more extensive axonal arborization and be most 

energetically compromised compared to other DA neurons with a smaller axonal domain, 

such as those of the ventral tegmental area (VTA). This was subsequently expanded by 

Bolam and Pisaddaki (27) who estimated, based on the density of dopaminergic axon 

terminals in the caudate and putamen and the known number of DA neurons, that human 

SNc DA neurons may have over 1.5 million axon terminals apiece. Based on work in other 

systems (28), it is likely that a majority of these contain active mitochondria and thus locally 

generate ATP and reactive oxygen species.

1) Axonal arborization and neuronal susceptibility: Can it be validated?

Although simple and heuristically attractive, this hypothesis is not straightforward to test. 

We are limited in both our ability to measure multiple variables (the different physiological 

characteristics believed to underpin selective vulnerability) and to do this in experimental 

paradigms that are faithful and pertinent to the human pathological processes we are trying 

to understand.

First, comparative data are needed from a range of “vulnerable” and less vulnerable neurons 

in terms of their axonal complexity, number of axon terminals, and global size. Although 

tracing studies using juxtacellular labelling of single neurons or small population of neurons 

with dextran dyes or genetically-encoded virally-delivered reporter proteins have separately 

described the axonal arborization of subsets of SNc (Prensa and Parent, 2001; Matsuda et 

al., 2009) and VTA (29, 30) DA neurons, no direct comparative studies had been published 

until recently. Using an in vitro mouse DA neuron culture system, the axonal arborizations 

of SNc, VTA, and olfactory bulb DA neurons were compared (31). In this reduced system of 

DA neurons growing on supportive astrocytes, SNc DA neurons were found to have a two-

fold larger axonal arborization compared to VTA DA neurons, and olfactory bulb DA 

neurons have a much smaller axonal arborization. Furthermore, it was recently shown using 

a virally-encoded tracer in the intact mouse brain that SNc DA neurons have a three-fold 

larger axonal arborization length compared to VTA DA neurons (14) Moving forward, 

similar and thorough comparative data need to be acquired for other potentially vulnerable 

neurons in PD for which only partial data presently exist (32–35).

Second, to further validate this hypothesis of a causative relationship between axonal arbor 

size and vulnerability, it is essential to obtain comparative data on the bioenergetic 

properties of highly branched neurons relative to neurons with smaller axonal arborizaton. 

Prior work has established that synaptic transmission is a key determinant of cellular energy 

use (36, 37), such that neurons with multiple active axon terminals along a highly branched 

axonal arborization would be predicted to have large energy requirements. Furthermore, it 

has been postulated that the energetic cost of action potential propagation may not increase 

in a purely linear fashion, but as a function of axonal arbor complexity(38).
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ii) Impact of extensive axonal arborization on mitochondrial oxidative phosphorylation

Due to an absence of techniques, the measurement of mitochondrial oxidative 

phosphorylation (OXPHOS) in neuronal subpopulations in complex brain tissue is extremely 

challenging. However, data from in vitro studies support the hyperbranching hypothesis, 

including work that evaluated rates of oxygen consumption to estimate mitochondrial 

OXPHOS in FACS-purified primary mouse DA neurons (Pacelli et al., 2015) (31). These 

data revealed that the most arborized SNc DA neurons were also the ones with most active 

mitochondria compared to VTA DA neurons. Moreover, SNc DA neurons also demonstrated 

the highest rates of basal superoxide production, which supports the notion that elevated 

OXPHOS might be the origin of chronically elevated oxidant stress in these neurons(31). 

Interestingly, this study showed that the basal rate of OXPHOS in SNc DA neurons is 

relatively close to the maximal rate that can be sustained by the mitochondrial network of 

these cells, a situation that is likely to place them at risk in situations of cellular stress and 

perhaps lead to gradually impaired proteostasis and accumulation of pathological protein 

aggregates. The same study also showed that reducing the axonal arbor size of SNc DA 

neurons by exposing the neurons to the axonal guidance factor semaphorin 7A led to a 

subsequent decrease in OXPHOS and superoxide production, and in turn, an increase in 

resilience. Additional studies in support of the role of arborization and high energy 

consumption as a key vulnerability factor include two recent studies which showed that in 

DA neurons, the overexpression of SIRT3, a mitochondrial deacetylase well established to 

promote cellular resilience, leads to reduced basal rates of OXPHOS (39), increased 

antioxidant defense (40), and increased resilience. Compatible with the theory that elevated 

basal bioenergetics and oxidant stress in SNc DA neurons are key determinants of their 

vulnerability in response to cellular stressors of mitochondrial origin known to lead to PD, a 

recent study showed that deletion of the mitochondrial E3 ubiquitin ligase parkin leads to 

preferential loss of the most arborized SNc DA neurons (Giguère et al., 2018b). This 

suggests that mitochondrial dysfunction induced by autosomal recessive mutations in 

multiple mitochondrial-associated genes including Parkin, but also the mitochondrially-

localized kinase PINK1, and DJ-1 all lead to forms of cellular stress that have more impact 

on SNc DA neurons compared to less arborized, more resilient neuronal populations.

iii) Therapeutic Outlook: Mitochondrial function and axonal arborization

It can be envisaged that different stressors involved in PD could preferentially drive the 

highly branched populations of dopaminergic SNc neurons beyond physiological capacity to 

cope with the associated high degree of mitochondrial oxidative phosphorylation. However, 

there has been no specific therapeutic approach based on this concept. Studies with 

antioxidants, MAO-B-inhibitors, creatinine, vitamins, or coenzyme Q10, to name a few, to 

reduce oxidative stress or enhance the supply of energy-rich substances have been carried 

out in de novo PD and in more advanced stages of PD without any net symptomatic or 

disease modifying benefit. Thus, other mechanisms must be investigated, such as toxicity 

caused by modifications to DA or impaired proteostasis pathways in neurons with long 

axons and extensive arborizations (41).
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Role of biochemical phenotypes: catecholaminergic neurons and oxidized 

DA

Dopamine is oxidized, producing reactive oxygen species that contribute to neuronal 

toxicity. Rapid oxidation of DA into toxic quinones in dopaminergic neurons has also been 

proposed to play a contributing role in their degeneration in PD. However, this has not been 

systematically examined in human neurons until recently, thus allowing for an analysis of 

the role of oxidized DA in both familial and sporadic PD patient-derived neurons. 

Importantly, as the majority of PD mouse models demonstrate negligible nigral degeneration 

or behavioral phenotypes (42), patient-derived neurons may provide additional insight into 

PD pathogenesis. Multiple lines of evidence now implicate a key role for DA oxidation in 

driving selective vulnerability in patient neurons (Figure 1).

Using DA storage vesicles isolated from the striatum of PD patients and controls, it has been 

shown that the uptake of DA by VMAT2 is reduced in PD. Cytosolic DA is responsible for 

generation of damaging reactive oxygen species that contribute to degeneration of DA 

neurons (43). The first line of evidence comes from recent measurements of oxidized DA 

species in human neurons using near infrared fluorescence (nIRF) (44), which measures the 

fluorescent properties of o-quinones in both cells and tissues. Oxidized DA levels 

dramatically increase in a time-dependent manner in human iPSC (induced pluripotent stem 

cell)-derived dopaminergic neurons from both idiopathic patients and familial PD patients 

harboring Parkin, PINK1, DJ-1 loss of function mutations, or wild-type α-syn triplication 

mutations, as compared to control neurons (45). In contrast to human patient neurons, PD 

mouse models such as DJ-1 KO mice show negligible amounts of oxidized DA (45), 

consistent with the lack of nigral degeneration or behavioral phenotypes in the majority of 

PD mouse models (42). One factor potentially contributing to this species-specific difference 

is elevated levels of DA in control human neurons compared to mouse neurons (45). 

Supporting this, increasing DA synthesis in wild-type or DJ-1 KO mice with levodopa, the 

synthetic precursor of DA, is sufficient to induce oxidized DA accumulation in the SNc but 

not in other brain regions (45).

The second line of evidence arises from oxidized DA’s ability to mediate a pathogenic 

cascade involving mitochondrial and lysosomal dysfunction in neurons derived from PD. 

Elevated mitochondrial oxidant stress in human dopaminergic neurons drives a DA-

dependent sequence of events that lead to lysosomal dysfunction and α-syn accumulation 

(45). Consistent with the species-specific oxidized DA increase found in human PD neurons, 

this toxic cascade was only observed in mouse dopaminergic neurons upon treatment with 

levodopa to induce oxidized DA accumulation. Oxidized DA’s ability to disrupt lysosomal 

dysfunction was further exacerbated by the fact that DA quinones directly modify cysteine 

residues in the catalytic site of the lysosomal enzyme GCase (GBA1) (45), the most 

common genetic risk factor for PD (46), resulting in decreased GCase enzymatic activity.

Moreover, oxidized DA also modifies α-syn to promote its aggregation (47–50). In 

particular, increased levels of cytosolic DA are toxic to DA neurons. Furthermore, deletion 

of α-syn protects DA neurons from L-DOPA-induced neurotoxicity, which support a toxic 

interaction between cytosolic DA and α-syn (51). Aggregation of α-syn caused by cytosolic, 
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oxidized DA can be ameliorated in patient neurons by treatment with α-methyl-p-tyrosine 

(AMPT), which competitively inhibits tyrosine hydroxylase and prevents DA synthesis (45). 

Thus, as increased α-syn levels result in decreased GCase activity (52, 53), oxidized DA 

may further accelerate this bidirectional relationship in dopaminergic neurons leading to 

their selective vulnerability.

In addition, DA oxidation also contributes to mitochondrial dysfunction (45), resulting in a 

vicious cycle between DA and mitochondrial oxidation which may further contribute to 

lysosomal dysfunction in patient neurons. Surprisingly, early treatment with mitochondrial 

antioxidants in long-term midbrain cultures is sufficient to prevent these downstream toxic 

phenotypes (45), which suggests that early therapeutic interventions targeting oxidative 

stress may be viable for treating the pathogenesis of PD.

The third line of evidence stems from oxidized DA’s relationship with synaptic dysfunction. 

Recently, loss-of-function mutations in auxilin (DNAJC6) and synaptojanin-1 (SYNJ-1), 

which regulate clathrin-dependent synaptic vesicle endocytosis, have been associated with 

juvenile and early-onset atypical parkinsonism (54–58), further highlighting the role of 

synaptic dysfunction in this disease. At the nerve terminal, cytosolic DA must be rapidly 

packaged into newly formed synaptic vesicles to prevent its oxidization. Consequently, 

inefficient synaptic vesicle endocytosis and defective DA importing into vesicles may 

accelerate cytosolic oxidized DA accumulation and its downstream toxicity as discussed 

above (59–64). Indeed, loss of endogenous auxilin in human dopaminergic neurons is 

sufficient to induce oxidized DA accumulation, further supporting an important link between 

DA metabolism and synaptic function (65).

Role of selective vulnerability to α-syn

i) Local and global factors that influence vulnerability to Lewy pathology

In synucleinopathies, Lewy bodies (LBs) and Lewy Neurites (LNs) are distributed across 

multiple regions within the central and peripheral nervous systems with pathology present in 

both motor and non-motor systems (3, 8). Depending on disease stage, affected neurons can 

encompass several neurotransmitter systems, including catecholaminergic, glutamatergic, 

serotonergic, and cholinergic neurons (3, 66, 67). Lewy pathology is typically present in a 

subset of neurons within an individual neuroanatomical region, and a considerable 

proportion of neurons that share these same neurotransmitters do not feature α-syn 

inclusions over the course of a disease which can last up to decades. These observations 

further underline the contrasting susceptibilities to α-syn pathology between subpopulations 

of neurons, suggesting that cell-autonomous factors may further influence such selective 

vulnerability.

Large-scale genetic studies have identified variations in the α-syn gene (SNCA) as a major 

contributor to the risk of developing PD (68). Likewise, duplication and triplication of the 

SNCA gene encoding α-syn leads to early onset PD in which the age of onset inversely 

correlates with gene dosage (69). In addition to pointing towards a central, and potentially 

causative, role in PD, these data further imply that the propensity to develop Lewy pathology 

is dependent on the concentration of α-syn expressed within neurons. This hypothesis has 
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largely been demonstrated in transgenic and viral overexpression PD models. For example, 

the accumulation of misfolded and post-translationally modified (e.g., Ser129 

hyperphosphorylation) α-syn in animal and cell models, as well as their consequent 

phenotypes, are dependent on the number of alleles or genomes expressed (69–75).

A growing body of evidence also suggests that cells are capable of acquiring pathological α-

syn from the extracellular environment which then catalyzes misfolding of the host cell’s α-

syn pool into Lewy-like inclusions (76, 77). It follows that this prion-like mechanism, which 

relies on self-templating of a pathological seed, would proceed more rapidly when higher 

concentrations of α-syn are present in neurons. Consistent with this logic, the levels of α-

syn pathology elicited when neurons are exposed to misfolded α-syn, either derived from 

synucleinopathy brains or in the form of recombinant α-syn fibrils, correlate strongly with 

the level of endogenous α-syn of the treated animal or cultured neurons (10, 78).

A similar relationship between α-syn expression and propensity to form Lewy pathology 

may also be acting at the regional and cellular levels. While a comprehensive survey of the 

physiological levels of α-syn has yet to be performed in CNS and PNS regions or individual 

neurons, the distribution pattern of Lewy pathology observed in postmortem 

synucleinopathy brains offers a number of clues regarding the relationship between the two. 

For example, in contrast to dopaminergic and noradrenergic neurons in the SNc and LC, 

respectively, inhibitory neurons are relatively spared from LBs in synucleinopathies (79). In 

agreement with this, levels of α-syn appear to be lower in GABAergic neurons and 

interneurons compared to other cells (79–81), whereas catecholaminergic neurons exhibit 

relatively high α-syn expression levels in both rodents and humans (80). On the other hand, 

glutamatergic neurons display a wide range of expression levels across different 

subpopulations. Correlating with their higher α-syn expression levels compared to other 

neurons containing this neurotransmitter, areas such as cortical layer 5, hippocampus, 

amygdala, and olfactory bulb are prominent hotspots for pathology, albeit at different stages 

of disease (67, 82, 83).

Interestingly, intracellular α-syn levels appear to vary considerably, even among 

glutamatergic excitatory neurons. Bulk RNAseq data suggests that α-syn expression across 

excitatory hippocampal neurons can differ by several fold and corresponds closely to 

subtypes belonging to different hippocampal subfields (84). Neurons deriving from the 

Cornu Ammonis (CA) bearing the master transcription factors Math2 (NEX-1/NeuroD6) or 

CTIP2 (Bcl11b) show the highest levels as confirmed by immunocytochemistry in cultured 

neurons (10). In contrast, glutamatergic neurons in the dentate gyrus (DG) containing 

another marker, Prox1, express markedly lower α-syn concentrations than CA neurons. 

Upon exposure to recombinant α-syn fibrils, CA neurons develop Lewy-like pathology 

much more rapidly and extensively than DG neurons, resulting in accelerated cell loss in the 

former and indicating that α-syn expression correlates tightly with both pathologic burden 

and degeneration. This pattern also coincides with the observation that CA subfields are 

more prone to pathology in in PDD and DLB (3, 85–87). In agreement with this, antisense 

oligonucleotide-mediated knockdown of α-syn reduces both the accumulation of pathology 

and cell death (88, 89).
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Importantly, low α-syn expression levels alone do not confer total immunity to fibril-

induced pathology, but rather slow down this process as evidenced by the observation that α-

syn inclusions also emerge in DG neurons after targeted injection of fibrils into the 

hippocampus (10, 90, 91). While this response is muted compared to that seen in 

neighboring CA neurons, α-syn pathology nonetheless continues to amplify after the 

process has peaked in the CA, eventually also leading to neuron loss. A similar phenomenon 

is also observed following fibril injections into the mouse dorsal striatum where inclusions 

develop within GABAergic medium spiny projection neurons after a months-long delay. 

During this time pathology has already been established in surrounding afferent (e.g., 

nigrostriatal, amygdala, and corticostriatal) neurons (91, 92). These observations align with 

reports that inhibitory neurons and interneurons are also affected by Lewy pathology in PD 

and DLB, but to a lesser extent.

The increasing availability of single-cell analysis methods should provide additional insights 

into other cell-autonomous factors that contribute to relative vulnerability in 

synucleinopathies (93, 94). The most obvious candidates are processes that regulate α-syn 

levels through production and degradation. Consistent with this, several PD and DLB risk 

genes have functions that align with one or more of these above categories, for example α-

syn expression (SNCA), proteastasis or lysosomal function (DJ-1, GBA, and ATP13A2) and 

intracellular trafficking (VSP35). Given the emerging realization that α-syn pathology can 

be transmitted between neurons at or within the vicinity of synapses (78), factors that 

modulate α-syn trafficking, internalization, or secretion would also be expected to influence 

vulnerability to developing α-syn pathology. Interestingly, both in vitro and in vivo studies 

indicate that the trafficking and cell-to-cell transmission of internalized α-syn species does 

not require α-syn expression in intermediary neurons (95, 96). Thus, overlaying the 

information gathered at the cellular level with the expanding number of brain connectivity 

datasets (94), which may be indicate the probable site of α-syn transfer or exposure, will 

provide a basis for understanding how pathology develops in a temporal-spatial manner.

In the meantime, available clinical-pathological and experimental data point towards two key 

concepts regarding selective vulnerability in individual neurons. First, while α-syn 

expression is necessary to support the development of Lewy pathology, intracellular α-syn 

concentration (and hence its modulators) appear to influence the rate at which it progresses. 

Furthermore, it is possible that α-syn pathology is present in neuronal populations at levels 

below the threshold for detection that may or may not emerge depending on disease 

duration. Second, selective vulnerability cannot be accounted for by α-syn expression levels 

alone and that these other cell-autonomous and non-autonomous risk factors intersect/

interact within individual neurons.

ii) Therapeutic Outlook: Focus on α-syn

There are two dominant concepts currently in clinical trials related to α-syn. One relates to 

passive immunotherapy in two ongoing clinical Phase II trials by means of intravenous 

infusion of α-syn antibodies (97). One such antibody was recently demonstrated to be safe 

and tolerable in a Phase I clinical trial, reported by Prothena Corporation and Roche 

(PASADENA study) (98). Biogen has initiated another Phase I clinical trial (SPARK study) 

Wong et al. Page 9

Mov Disord. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



showing safety and tolerability of another antibody identified in a B-cell screen from healthy 

individuals (99, 100). AffiRis is also utilizing an active immunotherapy approach by 

stimulating an immune response to α-syn peptides (101).

The second approach to reducing alpha-synuclein aggregation relies on small molecules 

which have the property to block aggregation of alpha-synuclein monomers to oligomers. 

Two compounds are currently under investigation: the compound NPT200–11/UCB0599, 

from the company UCB, has passed Phase I testing in healthy volunteers, and Phase II in de 
novo idiopathic PD patients is currently under way. The second compound, ANLE138b 

(102) also blocks aggregation of alpha-synuclein as well as of tau- and ß-amyloid 

monomers. Preclinical testing of this compound has been completed, and it is ready to enter 

Phase I in healthy volunteers and de novo PD patients. Proclara Biosciences also has a 

compound, NPT088, in a Phase 1b clinical trial for Alzheimer disease, which may also be 

effective in preventing formation of amyloid aggregates of α-syn. In contrast to the 

antibodies against α-syn, these compounds are taken orally, easily pass the blood brain 

barrier, and accumulate in brain tissue in comparison to blood.

In any case, these trials will serve as valid examples for setting the methodology (i.e. 

minimal requirements) for future trials with putative disease-modifying molecules. This 

involves defining primary endpoints (motor symptoms) and secondary endpoints, such as 

non-motor symptoms. Methods to determine target engagement and ability of the compound 

to reduce pathologic α-syn are necessary Such methods may include: α-synuclein real time 

quaking-induced conversion [RT-QuIC) (103)] to quantify amounts of α-syn into fibrils in 

the cerebrospinal fluid, skin biopsy for phospho-alpha-synuclein aggregates in dermal fibers 

(104), and ultimately PET scans with Fluoro-Desoxy-Glucose (105) or even α-syn 

aggregate-selective ligands that are currently being developed. Importantly, finding a reliable 

recruitment assessment approach is necessary, including distinguishing between 

parkinsonism patients with or without Lewy pathology (106).

Role of proteostasis pathways in neuronal vulnerability

i) Autophagic and lysosomal degradative pathways

Dysfunction of the lysosomal/autophagic pathway has also been strongly implicated both 

genetically and functionally in PD (107). Indeed, mutations in the lysosomal hydrolase β-

glucocerebrosidase (GCase) encoded by GBA1 represent the most common PD risk factor 

(108), while variants in the LIMP-2 gene (SCARB2) which traffics GCase to lysosomes 

(109) also associate with increased PD risk (110). This suggests that proper lysosomal 

trafficking of GCase is an important contributor to neuronal vulnerability in PD. 

Interestingly, sporadic PD patients also have reduced wild-type GCase activity and 

accumulation of GCase substrates in blood and postmortem brains (111–113). Thus, the 

level of GCase activity may be a potential biomarker for PD, and improving lysosomal 

GCase activity may be an efficacious therapeutic disease target. Of note, as increased α-syn 

levels and loss of GCase activity are bidirectionally regulated (53), decreased lysosomal 

GCase activity may be a common mechanism and potential target additionally relevant to 

other synucleinopathies besides PD, such as Lewy body disease (114, 115). Interestingly, as 

GBA1 mutations lead to loss of lysosomal ceramide production, increasing ceramide levels 
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via acid ceramidase inhibition is also sufficient to prevent α-syn toxicity in PD patient-

derived dopaminergic neurons (116), pointing to lysosomal ceramide levels as a contributing 

factor in dopaminergic neurodegeneration.

In addition, other endolysosomal genes have also been linked to familial PD, including 

autosomal dominant mutations in the retromer complex member VPS35 (117–119) and 

autosomal recessive mutations in the lysosomal cation channel PARK9/ATP13A2 (120). 

More recently, lysosomal genes CTSB, GALC, TMEM175, and ATP6V0A1 have also been 

identified as PD risk factors (68). Consistent with a role for lysosomes in PD 

neurodegeneration, lysosomal proteolysis (45) and lysosomal activity of multiple enzymes 

including GCase, cathepsin B, β-galactosidase, and hexosaminidase are significantly 

decreased in PD patient-derived dopaminergic neurons (45, 53, 121).

Damaged organelles and protein aggregates can also be delivered to lysosomes via 

autophagy, a dynamic process involving formation of autophagosomes which engulf cargo 

and subsequently fuse with lysosomes for their degradation (41). Multiple steps in the 

autophagic pathway have also been implicated in PD pathogenesis, including dysfunction in 

autophagosome formation (122), autophagosome axonal transport (123), and subsequent 

autophagosome/lysosomal fusion leading to autophagic cargo accumulation (124). 

Moreover, defects in chaperone-mediated autophagy (CMA), which involves direct 

translocation of substrates into the lysosome via the lysosomal receptor LAMP2A have also 

been implicated (125), and DA-modified α-syn is able to block CMA to potentially 

contribute to selective dopaminergic vulnerability in PD (48). Finally, autophagic cargo such 

as damaged mitochondria can also be selectively targeted to autophagosomes via mitophagy 

which involves functional PINK1 and Parkin (126), whose loss of function mutations lead to 

familial PD (127, 128).

ii) Functional crosstalk between mitochondria and lysosomes

Mitochondrial dysfunction has also long been implicated in PD neuronal vulnerability, with 

autosomal recessive mutations in mitochondrial-associated genes PINK1 (128), Parkin 
(127), and DJ-1 (129) resulting in early onset PD. Interestingly, inhibiting mitochondrial 

fission leads to decreased mitochondrial mass in axon terminals and results in selective 

degeneration of dopaminergic neurons in the SNc, but not the ventral tegmental area (VTA) 

which is less affected in PD (130). Thus, properly regulated mitochondrial dynamics may be 

particularly critical for dopaminergic neuronal viability and homeostasis. Of note, 

mitochondrial dysfunction may further converge with lysosomal dysfunction to drive PD 

pathogenesis. Recently, functional convergence of mitochondrial and lysosomal dysfunction 

in PD was elucidated in PD patient-derived dopaminergic neurons, whereby increased 

mitochondrial oxidant stress led to lysosomal dysfunction in PD patient-derived 

dopaminergic neurons and resulted in a pathogenic cascade mediated by DA oxidation (45), 

as discussed above.

In addition, dynamic inter-organelle contact sites were recently identified between 

mitochondria and lysosomes (131), demonstrating that these two organelles physically 

interact with one another independently of mitophagy or lysosomal engulfment of 

mitochondria to mediate their functional crosstalk. Mitochondria-lysosome contact sites 
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allowed for bidirectional regulation of network dynamics of both organelles (131) whereby 

lysosomal contacts marked sites of mitochondrial fission allowing regulation of 

mitochondrial dynamics by lysosomes. Conversely, mitochondrial contacts regulated 

lysosomal RAB7 GTP state which is a master regulator of lysosomal dynamics (131). Thus, 

mitochondria–lysosome contact sites may contribute to the dysfunction observed in both 

organelles in PD, and misregulation of these contacts may exacerbate defective 

mitochondrial dynamics critical for nigral dopaminergic neuron survival (130).

The Synapse

i) Early Synaptic Defects

Evidence from imaging studies, immunohistochemistry of postmortem brains, and animal 

models indicate that synapse loss and axonal degeneration occur first in the disease process, 

possibly years before loss of neurons. It is therefore possible that therapeutic targets could 

be developed that prevent or rescue synaptic and axonal defects first, before major 

intractable neuronal death occurs.

ii) Loss of DA terminals precedes loss of soma in the SNc in PD patients

A study by Kordower et al. examined the magnitude of degeneration of nigrostriatal pathway 

at different stages of disease ranging from 1 to 27 years after diagnosis (132). This was the 

first study of its kind in that it analyzed the time course of DA terminal and neuronal loss. In 

years 1–3 after diagnosis there was a 35–75% loss of tyrosine hydroxylase and DA 

transporter labeled terminals in the putamen. After years 4 and beyond, DA terminal markers 

were essentially abolished in the putamen. In the SNc, there was a highly variable 50–90% 

loss of tyrosine hydroxylase-positive neurons at early time points after diagnosis with very 

little loss at later time points. Thus, remarkably, dopaminergic terminals and fibers are 

almost completely lost in PD while DA neuron soma are relatively less affected. These data 

are important because they suggest that the focus of therapies should shift to preserving 

dopaminergic terminals in the striatum. In addition, these data demonstrate that any trophic 

or neuro-restorative therapies should be carefully timed to the early stages of PD, when DA 

terminals still exist. Indeed, the clinical trials of adeno-associated viral administration of 

neurturin (CERE-10) to enhance DA neuron survival failed to improve motor phenotypes 

(133, 134). This is likely because the AAV was injected into the striatum at a time point 

when the DA terminals were absent, and thus the neurturin ligand could not induce neuronal 

survival signaling cascades.

Early detection of nigrostriatal terminal loss in people living with PD could help predict 

patients who might respond best to neuroprotective therapies. A study that included 78 

subjects with idiopathic PD and 35 controls performed PET using ligands to estimate the 

densities of the vesicular monoamine transporter type 2 (VMAT), DA transporter, and the 

uptake of L-DOPA (135). At the initiation of motor features, there was a 58.9% loss of 

VMAT binding, 62.7% decline in DAT binding, and a 40% decline in L-DOPA uptake, 

compared with control subjects (136). The study also showed that there was a threshold for 

VMAT and DAT loss in the striatum before the appearance of motor signs; clinically 

noticeable manifestations developed only when there was >51% loss of VMAT ligand and 
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>56% of loss DAT ligand. Thus, these data suggest a window of DA terminal loss before 

motor defects appear and a time period in which neuroprotective therapies may be most 

effective.

iii) Loss of DA terminals precede loss of soma in the SNc in rodent models of PD

Animal models of PD support findings in human brains that axonal abnormalities precede 

neuron death. In mice with AAV-mediated α-syn overexpression in the SNc, as early as 3 

weeks after expression of AAV-α-syn there is a significant loss of DAT and VMAT position 

terminals, a significant reduction in DA reuptake rates, and evoked DA release in the 

striatum (137, 138). Dopamine neurons in the SNc only begin to show significant loss 5 

weeks after AAV-α-syn injection. Titration of α-syn levels to induce loss of DA terminals in 

the striatum without neuronal loss in the nigra produces progressive motor impairments, 

suggesting that striatal terminal loss and not overt neuronal death is the major contributor to 

motor defects.

Pathologic α-syn causes axonal transport defects (123, 139), suggesting this may be a 

mechanism contributing to axonopathy. In rodent models, AAV-induced expression of A53T- 

or A30P-mutant forms of α-syn cause a reduction in the microtubule motor proteins kinesin 

and dynein in the striatum (139, 140). In contrast, levels of kinesin and dynein increase in 

the SNc, suggesting impaired transport from the soma to terminals. In primary neurons, 

exposure to fibrils causes formation of α-syn inclusions that biochemically and 

morphologically resemble LNs (141). These inclusions in the axon selectively block 

transport of endosomes and autophagosomes but do not impair transport of mitochondria or 

other organelles (123). Retrograde transport of endosomes is critical for delivery of signaling 

molecules to the soma where they activate transcription factors important for survival and 

neurite outgrowth. Impaired delivery of these signaling endosomes could thus further 

contribute to axonal degeneration.

Defects at the presynaptic terminal could put DA neurons preferentially at risk compared to 

other neuronal subtypes. First, damaged presynaptic proteins must travel retrogradely along 

the axon for degradation in lysosomes located in the cell body. The extensive arborization of 

DA neurons in the striatum, [one neuron is estimated to give rise to 245,000 release sites 

(27)] may reduce the efficiency by which damaged synaptic proteins are cleared from the 

cell. In addition, mitochondria are particularly abundant in the presynaptic terminal, and thus 

this compartment may be particularly sensitive to mitochondrial damage caused by oxidized 

DA at the presynaptic terminal (discussed above). Mitochondrial oxidative damage may also 

disrupt the function of autophagosomes located in the presynaptic terminal (142) as well as 

other organelles via membrane contact sites (143). Impaired autophagosomes may result in 

further buildup of damaged, toxic proteins in the DA neuron. Finally, α-synuclein is 

enriched in the presynaptic terminal (144) where oxidized DA enhances pathologic 

aggregation of the protein (145). Thus, DA terminals may be more susceptible to oxidized 

DA-induced α-synuclein aggregation and consequent dysfunction at the presynaptic 

terminal.
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iv) Therapeutic Outlook- Axonal/Synaptic restoration

With respect to the “axonal dying back” hypothesis, the possibility of providing trophic 

support to axons at risk or in the process of degenerating by means of delivering trophic 

factors, either by focal intracranial application, by viral vector expression, by orally 

administered small molecules, or more recently by focal opening of the blood brain barrier 

(146), has emerged as a therapeutic principle. Although it does not address the underlying 

causes of PD, it offers a restorative component in PD therapy. Promoting trophic factors may 

be fundamentally important, as trophic factors are involved in the guidance and maintenance 

of arborization of the nigrostriatal neurons. This area reached clinical trials about 15 years 

ago with variable results and expectations ranging from high hopes to the idea of 

abandoning this approach (134). Recently, two publications reported that bilateral 

intraputaminal administration of glial cell line derived trophic factor (GDNF) resulted in a 

reduction in OFF time after 40- weeks. Also, F-L-Dopa PET imaging revealed a significant 

difference in tracer uptake in favor of the GDNF-based therapeutics. However, the study 

formally failed to meet its primary clinical endpoint in intermediate stage PD compared to 

placebo (133).

Of note, the preclinical studies that showed trophic factor protection of DA neurons were 

based on toxin models of PD and did not account for Lewy pathology. In the AAV-α-model, 

when α-syn is overexpressed in the SNc, GDNF does not protect against DA neuron loss. 

Aggregates of α-syn impair axonal transport of neurotrophic receptors to the soma where 

signaling cascades important to neuronal survival are activated (123). Interestingly, 

overexpression of Nurr1, a transcription factor activated by GDNF involved in DA synthesis, 

is protective in synucleinopathy models (147). Thus, treatments that directly activate Nurr1 

in the nucleus may be a promising target.

Genes implicated in PD that play a role at the presynaptic terminal

i) α-Synuclein and pre-Synaptic dysfunction.

Dominantly inherited mutations in SCNA/PARK4, which encodes α-syn, the major 

component in LBs, was the first identified genetic cause for PD. Normally, the majority of 

α-syn concentrates at presynaptic terminals where it associates with synaptic vesicles (144, 

148). Anatomical localization in the rodent brain shows differential α-syn expression in 

neuronal sub-types; α-syn is expressed in DA neurons of the SNc and VTA, and excitatory 

glutamatergic neurons throughout the brain, while expression in inhibitory neurons is brain-

region dependent (80). Studies utilizing mice in which the α-syn gene has been knocked out, 

show that α-syn plays a role in DA release in the striatum and plays a role in tethering 

synaptic vesicles to the active zone (49, 144, 149). In addition, α-syn normally interacts with 

VAMP2 at the presynaptic terminal, which plays a critical role in synaptic vesicle endo/

exocytosis (150).

In disease, pathological staging studies of PD brains from early to late disease show that 

axonal LNs form first before somal LBs (151). In dementia with LBs, another 

synucleinopathy with many features similar to PD, cortical presynaptic aggregates of α-syn 

are highly abundant (152). These presynaptic aggregates correspond to reduced dendritic 
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spine density, suggesting that they impact synaptic function. Dendritic spine density is also 

reduced in rodent models of α-syn aggregation (153). Indeed, fibril-induced formation of α-

syn aggregates causes major reduction in mushroom spine density at a timepoint preceding 

neuronal death (11). Exposure of neurons from α-syn knockout mice to fibrils does not 

affect spine density, demonstrating that corruption of endogenous α-syn causes synaptic 

structural defects. Thus, there is accumulating evidence that reduced spine density and 

perturbations in synapse function are pathologic features of synucleinopathies, including 

PD.

Early formation of fibril-induced α-syn aggregates increases the frequency of miniature 

excitatory postsynaptic currents (mEPSCs) and presynaptic docked vesicles (11). Enhanced 

frequency of mEPSCs reflects increased number or release probability of presynaptic 

vesicles. Thus, paradoxically, although dendritic spine density is reduced, presynaptic 

function is initially enhanced at these early time points. This phenotype is similar to what 

has been described in α-syn knockout mice, which show enhanced DA transmission and 

increased tethering of synaptic vesicles at the active zone (49). Thus, these findings suggest 

that initial formation of α-syn aggregates promotes a loss of function phenotype.

In addition, a DA/α-syn interaction also seems to play an important detrimental role in early 

synaptic dysfunction leading to neurodegeneration. High levels of DA cause oligomerization 

of α-syn (145). In addition, mutation of the DA-interacting site in α-syn prevents 

neurotoxicity. Thus, future studies to understand the role of oxidized DA, α-syn aggregation 

and a high burden on mitochondrial function at the presynaptic terminal will be critical for 

understanding nigrostriatal DA terminal degeneration.

ii) Dominantly inherited mutations in Leucine rich-repeat kinase 2 may also impact 
presynaptic function.

Mutations in leucine rich-repeat kinase 2 (LRRK2) are the most common cause of familial 

PD. Most PD-associated LRRK2 mutations increase its kinase activity. Consequently, 

LRRK2 kinase inhibitors are currently in clinical development for treatment of PD. LRRK2 

contains multiple domains in addition to its kinase domain, including a Ras of Complex 

(Roc) GTPase and a C-terminus of Roc (COR) domain. LRRK2 also contains protein 

scaffolding domains including N-terminal armadillo, ankyrin, and leucine rich repeat 

domains and a C-terminal WD40 domain. LRRK2 has been implicated in membrane 

dynamics in multiple organelles including the trans-Golgi network, endosomes, lysosomes, 

and autophagosomes. LRRK2 has also been implicated in synaptic vesicle recycling (154). 

Mutant LRRK2 disrupts synaptic transmission in vivo (155–159). In cultured neurons, 

expression of the LRRK2 G2019S gain-of-function mutant and treatment with LRRK2 

inhibitors both impair synaptic vesicle endocytosis and alter synaptic vesicle pool dynamics 

(160–163), indicating that LRRK2 kinase activity regulates synaptic function. Expression of 

PD-associated mutations in LRRK2 cause an initial increase in dopaminergic and 

glutamatergic activity in the striatum, followed by a decline (164, 165). LRRK2 

phosphorylates endophilin (gene name SH3GL2) which is recruited to synaptic vesicles in 

the process of endocytosis from the plasma membrane and is responsible for vesicle 

uncoating before the synaptic vesicles undergo another round of membrane docking and 
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release (166, 167). Recently, a select group of Rab GTPases were demonstrated to be bona 

fide substrates of LRRK2 activity (168). One of these includes Rab3A which also plays a 

critical role in synaptic vesicle dynamics whose expression is protective in α-syn models of 

DA neuron toxicity (169).

It is important to note that neither α-syn nor LRRK2 are necessary for presynaptic function, 

as mice in which either gene has been knocked out are still viable and have no gross 

neuroanatomical dysfunction. However, perturbations in the function of α-syn or LRRK2 

over decades, along with the cumulative effects of aging, oxidative stress, and endosome/

lysosomal dysfunction. are likely to compromise terminal function leading to loss of release 

sites, dying back of axons, and eventual neuron death.

The majority of current experiments and data derive from studies of nigro-striatal 

projections. In the future, it will be interesting and important clinically and therapeutically to 

determine if early synaptic dysfunction occurs in the cortex, hippocampus, and other brain 

regions which may contribute to cognitive impairment and non-motor symptoms in PD. 

Furthermore, given the particularly high concentration of α-syn at corticostriatal presynaptic 

terminals (80, 81), it will be interesting to determine how the effects of aggregated a-

synuclein on activity of these excitatory neurons contributes to degeneration of SNc-striatal 

terminals.

iii) Other implicated genes that play a role in synaptic vesicle endo/exocytosis

In addition to the dominantly inherited SNCA and LRRK2 genes, a number of other genes 

have been linked to PD that are known to act primarily at the synapse; autosomal recessive 

mutations in PRKN, DNAJC6, and SYNJ1 lead to juvenile onset, atypical forms of PD, and 

variation at the locus is a PD risk factor (170) (Figure 2). Thus, the synapse is implicated as 

a key cellular site of disease onset in PD, which makes understanding the etiology of 

synaptic pathology key to early intervention (171). EndoA is a synaptic protein that 

facilitates synaptic vesicle recycling following endocytosis (172). Phosphorylation of EndoA 

by LRRK (the singular isoform for hLRRK½ in Drosophila) modulates synaptic vesicle 

cycling at the Drosophila NMJ (166). Mice deficient in different combinations of the three 

mammalian isoforms of EndoA show defects in synaptic transmission and varying degrees 

of neurodegeneration (173). It is thought that the main function of EndoA at the synapse is 

to recruit synj1, an inositol phosphatase essential to uncoating and thus recycling of 

endocytosed clathrin-coated vesicles (173). Auxilin, along with the heat shock protein, 

Hsc70, subsequently uncoats clathrin-coated vesicles, thus recycling them for another round 

of fusion and release of neurotransmitters. Knock-outs of synj1, auxilin, or EndoA all show 

accumulation of clathrin-coated vesicles in presynaptic terminals (173–175). LRRK2 has 

also recently been shown to phosphorylate auxilin in its clathrin-binding domain, and mutant 

LRRK2 is able to disrupt auxilin-clathrin interactions in patient-derived dopaminergic 

neurons contributing to synaptic vesicle defects and accumulation of oxidized DA (65). In 

addition, as homozygous mutations in synj1 have also been linked to early onset, atypical 

PD, mouse models carrying this mutation also demonstrate defective synaptic vesicle 

endocytosis as well as a surprising increase in both auxilin and parkin levels (176), further 
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suggesting that multiple PD genes may converge on defective synaptic vesicle endocytosis 

(177).

iv) Synaptic vesicle trafficking and autophagy.

The largely overlapping roles of LRRK2, EndoA, synj1, and auxilin in synaptic vesicle 

endocytosis implicates this process as a driver of neuronal toxicity in PD. However, PD 

cannot be entirely explained by defects in synaptic transmission, as loss of only a select set 

of proteins essential to synaptic function cause neurodegeneration while others do not (178). 

Interestingly, LRRK2, EndoA, synj1, and auxilin also all play integral roles at the 

intersection of synaptic vesicle trafficking and autophagy and may be necessary in 

maintaining proteostasis at the synapse (178–180).

Recently, autophagy has been shown to be highly active at the distal end of the axon where it 

transports cargo back to the cell body for degradation via the lysosome (142, 181). 

Aggregated α-syn impairs macroautophagy (124) as does knock-down of α-syn (182), 

which indicates α-syn may play a direct role in this process. A number of synaptic proteins, 

including α-syn and LRRK2 contain a KFERQ motif that targets them for degradation 

through CMA and microautophagy (125, 183). In addition, phosphorylation of EndoA by 

LRRK induces formation of highly curved membranes that promote autophagosome 

formation and recruit proteins necessary for autophagosome maturation (184). Moreover, 

knock-out mice of different EndoA isoforms exhibit dysregulated gene expression of 

autophagy-specific genes (185). Finally, synj1 has also recently been shown to play a similar 

role to EndoA in autophagosome formation and maturation at the Drosophila NMJ as well 

as in PD patient-derived neurons and zebrafish photoreceptors (186, 187). As parkin has also 

been shown to ubiquitinate both EndoA and synj1, and is elevated in both Endophilin 

knockout and synj1 mutant mice, these steps in synaptic vesicle trafficking and autophagy 

may be further regulated by parkin activity (188, 189); however, the precise functional 

consequence in patient neurons remains unclear.

Together, these recent studies identify the interplay of multiple PD-associated proteins at the 

synapse and further demonstrate that synaptic vesicle trafficking and autophagy are closely 

intertwined pathways. Given that multiple PD-associated genes play essential roles in both 

processes, mechanisms that drive neuronal toxicity in PD may lie at the intersection of these 

two pathways. Thus, determining which proteins regulate these pathways and what 

contributes to their age-related decline will be key to identifying novel treatments for early 

intervention in PD.

v) Therapeutic Outlook: Targeting gene defects

GBA: Several clinical trials are underway in patients with GBA‐mutation related PD. The 

first trial tests the chaperone ambroxol (NCT02941822). This compound passes the blood 

brain barrier and increases GCase activity in brain of healthy non‐human primates. In 

addition, it reduces the stress of the endoplasmic reticulum due to accumulation of 

misfolded GCase. The second compound is the glucosylceramide synthetase inhibitor GZ/

SAR402671 (NCT02906020), which reduces glycolysation of ceramide and thus increases 

the level of ceramide (see above – the beneficial role of increased ceramide in α‐syn 
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toxicity). In addition, other angles for targeting GBA include activators which increase 

GCase enzyme activity (LTI-291) as well as increasing GCase levels using an AAV-based 

gene therapy approach (PR001). Due to the inverse relationship between the level of α‐syn 

and GCase activity as discussed above, these trials may also be of relevance to idiopathic 

PD.

LRRK2: PD-linked mutations in LRRK2 account for 1% of all PD cases and 4% of familial 

PD cases. The majority of PD-associated mutations in LRRK2 increase the kinase activity of 

this protein. Thus, therapeutics that inhibit LRRK2 kinase activity are also in clinical trials 

for treatment of PD. For the Denali compound DNL201 (NCT03710707), safety and toxicity 

Phase I studies in healthy volunteers have successfully been completed, and the planning 

and implementation of a Phase Ib trial in PD patients with and without LRRK2 mutations 

(idiopathic PD) is underway. As with all clinical trials, biomarkers will be critical to 

determine LRRK2 kinase inhibitor engagement. Measurements of LRRK2 auto-

phosphorylation in cerebrospinal fluid and urine will thus be critical to help guide 

assessment of LRRK2 inhibitor target engagement.

Conclusions

Aging is the single most important factor determining the risk of developing PD, similar to 

many other neurodegenerative diseases. There are also important gene/environmental 

interactions that increase susceptibility to PD. In addition, there are a growing number of 

factors that reduce susceptibility to PD (such as coffee drinking in some individuals). 

Importantly, nigrostriatal degeneration which is the driver of the motor features in PD has 

some specific characteristics that apply to the majority of patients at onset. These include: a) 

highly asymmetrical and focal onset of motor cardinal features; b) striatal DA loss that is 

relatively restricted to the caudal (motor) putamen contralateral to the clinically 

symptomatic side; c) Loss of dopaminergic cells in the SNc relatively limited to the ventro-

lateral tier; d) DA putaminal loss exceeds by some 40% cell loss in SNc; and e) DA loss in 

the striatum and cell loss in the SNc progresses relatively orderly following a caudo-rostral 

and latero-medial pattern respectively (13).

These features imply that regardless of whether the propagation of toxic species in PD 

follows an orderly caudo-rostral pattern, the SNc lateral projection to the caudal putamen 

must have intrinsic anatomo-functional characteristic that make it especially vulnerable. 

Importantly, PD is not spontaneously present in any other species, and humans exhibit a 

number of specific motor, behavioral, and cognitive properties and capacities that are 

probably related to our ability to undergo age-related neurodegeneration (190).

Arguably, the greatest importance for deciphering the mechanisms and factors mediating 

neurodegeneration lies in the possibility of developing future treatments. Indeed, PD 

treatments are already evolving from a purely symptomatic fashion to a more disease-

modifying approach. Thus, two passive immunotherapy trials with alpha-synuclein 

antibodies and two trials with compounds targeting PD-associated mutations in GBA will be 

completed in the next two to three years. Soon after, the results from two trials with a small 

molecule of the class of α‐syn aggregation blockers and trials with LRRK2-inhibitors will 
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also be available. These studies will provide a wealth of insight into how to conduct disease-

modifying trials in de novo sporadic PD, GBA-PD, LRRK2-PD, and AR-PD and in the 

intermediate time frame in prodromal PD patients.

We believe that the experimental scientific advances summarized in this article and in Figure 

3 will continue to guide further clinical therapeutic developments with the aim to slow down 

or prevent the progression or even motor manifestations of PD. However, this may occur in a 

fashion similar to the oncology field, involving progressive recognition of etiopathogenic 

mechanisms and development of treatment combinations. Thus, we anticipate that this will 

involve PD patients being treated early in the disease process with a combination of both 

symptomatic and neuroprotective treatments, hopefully in the not too distant future.
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Figure 1. Role of oxidized dopamine in dopaminergic neuronal selective vulnerability.
Dopamine is normally generated from tyrosine and L-DOPA. It subsequently becomes 

incorporated into synaptic vesicles via VMAT2 and is finally released upon synaptic vesicle 

exocytosis. In PD dopaminergic patient neurons: 1) increased oxidation of cytosolic 

dopamine leads to generation of oxidized dopamine which can contribute to downstream 

mitochondrial and lysosomal dysfunction, increased α-synuclein oligomerization, and 

decreased lysosomal GBA1 enzyme activity; and 2) defective synaptic vesicle endocytosis 

contributes to inefficient synaptic vesicle recycling and increased cytosolic dopamine 

available for oxidation.
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Figure 2. Parkinson’s disease genes function at the intersection of synaptic vesicle endo/
exocytosis and autophagy at the synapse.
EndophilinA1 (EndoA) binds endocytosed vesicles and is responsible for recruiting the 5’-

phosphatase synaptojanin1 (SynJ1), which together with auxilin, removes the clathrin coat 

so that vesicles can be recycled. Phosphorylation of auxilin and Synj1 by LRRK2 disrupts 

interactions with clathrin and EndoA, respectively. LRRK2 phosphorylation promotes the 

association of EndoA with highly-curved autophagosome membranes, where it recruits 

PI(3)P-binding proteins involved in autophagosome formation, such as WIPI2. SynJ1 

converts PI(3)P to PI on the autophagosome membrane, which allows for dissociation of 

WIPI2 and maturation of autophagosomes, which are then trafficked back to the cell body 

for degradation. Parkin is also thought to regulate EndoA and SynJ1 activity through 

ubiquitination, although the functional consequence is not yet clear.
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Figure 3. Contributors to neuronal vulnerability in Parkinson’s disease.
Dopaminergic neurons in the SNpc which project to the striatum degenerate in PD. Multiple 

factors contribute to this neuronal vulnerability including: 1) extensive axonal arborization; 

2) mitochondrial dysfunction due to damaged mitochondria: 3) dopamine’s biochemical 

properties including increased oxidized dopamine: 4) abnormal protein accumulation of α-

synuclein: 5) defective autophagy and lysosomal degradation: and 6) synaptic vesicle 

defects.
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