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General introduction

More than 200 years after its initial description by James
Parkinson (1817), the disease that now bears his name is
still a topic of intense research. Despite remarkable prog-
ress in the management of its motor symptoms by pharma-
cologic dopamine replacement or deep brain stimulation,
there is still no cure and all attempts to develop treatments
that halt or slow down the relentless progression of the
disease have so far failed. Ironically, it is the progress in
management of motor symptoms that have made us pain-
fully aware of the huge impact of non-motor symptoms—
autonomic disturbances, pain, depression and particularly
cognitive decline— have on quality of life in the course of
the disease. Given the changing age structure of our soci-
ety, the number of patients with Parkinson’s disease will
inevitably increase greatly over the coming decades
(Dorsey and Bloem 2018). A better understanding of the
complex pathogenetic networks that contribute to disease
risk, progression and the development of late complica-
tions is therefore urgently needed in order to develop novel
effective treatment strategies that go beyond mere amelio-
ration of the consequences of disturbed motor circuits.

Section 1: molecules and cells

Arguably, the most significant single quantum leap in the
understanding of Parkinson’s disease since the discovery
of the role of the neurotransmitter dopamine in the motor
system by Arvid Carlsson (Polymeropoulos et al. 1997;
Fahn 2015) has been the finding that a single missense
mutation in the gene encoding a predominantly presynaptic
protein, α-synuclein, causes an autosomal-dominant form
of Parkinson’s disease (Polymeropoulos et al. 1997) and
the subsequent identification of this protein as the major
component of the characteristic abnormal filaments
(fibrils) that constitute the synucleinopathies (Spillantini
et al. 1998a). Although even today we are still far from a
full comprehension of the complete sequence of events that
lead from the mutation to the many manifestations of the
disorder, this discovery has been the basis of many subse-
quent milestones, including the staging of PD within the
central nervous system on the basis of the topographical
extent of α-synuclein aggregation (Braak et al. 2003; Del
Tredici and Braak 2012) and leading up to first clinical
trials aimed at reducing α-synuclein burden.

Genetic entry points into the pathogenesis
of Parkinson’s disease

Since this breakthrough, Parkinson’s genetics, including stud-
ies in sporadic PD, have proven to be an extremely fruitful
path, providing multiple entry points to a better understanding
of the disorder (Klemann et al. 2017). In this issue, current
concepts of the complex genetic architecture of PD are
reviewed in the contribution by Billingsley et al. (2018), em-
phasizing that those networks that have originally been based
on the identification of rare Mendelian mutations causing he-
reditary forms of PD are also playing a major role in the
common sporadic forms of the disease.
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Each of the major Mendelian genes turned out to lead to
distinct pathways to disease that are described in depth in
this issue: loss of function mutations in parkin and PINK1
cause autosomal-recessive PD with early onset by a disrup-
tion of mitochondrial quality control systems (Larsen et al.
2018); mutations in LRRK2, the most common cause of
autosomal-dominant PD, are thought to lead to increases
of the kinase function of the encoded multidomain protein,
thereby disrupting crucial pathways of cytoskeletal integri-
ty and organelle transport (Price et al. 2018). Heterozygous
variants in the GBA gene, encoding the lysosomal enzyme
glucocerebrosidase, were found to be the most common
genetic risk factor for PD in many populations (Sidransky
et al. 2009). This finding highlighted the role of lysosomal
protein degradation in the pathogenesis of PD. Recent evi-
dence has closely linked lysosomal function to α-synuclein
degradation (Stojkovska et al. 2018).

Still, there is a major gap to be closed between identify-
ing relevant gene mutations and understanding their func-
tional consequences. An important breakthrough that has
transformed the investigation of molecular pathways lead-
ing to neurodegenerative disorders has been the Nobel
prize-winning discovery that differentiated cells, for exam-
ple skin-derived fibroblasts, can be “reprogrammed” to gain
stem cell-like properties of practically limitless prolifera-
tion and pluripotency, the so-called induced pluripotent
stem cells (iPSCs) (Takahashi et al. 2007). Within only a
few years, this technology has matured to a standard labo-
ratory procedure and protocols to differentiate iPSCs into a
multitude of cell types including mid-brain dopaminergic
neurons and even organoids as well as to analyze a host of
mutation-associated phenotypes have been perfected to a
remarkable degree. In this issue, Cobb et al. provide a bril-
liant overview of the current technological possibilities and
review the cellular andmolecular phenotypes that have been
observed in neurons derived from iPSs harboring PD muta-
tions (Cobb et al. 2018).

While the careful analysis of the molecular pathways
leading to rare genetic forms of PD has generated a wealth
of knowledge, it is still a major challenge to explain why
disturbances of seemingly distinct pathways lead to an over-
lapping spectrum of pathologic and clinical changes and
why—cum grano salis—the dopaminergic system features
so prominently in the evolution of the disease. The conver-
gence of pathways, as described in the contribution by
Cherubini and Wade-Martins, may hold at least a partial
answer to this fascinating question (Cherubini and Wade-
Martins 2018).

Rapidly growing multiomics datasets require a whole
new approach to extract biological meaning and, eventually,
to transform them into new diagnostic tools and novel treat-
ments. Computational system biology approaches have
been developed in recent years to study multifaceted

molecular alterations in complex disorders. Strengths and
weaknesses of different analyses and multivariate machine
learning techniques for investigating PD-related omics data
are discussed in the article by Glaab (2018).

The year 2017 marked not only the 200th anniversary of
James Parkinson’s essay but also 50 years since the introduc-
tion of high-dosed oral L-DOPA therapy (Lees et al. 2015) and
20 years since the discovery that Lewy pathology in PD and
dementia with Lewy bodies (DLB) is immunoreactive for α-
synuclein (Spillantini et al. 1997). In the present issue,
Spillantini and Goedert (2018) review these early discoveries
as well as the physiological functions of the protein, genetic
risk factors for PD and DLB (chiefly mutations in SNCA, the
α-synuclein gene) and the propagation of α-synuclein aggre-
gates to distant brain sites following intracerebral injection
from diseased human brains or following the inoculation of
aggregated recombinant α-synuclein into experimental ani-
mal models.

Although the speed of the growth of our knowledge and
understanding of the molecular basis of PD has gained
unprecedented momentum, the disease can still not be
cured, nor are we able to slow its progression to a clinically
meaningful degree. Pharmacologic dopamine replacement
has been the mainstay of treatment. And in fact, often in
the first years of therapy, the success is no less than
spectacular, so that patients are almost free of symptoms
and experience what is called a “honeymoon period” of
their disease. Later, however, pharmacological treatment
inevitably becomes less efficient and more prone to some-
times serious side effects. For many years, attempts to
manage these late-disease stages were based on a “trial
and error” approach. Today, there is a growing understand-
ing of the molecular basis of pharmacologic dopamine re-
placement. You et al. show in this issue that a deep under-
standing of these molecular events provides the opportuni-
ty to better tailor the symptomatic treatments that are still
fundamentally important to the vast majority of patients
(You et al. 2018).

The role of α-synuclein aggregation and Lewy
pathology: neuroprotective or lethal?

The ongoing debate is addressed by Chartier and Duyckaerts
(2018), who, from a variety of angles, take a close look at the
intracellular aggregations of the protein α-synuclein that de-
velop during PD and DLB in a few but specific, types of nerve
cells. The emergence of the aggregates points to disturbances
in protein metabolism that result from protein misfolding and
produce an accumulation of harmful species that cannot be
eliminated from the cytoplasm. The existence of intraaxonal
Lewy pathology (i.e., Lewy neurites) also suggests that Lewy
pathology is unlikely to be benign (Goedert et al. 2017a).
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However, as in other fields of endeavor, the strategy of “splen-
did isolation” does not rescue involved cells in the long run,
inasmuch as they ultimately degenerate and perish. Thus,
Lewy body formation appears to be closely linked to cellular
toxicity. Moreover, in experiments, the misfolded aggregates
can organize into fibrils that corrupt additional normal α-
synuclein molecules into misfolded molecules that also aggre-
gate and spread from neuron to neuron.

In MSA, it is still unknown why oligodendrocytes develop
α-synuclein inclusions (Spillantini et al. 1998b) and whether
they are toxic. It may be that oligodendrocytes produce α-
synuclein but that these non-neuronal cells either overexpress
the protein and/or cannot eliminate the aggregates, or it is
possible that the aggregates propagate from nerve cells to
oligodendrocytes. In slice models, α-synuclein aggregates
can transfer (or propagate) from neurons via the extracellular
space to oligodendrocytes, astrocytes and microglia (Reyes et
al. 2014; Steiner et al. 2018).

Here, the issue whether abnormal aggregation combined
with the propagation of α-synuclein in currently available
models correlates with increased α-synuclein aggregation
and the severity of PD clinical symptomatology is also ad-
dressed by Steiner et al. (2018). The authors find much of
the current experimental evidence conflicting and inconclu-
sive but point out that recent findings regarding different
strains (conformers, polymorphs) of recombinant aggregated
α-synuclein might provide some clues: the oligomeric
(Cremades et al. 2012) and filamentous as opposed to
ribbon-like strains (Bousset et al. 2013; Peelaerts et al. 2015)
appear to be especially toxic. If such polymorphs also were to
exist in clinical PD and MSA, they could partially account for
the seeding propensity of α-synuclein and the apparent dis-
crepancy between symptom severity of and the presence
(ribbons) or absence (fibrils) of Lewy pathology combined
with cell loss.

Tissular propagons, prions, prionoids (like
prions)?

Four additional articles in this special volume focus on the
mechanisms of intercellular spreading by α-synuclein ag-
gregates in what often is termed a “prion-like” manner
(Grozdanov and Danzer 2018; Recasens et al. 2018;
Peelaerts et al. 2018; Tamgüney and Korczyn 2018).
Nerve cells possess three strategies for dealing with abnor-
mal proteins, including α-synuclein: degradation and elim-
ination, inclusion body formation (protein deposition), or
release into the extracellular space (Grozdanov and Danzer
2018). The authors recount the conditions under which mo-
nomeric α-synuclein can passively diffuse through the cell
membrane into the extracellular space and the conditions
under which monomeric, oligomeric and, possibly,

aggregated α-synuclein, which form a continuum (Pieri et
al. 2016), can be actively released (secreted) by cells via
exocytosis or in a vesicle-associated manner, e.g., in
exosomes. α-Synuclein uptake from the extracellular space
can also take place passively via diffusion or actively via
endocytosis and the uptake of aggregates can seed anew the
aggregation of endogenous α-synuclein. If aggregated α-
synuclein is internalized by receptor-mediated endocytosis
(Lee et al. 2008), then the identities and exact functions
(binding affinity, internalization) of these receptors are im-
portant because they might be subject to modification,
thereby interrupting α-synuclein uptake and the process
of its cell-to-cell transmission. On the output side, only a
portion of α-synuclein is released in exosomes (Danzer et
al. 2012) and more studies are needed to see to what extent
α-synuclein, which is seed-competent, may be released in
exosomes and taken up by other cells (Tofaris 2017).

Although multiple lines of evidence support the hypothesis
of the self-propagating (prion-like) spread of aggregates as a
major pathogenic mechanism in Lewy body disorders, it is
important to point out that this may not reflect the entire story,
as some in vivo models, including those using viral vector-
mediated overexpression of α-synuclein to induce pathology,
do not appear to involve this process, as discussed by
Recasens et al. (2018). Does human-derived α-synuclein pos-
sess the same pathogenic properties observed in synthetic re-
combinant α-synuclein aggregates (Osterberg et al. 2015) and
in rodent-derived forms? The authors carefully review the
latest findings regarding potential toxic effects of intracere-
brally administered human-derived samples from patients
with DLB (Masuda-Suzukake et al. 2013), PD (Luk et al.
2012; Recasens et al. 2014), incidental Lewy body disease
(Bernis et al. 2015) and MSA (Watts et al. 2013; Bernis et
al. 2015; Woerman et al. 2015; Prusiner et al. 2015). A
balancing act between success and setbacks becomes evident.
For instance, in contrast to intracerebral injection, intranasal
administration of DLB-derived α-synuclein insoluble frac-
tions failed to produce phosphorylated α-synuclein histopa-
thology in DLB and the inoculates from PD brains failed to
induce histopathological changes in every study. The factors
that could account for these puzzling differences and/or set-
backs are discussed. Note: Animal models displaying α-
synuclein transmission and neurological changes dysfunction
are also reviewed in Steiner et al. (2018).

Based in part on their own work (Bousset et al. 2013),
Peelaerts et al. (2018) explain and elaborate on the concept
of α-synuclein strains, i.e., how α-synuclein assembles into
distinct polymorphisms that can contribute to the pathogen-
esis of synucleinopathies and that specific strains with their
structural variations may also be responsible for causing the
distinctive pathological features associated with the pheno-
types of human synucleinopathies. The existence of α-
synuclein strains has also been shown by others (Uchihara
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et al. 2005; Peng et al. 2018), although these strains do not
always lead to the formation of Lewy pathology (Peelaerts et
al. 2015; Prusiner et al. 2015). The surfaces of different path-
ogenic strains determine their ability not only to evade elim-
ination but also to interact with the cell membrane and to
propagate transsynaptically. Strain differences, their con-
centrations and lifespans, in addition to the size of α-
synuclein aggregates, could influence the speed with which
the aggregates are transported anterogradely and retrograde-
ly within axons, thus determining the tempo of disease pro-
gression. If “strainotyping” was to become possible, devel-
opment of conformation-specific therapies would be the
next goal.

Despite pathbreaking work and convincing arguments
from studies dealing with the prion-like properties of α-
synuclein assemblies (Kordower et al. 2008; Li et al. 2008;
Brundin et al. 2008; Peelaerts and Baekelandt 2016; Brundin
andMelki 2017), these assemblies have not yet been proved to
be transmitted between individuals (Irwin et al. 2013). For this
but also for other reasons (Tamgüney and Korczyn 2018),
researchers, some of them coming from the prion field, still
prefer to distinguish human synucleinopathies from prions,
“proteinaceous infectious particles” (Prusiner 1982; Aguzzi
and Lakkaraju 2016; Goedert et al. 2017b) in infectious trans-
missible encephalopathies (TSE).

Section 2: Circuitries

In PD, the disease process appears to spread gradually and
continuously along neural pathways in the brain and it influ-
ences all portions of the human nervous system (central, pe-
ripheral and enteric nervous system), including motor and
non-motor circuitries. The vital importance of the nigrostriatal
system cannot detract from the early involvement and role of
the locus coeruleus-norepinephrine system (LC-NE) in PD.
Here, E.E. Benarroch (2018) delineates both the non-motor
and motor contributions of the LC-NE and directs the reader’s
attention to diagnostic methods especially geared to revealing
LC-NE dysfunctions and expanding the range of options for
the early diagnosis of PD. At the same time, the numerous
possibilities for influencing this system also substantially en-
rich existing therapeutic instruments (Benarroch 2018).

α-Synuclein lesions occur with a high degree of specificity
in the olfactory bulb and some of the very earliest α-synuclein
aggregates within the central nervous system develop there
(Beach et al. 2009). In her article, M.G. Cersόsimo (2018)
tracks down the possibilities that could arise for the further
progression (or spreading) of the pathology, in the event that
PD was to begin in the olfactory bulb. After treating the
anatomy and components of the olfactory system in detail,
she turns to its role in PD and DLB. The potential pathways
she describes explain some of the non-motor symptoms

associated with these disorders and lead her to a consider-
ation of the possible impairment of regions (both cortical
and subcortical) outside the nigrostriatal system.

Although acknowledged as a separate disease (Schenk et al.
1986), REM sleep behavior disorder (RBD) is frequently as-
sociated with or paves the way for PD or another
synucleinopathy (Boeve et al. 2013; Ehrminger et al. 2016;
Iranzo et al. 2013; Vilas et al. 2016). The connection between
RBD and the pathological process associated with PD
emerged as it gradually became clear that PD involved a very
large number of non-nigral subcortical centers, including some
of those responsible for the regulation of REM sleep. The
author reviews many of these centers and also discusses the
debate about the origin of movements in RBD, i.e., the “corti-
cal” vs. the “brainstem” hypothesis (Iranzo 2018). Although
no animal model presently exists to prove that following the
injection of aggregated recombinant α-synuclein into key
REM sleep-related regions clinical RBD develops or the pa-
thology spreads from there to other structures, some prelimi-
nary evidence does exist following injection of a recombinant
adeno-associated virus expressing humanα-synuclein into the
REM sleep circuit in mice for the pathological aggregation of
Lewy-like pathology in REM sleep-generating cells and for
elevated levels of phasic motor activity during REM sleep
(McKenna and Peever 2017).

As pointed out above, sporadic PD is characterized by the
presence of Lewy pathology in and the dysfunction of the
central, peripheral and enteric nervous systems. In their review
titled Peripheral and central autonomic nervous system: Does
the sympathetic or parasympathetic nervous system bear the
brunt of the pathology during the course of sporadic PD?
(Orimo et al. 2018), the authors provide an overview of the
findings related to known and soon to be published original
neuropathological changes within the peripheral and enteric
autonomic nervous system and some of the related functional
disturbances. Such work is important because at autopsy tis-
sue samples from the peripheral organs often are not routinely
examined for the presence of α-synuclein inclusions. Given
its complexity, which is also related to the vast size of the
autonomic nervous system, this task and new advances will
likely come from studies performed in large tissue banks and
anatomical institutes. Equally difficult to study at autopsy are
the pathological changes that can occur in circumscribed brain
areas of PD patients with a history of successful and unsuc-
cessful deep brain stimulation (DBS) surgical interventions.
Reddy and Lozano tackle this task in their review and provide
insights into the downside of a procedure that is considered
the most successful therapeutic advancement in the treatment
of PD-related motor disability since dopamine replacement
therapy (Reddy and Lozano 2018).

The initial motor symptoms that provide reasonable
grounds for suspecting the presence of sporadic PD are fre-
quently lateralized to only one side of the body (Fahn 2003).
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Surprisingly, little is known about the neuropathology under-
lying this phenomenon (Hobson 2012). In their review,
Riederer et al. (2018) explain the reasons for the asymmetrical
onset of PD and point out the asymmetrical development of
the pathological process involved in nuclei and cortical fields.
In addition to motor manifestations, they also analyze the non-
motor aspects and discuss many of the unanswered questions
arising in this connection. Recognition of the lateralization of
initial symptoms may help to secure a PD diagnosis and to
better characterize PD subforms (Riederer et al. 2018).

Despite the ongoing interest in the PD community in the role
of the enteric nervous system (ENS) in the possible pathogen-
esis and/or progression of PD, the authors Shannon and Vanden
Berghe (2018) believe that (too) many issues remain unclear or
contradictory. Even if it could be shown that Lewy pathology in
the ENS is a biomarker of PD, how solid is the available evi-
dence that it influences the disease (e.g., gastrointestinal
dysmotility or delayed transit) there or elsewhere in humans?
The same applies to the proposed possible prion-like spread of
α-synuclein aggregates from the ENS to the CNS as a potential
disease mechanism: Do experimental models of α-synuclein
transfer (Ulusoy et al. 2013; Holmqvist et al. 2014) accurately
reflect what happens during PD? The authors conclude by pos-
ing a series of open-ended questions, e.g., what is the potential
role of microbial changes or abnormalities in PD (Scheperjans
et al. 2015; Sampson et al. 2016)? Or, is Lewy pathology in the
ENS (and, by extension, the possible spread of Lewy pathology
from the ENS to the lower brainstem) applicable only to one
group of individuals, namely, those with sporadic PD possibly
corresponding to the caudorostral brain stagingmodel proposed
by Braak et al. (2003)? In other words, some subsets of PD
patients would never develop the ENS Lewy pathology in the
ENS reported by previous researchers (Wakabayashi et al.
1988; Beach et al. 2010; Stokholm et al. 2016).

Vriend (2018) provides insights into the neurobiological as-
pects of impulse control disorders (ICD), e.g., compulsive shop-
ping or internet use, binge eating, hypersexuality, pathological
gambling, which some PD patients develop within the context
of dopamine replacement therapy (Wu et al. 2014; Weintraub et
al. 2010; Weintraub et al. 2015). In the first part of his review,
Vriend summarizes the contributions of dopamine to ICD to-
gether with the dopaminergic vulnerability to ICD development.
(It is of note that several animal models have been found to
display “impulsivity-inducing” effects.) However, he also con-
siders the possible roles of the serotonergic and noradrenergic
systems in ICD and points to the value of functional neuroim-
aging techniques to study brain changes associated with ICD at
the local and network levels.

Many pieces of the larger puzzle of PD have been found and
described in unprecedented detail in recent years, as illustrated
by the articles in this Special Issue. Nevertheless, many pieces
are still missing and how exactly these fit together to create the
full mosaic will require ongoing intense research efforts.
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