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Since the discovery of dopamine as a neurotransmitter in the 1950s, Par-

kinson’s disease (PD) research has generated a rich and complex body of

knowledge, revealing PD to be an age-related multifactorial disease, influ-

enced by both genetic and environmental factors. The tremendous com-

plexity of the disease is increased by a nonlinear progression of the

pathogenesis between molecular, cellular and organic systems. In this mini-

review, we explore the complexity of PD and propose a systems-based

approach, organizing the available information around cellular disease hall-

marks. We encourage our peers to adopt this cell-based view with the aim

of improving communication in interdisciplinary research endeavors target-

ing the molecular events, modulatory cell-to-cell signaling pathways and

emerging clinical phenotypes related to PD.

Introduction

Idiopathic Parkinson’s disease (IPD) is the second

most common neurodegenerative disease after Alzhei-

mer’s disease, and affects populations worldwide. The

clinical syndrome of IPD is characterized by bradyki-

nesia, resting tremor, rigidity, and postural instability.

Bradykinesia is considered to be the main feature of

and the necessary condition for a diagnosis of IPD [1].

In addition to these motor symptoms, many patients

experience a wide range of nonmotor symptoms that

sometimes even precede the typical movement disor-

der, such as hyposmia, sleep disturbances (i.e. rapid

eye movement sleep behavior disorder), depression,

constipation, and other dysautonomic symptoms [2–4].
In particular, hyposmia and rapid eye movement sleep

behavior disorder often start prior to the onset of the

core motor syndrome [5]. In this review, we discuss

Parkinson’s disease in the global sense of the term

(PD), including IPD and genetically or environmen-

tally induced forms of parkinsonism. Indeed, many

cellular hallmarks have been found to occur in both

PD and IPD. The motor symptoms of PD are thought

to arise primarily from the loss of dopaminergic (DA)

neurons within the substantia nigra (SN), although

other neurotransmitter systems (i.e. glutamatergic,

cholinergic, tryptaminergic, noradrenergic, adrenergic,

serotoninergic, and peptidergic) also appear to be

affected. Treatment of PD is currently symptomatic,

and essentially involves substituting dopamine, or sup-

pressing pathological neuronal oscillations via deep

brain stimulation.

It is tempting to speculate that the search for the

origin and effective treatment of this disease will con-
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tinue to add complexity to the scientific literature.

However, appreciating the progress in cancer research

[6,7], we anticipate otherwise: the new generation

of PD researchers will be practicing a dramatically

different type of science than PD researchers from the

old school, which deserves full credit for developments

such as dopamine substitution and deep brain stimula-

tion. The approaches that have driven the development

of these treatments have been practice-oriented and

often pragmatic. The fundamental conceptual change

required to progress efficiently from this point will be

to develop PD research into a more exact science in

terms of mathematical concepts. The complex relation-

ships between molecular, cellular and clinical traits will

need to be explained in an intelligible way, in terms of

a small number of underlying principles. In this

review, we focus on the cellular hallmarks of PD, and

discuss strategies for understanding the relationships

between these cellular traits, molecular factors, and

clinical traits.

Age as a dominant risk factor

IPD is an age-related disorder. Population-based preva-

lence and incidence studies show a strong correlation

with age [8], with ~ 1% of people older than 60 years [9]

being affected. At the age of 80 years, the prevalence

rises to 3%. In familial forms of PD, an earlier onset is

possible, but, with increasing age, the risk of disease

onset rises as well [10]. Indeed, to date, aging represents

the most significant risk factor for developing PD [11].

Genetic risk factors

In 5–10% of cases, PD presents as a Mendelian form

with autosomal dominant or recessive inheritance. The

genetic contribution to PD had been discounted until

the early 1990s; however, 15 years after the identifica-

tion of the first gene related to an autosomal domi-

nant form of PD, we know of ~ 28 distinct

chromosomal regions that are related to PD [12]. For

only six of these regions have the underlying genes

that cause common monogenic forms of PD been

identified, namely SNCA (a-synuclein) and LRRK2

for autosomal dominant PD, and PINK1, PARK7

(DJ-1), ATPase type 13A2 (ATP13A2), and PARK2

(Parkin) for autosomal recessive PD. It is noteworthy

that the clinical features of the early-onset PD sub-

types associated with PINK1, Parkin, and DJ-1, which

are all either directly or indirectly involved in oxida-

tive stress mechanisms, are indistinguishable. The SN

shows neuronal loss and gliosis, but Lewy bodies are

typically lacking in affected carriers of mutations in

the Parkin gene. In contrast, the forms of PD associ-

ated with other common monogenic factors are clearly

distinguishable. Mutations of a-synuclein are fully

penetrant, and typically cause fast-progressing early-

onset to late-onset PD, with widespread and abundant

Lewy body formation as a pathophysiological hall-

mark. In contrast, LRRK2 mutations show variable

penetrance, approximately 30–70% at age 80 years,

and typically cause late-onset PD, mostly without

dementia, and in most cases typical Lewy body

pathology [13–15]. Finally, mutations in ATP13A2

cause an atypical form of PD with dementia, named

Kufor–Rakeb syndrome [16].

Among all of the suspected chromosomal regions,

18 have by now gained the status of ‘PARK’ loci

(Table 1). However, many of those have been identi-

fied only on the basis of chromosomal linkage studies

and causality, and confirmation is still pending.

Incomplete penetrance, variable expression and pheno-

copies often pose problems in assessing whether PD is

caused solely by genetic susceptibility or is modified by

environmental factors.

Environmental risk factors

Many reports have shown that exposure to environ-

mental toxins is associated with an increased risk of

PD. Proof of principle that an environmental toxin

could lead to PD was the observation that a side prod-

uct produced in the synthesis of the narcotic drug

meperidine, namely 1-methyl-4-phenyl-1,2,3,6-tetrahy-

dropyridine (MPTP), caused irreversible parkinsonism,

with all of the clinical features of PD [17]. As MPTP

is an inhibitor of complex I of the mitochondrial elec-

tron transport chain [18], this observation was instru-

mental in identifying the key role of mitochondria in

the pathogenesis of PD. Later, it was recognized that

various insecticides, such as paraquat and rotenone, as

well as solvents such as trichloroethylene and perchlo-

roethylene, also cause mitochondrial dysfunction

[19–24]. PD has also been linked to living in a rural

environment, gardening, farming, and occupational

exposure to agricultural chemicals [25]. The exact role

of environmental factors in the pathogenesis of PD

remains elusive. However, it is well established that

both environmental and genetic factors correlate with

cellular phenotypes that can be considered to be cellu-

lar hallmarks of PD (Fig. 1).

a-Synuclein aggregation

Up until the 1990s, hypotheses regarding genetic causes

of PD had not been confirmed. This situation changed
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when PD-causative dominant mutations in the a-synuc-
lein gene were identified. a-Synuclein is the major pro-

tein component of Lewy bodies, the pathological

hallmark not only in the brains of mutation carriers,

but also in the common sporadic form of the disease.

Indeed, genome-wide association studies revealed that

genetic variants in the a-synuclein gene represent the

most consistent genetic risk factor for PD across differ-

ent populations [26,27]. Abnormal protein structure

resulting from pathological amino acid substitutions,

or overexpression of physiological a-synuclein owing

to gene dose effects, can lead to oligomerization, fibril-

lization, and aggregation, and to subsequent neurode-

generation. Aggregated a-synuclein (in the form of

Lewy bodies or Lewy neurites) interferes with the

mechanisms of microtubule-based subcellular trans-

port, thus causing synaptic dysfunction and other dis-

ruptions to neuronal homeostasis [28]. In addition to

functional genetic variants in regulatory regions of the

a-synuclein gene and duplications or triplications that

promote the aggregation of a-synuclein, other factors

can contribute to this process. A well-validated and

common risk factor that influences the aggregation of

a-synuclein is the lysosomal enzyme b-glucocerebrosi-
dase. Whereas homozygous mutations in the gene

encoding this enzyme cause Gaucher disease, a lyso-

somal storage disorder, heterozygous mutations lead to

a five-fold increased risk for PD, and functional loss of

the enzyme, leading to an accumulation of glucocere-

broside. This, in turn, influences the aggregation of

a-synuclein by stabilizing oligomeric intermediates and

interfering with lysosomal clearance [29].

The consideration of a-synuclein aggregation as a

major pathophysiological hallmark of PD led Braak

and others to formulate and refine the ascending

spread hypothesis. This hypothesis states that PD

could have its origin in the bulbus olfactorius, in the

motor nucleus of the vagal nerve, or at a strictly

peripheral site. One idea is that the spread of PD path-

ogenesis may start in the gastrointestinal tract and

propagate cell to cell, spreading from the enteric ner-

vous system all the way up to the brainstem, midbrain,

and other parts of the central nervous system (CNS),

finally resulting in disease staging, as proposed by

Table 1. Genetic factors with PARK status. Among all the genes that have been proposed as potential PD-related genetic factors, only a

subgroup, listed here, have gained the official status of PARK loci. The column ‘Inheritance’ summarizes the modes of inheritance, namely,

autosomal dominant (AD), autosomal recessive (AR), and unknown modes of inheritance (not available, NA). The column ‘Association with

PD’ summarizes the population-based frequency of genetic association with PD. In contrast to ‘rare’ and ‘common’ genetic factors, ‘risk

factors’ are not sufficient to cause the disease, but are only associated with the risk of disease onset

Locus Gene Inheritance

Association

with PD Chromosome Gene product description

PARK1 SNCA AD Common 4q21 Four point mutations of a-synuclein

PARK2 Parkin AR Common 6q25.2–27 E3 ubiquitin protein ligase; > 150 mutations, including

point mutations, deletions, and insertions

PARK3 Unknown AD Rare 2p13 NA

PARK4 SNCA AD Common 4p15 Duplication or triplication of a-synuclein

PARK5 UCHL1 AD Rare 4p14 Ubiquitin C-terminal hydrolase L1; single point mutation

PARK6 PINK1 AR Common 1p35–36 PTEN-induced mitochondrial serine/threonine kinase; > 60

mutations, including point mutations (most), rarely

deletions, and insertions

PARK7 DJ-1 AR Common 1p36 Redox-dependent molecular chaperone; > 10 mutations,

including point mutations, deletions, and duplications

PARK8 LRRK2 AD Common 12q12 Leucine-rich repeat-containing kinase; point mutations as

the most frequent cause for AD PD

PARK9 ATP13A2 AR Common 1p36 Neuronal P-type ATPase, atypical PD

PARK10 Unknown NA Risk factor 1p32 NA/identified by linkage analysis

PARK11 ‘GIGYF2′? AD Rare or risk 2q36–37 The gene GIGYF2 remains unconfirmed

PARK12 Unknown NA Risk factor Xq21–25 NA/identified by linkage analysis

PARK13 Omi/HTRA2 AD? Rare or risk 2p12 Mitochondrial serine protease, point mutations

PARK14 PLA2G6 AR Rare 22q13.1 Phospholipase A2, atypical PD

PARK15 FBXO7 NA Risk factor 22q12–13 E3 ubiquitin protein ligase, atypical PD

PARK16 Unknown NA Risk factor 1q32 NA/identified by linkage analysis

PARK17 VPS35 AD Rare 16q11.2 Vacuolar protein sorting 35, point mutations

PARK18 EIF4G1 AD Rare 3q27.1 Eukaryotic translation initiation factor 4 gamma

1, point mutations
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Braak et al. [30]. However, it remains to be seen

whether this ascending spread of the disease is related

to a-synuclein or other factors. As recently as 2009,

Braak et al. revisited and strengthened the ‘dual hit’

theory, which proposes that an unknown neurotropic

pathogen, possibly a virus, could gain access to the

brain via the nose and/or the gut [31]. Another idea is

that misfolded a-synuclein spreads in a prion-like man-

ner [32]. In wild-type mice, it has been demonstrated

that intrastriatal inoculation of synthetic a-synuclein
leads to the cell-to-cell transmission of PD-like Lewy

pathology in anatomically interconnected brain regions

[33]. Desplats et al. demonstrated a-synuclein propaga-

tion between neuronal cells in culture, and the propa-

gation of a-synuclein to transplanted stem cells in mice

[34]. There is also increasing evidence, going beyond

cell culture and mouse brain models, to support the

idea of a-synuclein as a key factor in the ascending

spread of disease. First, as mentioned above, the

acquisition of exogenous a-synuclein fibrils triggers the

formation of PD-like Lewy bodies and Lewy neurites

[35]. Second, evidence is accumulating that cell-to-cell

transmission of toxic a-synuclein oligomers occurs

both in experimental models and in patients [34,36–
38]. Third, autopsy studies have shown that healthy

grafted embryonic neurons of mesencephalic origin

rapidly acquire Lewy body-like inclusions after being

placed in the host brain of a patient with PD [36,37],

suggesting the spread of pathology from host tissues

to the grafts. Finally, Pan Montojo et al. modeled

environmental causes for the ascending spread of a-
synuclein accumulation through intragastric adminis-

tration of the pesticide rotenone in mice [39]. Resec-

tion of the autonomic nerves in these mice stops the

spread of the PD-specific pathology [38].

Lysosomal and proteasomal
dysfunction

Dysfunction of molecular and organelle degradation

pathways is a further hallmark of PD, and increasing

evidence indicates functional interactions between the

ubiquitin–proteasome system and autophagy [40,41].

Whereas both degradation systems are involved in the

clearance of misfolded proteins, a special form of auto-

phagy, also known as mitophagy, removes defective

mitochondria from cells [42]. This clearance process is

controlled via PINK1 and Parkin [43]. In PD, the dys-

function of these clearance systems facilitates the accu-

mulation of a-synuclein and defective mitochondria. A

positive feedback loop, which turns seemingly mild dys-

functions in misfolded protein handling into a self-

potentiating cycle, is provided by the finding that

mutated forms of a-synuclein may inhibit their own

degradation via chaperone-mediated autophagy [44].

Further insights into lysosomal dysfunction in PD

come from studies investigating the lysosomal enzyme

b-glucocerebrosidase, as described above, and from

studies on the transmembrane lysosomal P5-type

ATPase named ATP13A2. In cell culture models, a

loss of function of this PD-associated protein is corre-

lated with impaired lysosomal acidification, decreased

proteolytic processing of lysosomal enzymes, reduced

degradation of lysosomal substrates, and diminished

lysosome-mediated clearance of autophagosomes. In

addition to these findings, Dehay et al. [45] have

shown that DA SN neurons from patients with

sporadic PD show decreased levels of ATP13A2.

Mitochondrial dysfunction, reactive
oxygen species (ROS), and Ca2+

Evidence for the involvement of mitochondrial dys-

function in the pathogenesis of PD comes primarily

from two sources. As described above, some toxins

that can act as complex I inhibitors cause parkinson-

ism. For example, rotenone and paraquat lead to DA

cell death in the SN and the induction of PD-like

symptoms. Even more compelling is the observation

that most of the genes known to cause familial PD are

also involved in some aspect of mitochondrial

Fig. 1. Cellular hallmarks of PD. All subtypes of PD may share

common cellular phenotypes. Correlations between the

represented cellular phenotypes and disease progression are well

established. In contrast, the chronology and mechanisms of cell

type-specific and PD subtype-specific cellular dysfunction remain to

be elucidated. Although PD pathogenesis has been associated with

different cellular dysfunctions, it is likely that the respective initial

tipping point of disease progression is caused by a PD subtype-

specific process. Finally, it is also likely that multiple hits on

different cellular targets may hasten the emergence of higher-scale

organic dysfunction.
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function. These include the genes encoding Parkin,

PINK1, and DJ-1. PINK1 and Parkin are important

for maintaining the delicate orchestration of mitochon-

drial turnover [46–50]. DJ-1 is involved in oxidative

stress responses. The level of DJ-1 increases when cel-

lular levels of ROS increase [51,52]. The oxidized form

of DJ-1 translocates to the mitochondrial outer mem-

brane and protects neurons from cell death, by an as

yet unknown mechanism [53].

Similar to the loss of function of PINK1, mutations

in DJ-1 also lead to a fragmentation of mitochondria

in mammalian models of acute PD, a phenotypic

response that is often associated with a loss of the

mitochondrial membrane potential, and dysfunction of

this organelle. Fusion and fission of mitochondria, two

processes that actively control the level of mitochon-

drial fragmentation, are pivotal for quality control and

turnover of mitochondria, and are highly relevant to

PD pathogenesis [54].

Despite all the progress made in understanding mito-

chondrial biology and its role in controlling apoptosis,

it is not well understood why mitochondrial dysfunc-

tion takes such a center stage in PD [55,56]. Bolam

et al. suggest that this is a result of the specific neuro-

anatomical features of DA neurons and their projec-

tions into the striatum. DA neurons have extremely

long projections from the SN into the striatum, are

unmyelinated, and are characterized by a high degree

of arborization and a high number of synapses [57,58].

Moreover, DA neurons of the SN show reduced mito-

chondrial mass as compared with other neuronal sub-

populations in the same area, at least in mice [59].

However, a significant number of non-DA central and

peripheral neurons are also subject to degeneration in

PD. Interestingly, the at-risk populations of neurons

share a number of features with DA neurons, including

highly branched axons, pacemaker activity, elevated

oxidative stress, and Ca2+ buffering stress. It has been

speculated that these physiological cellular character-

istics could potentially explain the selective local degen-

eration of both DA and non-DA cells in PD [60,61].

In general, the brain in its resting state consumes

~ 20% of the total body energy, while accounting for

only 2% of the total body mass. Striatal DA neurons,

because of their autonomously generated activity

(pacemaker function) and their above-mentioned phys-

iological properties, are among the highest-energy-con-

suming and, therefore, the most vulnerable cells of all

the neurons in the CNS [61]. The maintenance of a

balanced energy budget might therefore be more diffi-

cult for DA neurons than for other neuronal cell

types. Moreover, Yo et al. [62] demonstrated that

PINK1 deficiency leads to a very different response in

neurons than in myocytes with respect to changes in

mitochondrial membrane potential, mitochondrial

Ca2+ buffering capacity, and cell survival. It has also

been suggested that DA neurons are particularly sensi-

tive to repetitive cycles of energetic stress triggered by

oscillatory increases in Ca2+ [63].

Mitochondrial dysfunction not only leads to a deficit

in energy supply, but is also an important factor in the

generation of oxidative stress. During the transfer of

electrons through the electron transfer chain, single elec-

trons can escape and lead to the reduction of molecular

oxygen to form superoxide anions (O2
�). Under normal

circumstances, the amount of ROS produced can reach

up to 1% of all the oxygen consumed. In cases of mito-

chondrial dysfunction, increased production of ROS is

observed, which can have detrimental consequences

such as oxidative DNA damage, lipid peroxidation, or

protein oxidation [64]. ROS also have a physiological

role as signaling molecules, with abnormal levels there-

fore disrupting physiological signaling cascades [65].

There is ample evidence that oxidative stress plays an

important role in the pathogenesis of PD. A substantial

proportion of patients with sporadic PD have reduced

levels of complex I in the brain, and the levels of many

markers of oxidative damage are increased during the

clinical syndrome [66–68]. Findings from phosphorus

and proton magnetic resonance spectroscopy in the

mesostriatal region of patients with PD support this

concept by revealing the bilateral reduction of high-

energy phosphates such as ATP [69]. At the same time,

antioxidative defense mechanisms are activated to com-

pensate for the deranged redox homeostasis. One of the

key components in this process is the Nrf2–Keap1 path-

way [70,71]. In response to a changed redox status, Nrf2

activates an antioxidative cascade of cytoprotective and

anti-inflammatory genes, counteracting the increased

load of ROS and cellular damage [72,73].

In addition to their pivotal roles in energy metabo-

lism and Ca2+ homeostasis, mitochondria are impor-

tant in many other processes, such as programmed cell

death and inflammatory reactions [55]. It is likely that

many of these processes are directly or indirectly

involved in PD pathogenesis, even though it is not

clear whether they are causative or consequential.

It is important to keep in mind that mitochondria

are evolutionarily of bacterial origin, and have under-

gone endosymbiosis. This evolutionary history is

reflected in the fact that mitochondria still have their

own genome. It consists of 13 protein-coding genes and

22 rRNA genes that are contained in the mitochondrial

DNA, the majority of mitochondrial genes being in the

nucleus. Many efforts have been made to identify mito-

chondrial DNA mutations as a potential causal factor
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in PD. Thus far, these efforts have not yielded clear

answers, but it has been observed that neurons of

patients with PD have an unusually high rate of mito-

chondrial DNA deletions [74]. In the early stages of

PD, these mutations are seen exclusively in neurons of

the basal ganglia, but not in glial cells – a finding indi-

cating a specific susceptibility to mitochondrial damage

in this cell type. Indeed, the number of mitochondrial

DNA deletions is closely correlated with the aging

process [75]. One of the biggest challenges in the analy-

sis of mitochondrial DNA mutations is hetero-

plasmy – the fact that each individual cell can contain

hundreds of mitochondria, and not all of them will

carry the same mutation. Similarly, even if all mito-

chondria within a cell are mutated, not all cells within

an organ necessarily carry mutated mitochondria.

Iron and other metals

In addition to a wide spectrum of genetic and environ-

mental factors, PD is also significantly linked to a dis-

turbance of iron metabolism [76]. In fact, apoptotic cell

death in DA neurons correlates with iron-mediated

hydroxyl radical formation. This is mainly because both

superoxide and peroxide, which are mitochondrial

byproducts, can react with iron, through the Fenton

and Haber–Weiss reactions [77,78]. In turn, iron has a

catalytic function in producing hydroxyl radicals, which

are the most damaging of the ROS. It is of note that the

SN is the brain region with the highest iron content

[79,80], an additional feature that adds to our under-

standing of its high degree of vulnerability in PD. Neu-

romelanin efficiently binds iron and thereby contributes

to the high iron load in the SN [81]. Importantly, abnor-

mally increased SN iron contents have been described in

both genetic and idiopathic forms of PD [82]. This

increased iron content is, however, more pronounced in

idiopathic forms of PD than in familial forms. Further-

more, iron levels in a chronic MPTP mouse model have

been shown to correlate with the selective degeneration

of DA neurons in the SN [83]. The two main types of

organelle involved in iron accumulation in the brain are

lysosomes and mitochondria [84]. Two genetic PD fac-

tors that are clearly correlated with iron accumulation

are PLA2G6 and ATP13A2 [85,86]. Their precise mech-

anisms of action remain to be understood.

Mitochondria usually constitute the main source of

cellular ROS, in the form of peroxide and superoxide.

The release of these comparatively mild ROS in the

presence of free iron can lead to the formation of

highly reactive hydroxyl radicals and initiate a positive

feedback loop that triggers the release of additional

iron from mitochondrial iron–sulfur centers [87]. Inter-

estingly, not only iron but also other redox metals,

such as copper, and nonredox metals, such as zinc,

have also been reported to be involved in oxidative

stress in the context of age-related neurodegenerative

diseases [88]. Potential chelation therapies are currently

under development [89].

Synaptic dysfunction

Whereas the main function of neurons, namely com-

munication with neighboring neurons, requires synap-

tic activity, synaptic function requires tight control of

intracellular processes such as neurotransmitter pack-

aging, energetic homoeostasis, and Ca2+ buffering. SN

DA neurons have a very complex morphology, with

~ 150 000 presynaptic terminals per neuron in the stri-

atum [90]. It is likely that the high number and the

widespread distribution of synapses, with the accompa-

nying high local demands on energy and Ca2+ buffer-

ing resources, correlate with decreased robustness of

SN DA neurons against mitochondrial dysfunction

and axonal transport defects [54]. Furthermore, local

dysfunctions in protein degradation and turnover may

affect synaptic function [91].

In cell cultures, a-synuclein associates with presyn-

aptic vesicles prior to neurotransmitter release, upon

which it rapidly redistributes into the cytosol [92]. It

has been shown that modest overexpression is suffi-

cient to markedly inhibit neurotransmitter release [93].

Most likely, this functional relationship between a-syn-
uclein and synaptic function is attributable to the abil-

ity of a-synuclein to bind membranes, synaptic

proteins, and actin filaments, and to cause changes in

membrane dynamics [94].

Neuroinflammation – cause or
consequence?

Neither the complex etiology of PD nor its relation-

ship with neuroinflammation are yet fully understood

(Fig. 2). Research on neuroinflammation in PD is

mainly focused on the innate immune system and, in

particular, on the role of microglia, the most abundant

resting macrophage population in the CNS [95].

Resting microglia monitor the local environment [96]

and control the response of the immune system. Under

minor stress, microglia release anti-inflammatory cyto-

kines and growth factors. Under more significant stress,

microglia release proinflammatory cytokines to recruit

systemic immune cells and toxic factors to kill the path-

ogen. The interpretation by microglia of a given envi-

ronmental state makes the difference between beneficial

and detrimental outcomes of the immune response.
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It remains unclear, however, whether neuroinflam-

mation is purely a side effect of PD, or whether it

plays a more causal role in the pathogenesis. It has

been demonstrated that neurons can exert feedback

control on microglia. Many neuronal products, includ-

ing membrane glycoproteins such as CD22, CD47, and

CD200, and neuronal cell adhesion molecules, bind

microglia receptors and inhibit microglial activation

[97]. In the majority of experimental approaches, neur-

oinflammation is a secondary detrimental effect trig-

gered by PD-related chemical or genetic stress factors

[98]. For example, microglia are able to detect misfold-

ed a-synuclein and increase neurotoxicity through the

production of ROS and proinflammatory cytokines

[99,100].

Astrocytes modulate the microglial response and

play a supportive role for brain neurons [101,102].

Recent in vitro data suggest that DJ-1 deficiency in as-

trocytes might deregulate their neuroinflammatory

response, thereby contributing to neurodegeneration

[103]. The proportion of astrocytes in the SN is the

lowest of any brain area [104]. The high number of mi-

croglia promoting neuroinflammation, opposing a low

number of regulatory astrocytes, appears to provide a

plausible explanation for the elevated risk of neuroin-

flammation in this brain region. Furthermore, the pig-

ment neuromelanin, which is present in substantia

nigra pars compacta neurons, has been shown to acti-

vate microglia [105], which further increases the sus-

ceptibility of this brain area to neuroinflammation.
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Fig. 2. Reductionist and holistic views of PD. Since the discovery of dopamine as a neurotransmitter, a reductionist view of depletion of

dopamine in the striatum has been the driving force for translational research in PD (left panel). Looking forward, we believe that important

new developments will come from more holistic, systems-based approaches that aim to understand the transfer functions between

molecular, cellular, intercellular and high-level pathogenic events. For example, the control of neuroinflammation, which involves intercellular

interactions between astrocytes, microglia, and DA neurons, could potentially influence emerging clinical symptoms. An oversimplified

reductionist model that ignores these intercellular interactions could serve to complicate rather than facilitate the development of disease-

modifying therapies. It is important to understand that the onset of motor symptoms does not correlate in a linear manner with the

decrease in the number of DA neurons. Instead, the motor symptoms start only after the loss of the majority of DA neurons projecting

from the SN into the striatum. In addition, a nonreductionist view needs to integrate other neurotransmitter systems, as well as nonmotor

symptoms and their underlying cell populations in the CNS or in autonomic ganglia. Finally, we stress that the heterogeneous disease

progression observed from patient to patient cannot be understood with oversimplified reductionist views. The challenge is to understand

the key factors in each case, and to bring this concept to the level of personalized medicine.
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Finally, there is evidence supporting the idea that the

adaptive immune system, as well as the innate immune

system, might be involved in PD. For example, a

genetic association has been found between a region of

the human leukocyte antigen and PD [106]. Responses

of the adaptive immune system have been reported near

both activated microglia and degenerating neurons, in

particular in the substantia nigra pars compacta [107].

Importantly, regulatory T cells have been shown to

attenuate nigrostriatal DA neurodegeneration in an

MPTP mouse model [108]. Given this plethora of sup-

porting evidence, we believe that neuroinflammation is

at least a modulator of disease progression, and that

further basic research in this field is needed to form the

basis for future developments that target inflammatory

pathways for disease-modifying therapies [109].

Systems approaches to PD – a
roadmap for translational research

Historically, PD research has been driven by medical

knowledge. However, neuroscience research based on

molecular and cellular biology has added further layers

of complexity to our understanding of PD. In turn,

increased efforts are required to coordinate and inte-

grate interdisciplinary PD research. The ultimate aim in

systems PD biomedicine is to translate mechanistic

insights into clinical applications, and to use these to

improve patient quality of life [110]. One important

challenge is the need to develop theoretical models that

are able to accurately represent the pathogenesis of PD.

We believe that such models will help interdisciplinary

cooperation by helping to structure both the interdisci-

plinary learning process and the formulation of testable

key hypotheses. However, a multifactorial disease such

as PD, whose progression is believed to be influenced by

the collective action of several genes and environmental

factors, cannot be adequately represented by a simple

model. The multifactorial nature renders making predic-

tions related to onset and progression a very challenging

task. The progression of the syndrome emerges from the

flow of spatiotemporal information between molecular

and organic scales. Adequate multiple-scale models,

aiming to bring PD research to a more integrated level,

should therefore aim to understand the subsystem prop-

erties that connect the scales and to incorporate infor-

mation about as many manageable factors as possible,

including environmental factors, genetics, proteomics,

metabolomics, cell biology, higher-level physiology, and

patient quality of life. Graphical network modeling can

provide an adequate view of a dynamic system such as

PD, which is defined by the coordinated action of sev-

eral factors and their local dynamics [111].

Wellstead et al. recently described a systems-control

approach in which disturbances in energy metabolism

act as a driving core module, and serve as an analytical

and modeling framework with which to study the

pathogenesis of PD [112,113]. It is important to keep

in mind that energy metabolism is highly integrated

with complex cell-to-cell interactions. Astrocytes, for

example, are closely coupled to neurons, and play a

key role in energy metabolism, neurotransmission, and

many other neuronal functions [114–116]. This is

reflected in the concept of the tripartite synapse,

describing the importance of bidirectional communica-

tion between synapses formed by presynaptic and post-

synaptic neurons and astrocytes [117].

A major challenge in the experimental analysis of

multifactorial diseases is the extensive phenotypic buf-

fering driven by network robustness. In turn, well-cho-

sen predictions of phenotypic changes need to consider

the network context and prior knowledge. Detailed

knowledge of both biology and systems theory are pre-

requisites for meaningfully furthering our understand-

ing of PD. The main challenge will be to understand

the transfer functions that connect the multiple scales

involved in PD pathogenesis. We believe that our

understanding of the signaling pathways connecting

molecular events to clinical traits will have made sig-

nificant progress in a decade from now. In addition to

an appropriate analytical framework, it will be crucial

to develop noninvasive experimental approaches for

time-resolved analyses in experimental models. Because

of the multitude of relevant cellular phenotypes in PD,

and the need to understand causality in cellular patho-

genesis, we believe that light microscopy applications

in systems biology will be a major source of data in

time-resolved multifactorial single-cell analysis [118].

We also think that the integration of information from

different, coordinated experimental approaches, com-

bined with appropriate modeling strategies, will greatly

enhance our understanding of PD pathogenesis, as

well as the predictive power for early PD diagnosis

and personalized identification of underlying disease

factors. Currently, genetic testing of patients with PD

is already possible, and is acting as a driving force for

translational research; the current lack of PD subtype-

specific therapies, however, makes the use of such

genetic testing disputable [12,119]. Preparing for an

integrated systems-level understanding of PD is now

within reach, but remains an extremely ambitious goal.

We believe that this major endeavor will pave the way

for a new era of improved personalized medicine.

More short-term goals include improved human cell

culture models for genetic and pharmacological screen-

ing approaches, and the development of more efficient
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differentiation methods for patient-derived induced

pluripotent stem cells [120], as well as improved animal

models for translational research [98]. In ongoing pro-

jects, the integration of high-dimensional and nonlin-

ear data is already creating an interesting challenge for

data interpretation, and stresses the urgent need to

extend the application of systems theory to PD

research. Although regenerative medicine aiming to

restore dopamine levels in the striatum offers transient

relief from at least some clinical symptoms, we believe

that systems approaches will allow for the develop-

ment of increasingly sustainable and personalized dis-

ease-modifying therapies.

Concluding remarks and outlook

Two centuries after the first detailed clinical descrip-

tion of PD by James Parkinson, and more than a dec-

ade after the first identification of genetic factors in

this disease, PD research has evolved into a very

mature research field, which has developed an arsenal

of successfully applied symptomatic treatments. How-

ever, causative treatment approaches for PD have not

yet become available, and both motor and nonmotor

symptoms continue to interfere with patient quality of

life. This fact highlights the complexity of this disease,

and stresses the need for an intelligible integration of

findings from 200 years of PD research.

Only a few research fields in translational medicine

are more advanced than PD research and hence can

serve as role models. Cancer research is certainly one

of those. There are two main take-home messages

[6,7]: first, it is crucial to define the signals exchanged

between various cell types involved in the disease,

and it is important to understand the effects of those

signals on the integrated circuits of each of those cell

types. Second, to develop accurate disease prognosis

and treatment paradigms, it will be crucial to reach a

level of mathematical clarity with regard to patho-

genesis mechanisms, integrating the conceptual struc-

ture of systems theory and the logical coherence of

neuroscience.

We foresee that PD research will evolve to be an

increasingly exact science, in which the growing myr-

iad of measurable phenotypic traits will be understood

as manifestations of a small set of key principles.
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