
James Parkinson, who was an English 
surgeon, apothecary, geologist, 
palaeontologist and political activist, 
published his thin monograph titled An Essay 
on the Shaking Palsy1 exactly 200 years ago, 
in 1817, and this account represents the first 
description of Parkinson disease (PD) as a 
neurological disorder. Nowadays, individuals 
with PD live longer, healthier lives thanks to 
a wealth of discoveries, which have occurred 
in a step-wise manner and at ever-finer 
scales. Indeed, the initial clinical descriptions 
of PD led to studies of the neuro pathological, 
functional neuroanatomical, neuro-
physiological and, more recently, cellular 
and molecular underpinnings of this disease. 
In this Timeline article, I recount key 
discoveries from this 200-year journey (FIG. 1) 
that form the basis of our understanding 
of, and pave the way towards more effective 
therapeutic strategies for, this disease.

Discovery of the shaking palsy
Ancient texts allude to PD-like clinical 
features2, but the first description of PD 
as a neurological condition (as indicated 
above) is credited to James Parkinson. In 
his 1817 monograph, James Parkinson 
described a handful of patients who had 
a singular association of tremor at rest, 
slowness (bradykinesia) of or, in some 
cases, an absence of, voluntary movements 
(akinesia), stooped posture and festinating 
gait1. Beginning with Jean-Martin Charcot3, 

of other manifestations, such as psychiatric 
symptoms, abnormal ocular movements, 
spasticity and brisk reflexes6.

Third, recent clinical descriptions of 
PD have revealed non-motor features that 
are also a part of the disease, including 
cognitive impairment, psychiatric 
symptoms, autonomic dysfunction (such 
as constipation), pain and fatigue7. In 
some patients, these non-motor features 
can be more troublesome than the motor 
manifestations, and may even present years 
earlier7. Thus, this initial phase of research 
established our fundamental appreciation 
of PD as a disease that has diverse and 
wide-reaching pathological implications.

Last, growing attention has been paid to 
the prodromal phase of PD, which refers  
to the presence of clinical manifestations (for 
example, olfactory loss, rapid eye movement 
(REM) sleep behaviour disorders and even 
subtle motor dysfunctions) that may herald 
PD but that are insufficient to support this 
diagnosis. Although the field of prodromal 
PD is still in its infancy, intense research is 
underway to discover markers that can predict 
the conversion to PD8; this is fuelled by the 
perspective that such markers could then be 
used to initiate neuroprotective therapies even 
before the emergence of parkinsonism.

From anatomy to pathogenesis
In contrast to the rapid advances made 
towards the clinical delineation of PD and 
related conditions, its anatomopathological  
underpinnings remained enigmatic for 
quite a while. The initial reports of these 
underpinnings stated that the brains of 
individuals with PD showed no overt or 
consistent abnormalities. However, at the end 
of nineteenth century, Blocq and Marinescu9 
posited that a left-sided 5 Hz resting tremor 
in a 38-year-old patient was reminiscent of 
the symptoms of PD. They further noted 
that the patient’s condition could have been 
caused by a tuberculous granuloma of the 
right cerebral peduncle that impinged on 
the ipsilateral substantia nigra (SN). This 
remarkable, serendipitous observation 
prompted Brissaud10 to suggest that the SN 
may be the site of the lesion in PD. Two 
decades later, this idea gathered support 
from the work of Trétiakoff11, who was the 
first to report neuropathological changes in 

approximately 50 years later, a succession 
of illustrious scientists contributed to the 
comprehensive description of the clinical 
range and anatomopathological basis of PD, 
which is now recognized as the second most 
common neurodegenerative disorder after 
Alzheimer disease. At least four fundamental 
concepts emerged from this body of work.

First, the fundamental features of what we 
call PD are now known to occur in more than 
30 distinct conditions4. Thus, we now use 
the term parkinsonism to label any clinical 
condition with bradykinesia or akinesia 
and at least one of the following signs: 
muscle rigidity, resting tremor or postural 
instability. PD is the most common cause of 
parkinsonism, accounting for ~80% of cases4.

Second, Charcot noted that some 
patients who were thought to have PD also 
showed atypical neurological signs, such 
as an erect rather than a stooped posture 
and a lack of tremor3. These observations 
led to the recognition of various PD-plus 
syndromes, such as multisystem atrophy 
and progressive supranuclear palsy, which, 
despite often initially being diagnosed 
as PD, are distinct conditions that have 
much bleaker prognoses. One important 
additional PD-plus syndrome, post- 
encephalitic parkinsonism, was common 
among patients who survived acute 
influenza infection during the epidemic of 
1916–1918 (REF. 5). The parkinsonism in 
these patients was associated with a myriad 
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the SN in patients with PD. Specifically, he 
observed macroscopic depigmentation of 
the SN, which is now known to be a result 
of the loss of SN neurons (which contain 
copious amounts of neuromelanin)12, as well 
as the microscopic loss of neurons, which was 
associated with gliosis and Lewy bodies.

Lewy bodies had been described a few 
years earlier13 and quickly became the focal 
point of neuropathological studies of PD. 
Of note, although we now know that Lewy 
bodies are found in a broad range of brain 
regions in patients with PD14, these spherical 
eosinophilic intraneuronal inclusions were 
originally reported in the dorsal nucleus of the 
vagus nerve and the substantia innominate 
but, notably, there was no mention of 
them being found in the SN13. These initial 
observations led some to argue that the SN 
was not, in fact, the key brain region involved 
in PD pathology, but rather that the striatum 
was a more plausible locus, given the observed 
overt anatomical damage of the striatum in 
some diseases associated with parkinsonism15. 
A fierce, protracted debate ensued that was 
ultimately resolved by the elucidation of the 
dopaminergic nigrostriatal pathway.

The fact that the striatum and SN belong to 
the same neural pathway was not established 
until much later, after dopamine was 
implicated as a neurotransmitter intimately 
involved in the pathology of PD. The evidence 
of this link came from studies of mechanical 
unilateral lesions of the ventral midbrain that, 
in both rats and monkeys, caused depletion 

are involved in PD-related cell death. Last, 
although for a long time the neuropathology 
of PD has been epitomized by the loss of 
dopaminergic neurons in the SNpc, it is now 
well recognized that foci of neurodegener-
ation are not limited in the slightest to this 
brain structure26.

A role for dopamine
The mid-1900s brought the beginning of 
what would be a fascinating saga regarding 
the neurochemical basis of PD. First, there 
was the demonstration, through both 
fluorescent- based biochemical methods and 
histochemical methods, that dopamine is 
present in the vertebrate brain27,28. The highest 
concentrations of dopamine were found in 
the striatum; a structure known to contain 
only low levels of noradrenaline29–31. These 
observations were taken as evidence that 
dopamine is an independent neurotransmitter, 
rather than merely a precursor of adrenaline 
and noradrenaline, as was previously thought. 
Concurrently, Carlsson and collaborators32 
published a landmark paper reporting the first 
evidence of a functional role for dopamine32. 
Specifically, they noted that the administration 
of l-3,4-dihydroxyphenylanine (l-DOPA),  
a dopamine precursor, to animals reversed the 
reductions in dopamine levels and in motor 
activity that were induced by reserpine  
(a monoamine depletor). These findings were 
taken by many at the time as evidence of a 
crucial role for dopamine signalling in the 
basal ganglia in motor control.

of striatal dopamine16–19. By building on the 
histofluorescence-based classification of 
brain monoamine neurons by Dahlström 
and Fuxe20, Andén and collaborators16 
found that the unilateral removal of most 
of the striatum in adult rats was associated 
with first an increase and then, a few weeks 
later, a decrease in catecholamine-related 
fluorescence of neurons within the SN. These 
studies not only supported the existence 
of the dopaminergic nigrostriatal pathway 
but also demonstrated that the dorsolateral 
striatum — the part of the structure that is 
most affected in PD — was populated with 
nerve terminals from neurons the cell bodies 
of which were located in the SN.

Thereafter, more detailed neuropatholog-
ical studies continued to contribute to our 
understanding of PD. For example, careful 
study of PD-related pathology within the SN 
identified a subregion, the pars compacta 
(SNpc), that is disproportionately affected by 
the disease21,22, and a further study showed 
that there was a greater loss of pigmented 
neurons than their unpigmented counterparts 
in the SNpc23. This led to the hypothesis that 
neuromelanin confers a type of vulnerability, 
perhaps by promoting neurotoxic processes, 
such as oxidative stress24. Another study 
revealed a characteristic topology of 
PD-related neuron loss, concentrated in 
the ventrolateral and caudal portions of the 
SNpc25; this pattern is distinct from the  
dorsomedial-focused loss that is seen during 
ageing and suggested that distinct processes 

Figure 1 | The 200 years of Parkinson disease research. ALS, amyotrophic lateral sclerosis; GBA, glucosylceramidase; LAG3, lymphocyte‑ activation gene 
3; l‑DOPA, l‑3,4‑dihydroxyphenylanine; MPTP, 1‑methyl‑4‑phenyl‑1,2,5,6‑tetrahydropyridine; PD, Parkinson disease; SNCA, α  ‑synuclein.
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As parkinsonism is the prototypical 
example of a human disorder with 
motor defects (that is, reduced voluntary 
movements), the next question was whether 
dopamine was involved in PD pathology. The 
answer came almost simultaneously from two 
independent research teams who reported 
a substantial dopamine deficit in both the 
striatum33,34 and the SN33 in brains from 
patients who were dying from either post- 
encephalitic parkinsonism or PD. Following 
this series of neurochemical discoveries, 
several investigators tested l-DOPA in 
patients with PD and post-encephalitic 
parkinsonism, and after a period of trial and 
error, l-DOPA was found to be effective in 
alleviating the motor defects in these patients, 
and rapidly became the premier symptomatic 
agent for treating PD and related conditions 
(reviewed in REF. 35).

However, most patients who are 
chronically treated with l-DOPA develop 
disabling motor and psychiatric adverse 
effects, such as dyskinesia and hallucinations, 
which are at least partly attributable to the 
non-physiological pulsatile striatal receptor 
stimulation that is caused by the intermittent 
oral administration of this agent36. Therefore, 
since the 1970s, various therapeutic strategies 
have been developed to produce a more 
physiological striatal stimulation, including37: 
new formulations of l-DOPA (for example, 
slow-release formulations); novel routes of 
administration for this drug (for example, 
intestinal infusion); brain-permeant agonists 

provides a clear illustration of the kind of 
technical prowess and amazing innovations 
that underpin the search for treatments for 
PD that have no adverse effects. However, 
none of these approaches compares to 
the post-l-DOPA breakthrough in the 
symptomatic management of PD achieved 
by stereotaxic ablative procedures, which 
were rapidly supplanted by deep brain 
stimulation (DBS), the importance of which 
was saluted by the attribution of the 2014 
Lasker–DeBakey Clinical Medical Research 
Award to Mahlon R. DeLong and Alim 
Louis Benabid.

Even though more investigations remain 
to be carried out to completely expose 
the secrets of basal ganglia function (see 
below), dysfunction of the basal ganglia–
thalamo–cortical circuit (FIG. 2) may explain 
some of the motor defects that are seen in 
PD. As early as the mid-1900s, researchers 
recognized that discrete lesions of the basal 
ganglia improve parkinsonism42. However, 
it was not until the seminal demonstration 
that parkinsonism can be abrogated in a 
monkey model of PD through the chemical 
destruction of the subthalamic nucleus 
(STN)43 and the unravelling of the core 
functional neuroanatomy of the basal ganglia 
(FIG. 2), that the revolutionary strategy of 
targeting the STN or the globus pallidus 
internal segment (GPi) with DBS began to be 
applied to patients. This treatment often led 
to a degree of symptomatic improvement that 
had not been seen since the introduction 

with distinct affinity profiles for dopamine 
receptor subtypes that have been isolated 
and characterized38; focal dopamine delivery 
systems that use cell-based and viral 
vector-based therapies; and intracerebral 
injection and viral vector-based delivery 
of trophic factors, such as glia cell-derived 
neurotrophic factor or neurturin, to boost 
both the viability and the function of 
compromised dopaminergic neurons.

Animal models of PD, in particular 
rodents that are unilaterally lesioned 
with the neurotoxin 6-hydroxydopamine 
(6-OHDA), have been instrumental in 
confirming that many of these strategies 
are effective at reversing the motor 
abnormalities that are related to striatal 
dopamine deficits4. This reactive oxygen 
species-generating neurotoxic model of PD, 
which was the first to be associated with 
dopaminergic neuronal death in the SNpc39, 
remains popular for preclinical assessment 
of the anti-parkinsonism properties of new 
drugs and the benefits of transplantation 
or gene therapy to repair the damaged 
pathway4. Indeed, this model is valuable 
because unilateral 6-OHDA lesions induce 
an asymmetric circling behaviour in 
animals, the magnitude of which depends 
on the extent of the nigrostriatal lesion 
and is quantifiable40. Among this trove of 
therapeutic strategies, the more than 30-year 
history of the transplantation of neural 
cells, including induced pluripotent stem 
cell-derived dopaminergic neurons, in PD41 
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of l-DOPA37. DBS suppresses the excessive 
synchronized oscillation in nuclei of the basal 
ganglia44 and reduces the phase-amplitude 
coupling in the motor cortex that is recorded 
in patients with PD45, which suggests that 
the high-frequency current delivered to 
the STN or GPi by the DBS electrodes may 
produce symptomatic benefits by alleviating 
a PD-related pathological synchrony44. 
Currently, targets other than the STN or GPi, 
such as the pedunculopontine nucleus37, 
and closed-loop devices46 are being tested to 
produce even better and more personalized 
control of parkinsonism through DBS.

In parallel with the above studies, several 
investigators set out to elucidate how the 
basal ganglia mediate voluntary movement, 
by studying patients using various functional 
imaging modalities, such as positron emission 
tomography47, as well as healthy animals 
and animal models of PD using a range of 
innovative approaches. Indeed, from the late 
1970s onwards, novel behavioural paradigms 
and electrophysiological approaches have 
been combined with experimental tools, 
such as neurotoxins, viral neuronal tracers 
and optogenetics, to probe the functional 
anatomy of the basal ganglia in rodents and 
monkeys. Initially, the emphasis was placed 
on elucidating the molecular basis of the 
dopamine responsiveness of striatal neurons. 

Furthermore, this remarkable 
neurochemical and anatomical segregation, 
coupled with electrophysiological and 
behavioural investigations (FIG. 2), led 
scientists to surmise that the direct striatal 
pathway probably facilitates movement 
(that is, it acts as a ‘go’ pathway), whereas 
the indirect striatal pathway suppresses 
movements (that is, it acts as a ‘no go’ 
pathway)55. This opponent model is consistent 
with some experiments in awake, moving 
animals54, but alternative views have also 
been put forward. For example, some studies 
have argued that the direct and indirect 
pathways are not alternatively active but 
are concomitantly active during movement 
initiation and that they behave differently 
during the performance of a motor task56, and 
that the pattern of coordinated activity across 
these two pathways, rather than the relative 
amount of activity, regulates movement 
initiation and execution57. In both of these 
models, disruption of dopamine-modulated 
basal ganglia circuits would be expected to 
result in the disruption of action initiation, 
which could explain the paucity of voluntary 
movements in PD.

Nevertheless, how does one explain the 
slowness of movement that is so characteristic 
of PD? A recent study in mice that were 
carrying out a task requiring substantial, 

These investigations led to the discovery 
that striatal neurons respond to dopamine 
through the activation of various dopamine 
receptors, mainly the D1 and D2 subtypes48, 
and also revealed the subsequent engagement 
of signal transduction pathways involving 
dopamine- and cAMP-regulated neuronal 
phosphoprotein (DARPP-32; also known as 
PPP1R1B)49. Additional ground-breaking 
studies50–52 revealed that the striatum  
(the main input nucleus of the basal ganglia) 
contains mostly GABAergic spiny neurons, 
which project either directly to the substantia 
nigra pars reticulata (SNr; the main output 
nucleus) or indirectly to the SNr through the 
globus pallidus external segment (GPe). One 
study53 found that the majority of striatonigral 
neurons express substance P and the D1 
dopamine receptor, whereas the majority of 
striatopallidal neurons express the peptide 
enkephalin and the D2 dopamine receptor, 
segregating D1 and D2 dopamine receptors 
between the striatal direct and indirect 
pathways. This finding has prompted the 
development of engineered mouse lines that, 
through the expression of Cre recombinase 
or channelrhodopsin under the control of 
either the D1 or the D2 dopamine receptor 
promoter, enable the specific modulation of 
the striatal direct or indirect pathway in living 
animals (as shown in REF. 54).

Figure 2 | Direct and indirect pathways of the basal ganglia motor cir-
cuits in health and parkinsonism. Under healthy conditions, substantia 
nigra pars compacta (SNpc) dopaminergic neurons activate the D1 dopa‑
mine receptor‑expressing striatal projecting neurons of the direct pathway 
and inhibit the D2‑expressing striatal projecting neurons of the indirect 
pathway. Once activated by the cortex and the SNpc, the direct pathway 
inhibits the globus pallidus internal segment (GPi)–substantia nigra pars 
reticulata (SNpr). Once the indirect pathway is activated by the cortex (and 
to a lesser extent inhibited by the SNpc), it inhibits the globus pallidus exter‑
nal segment (GPe), which inhibits the subthalamic nucleus (STN) and the 
GPi–SNpr. These inputs to the GPi–SNpr together cause a net decrease in 
inhibition to the thalamus. As the thalamus activates the motor cortex itself, 

it can be concluded that an increase in activity in the SNpc may promote 
motor activity. However, in Parkinson disease, degeneration of the SNpc will 
decrease the activation of the direct pathway and the inhibition of the indi‑
rect pathway. This striatal imbalance will cause an increase in STN‑mediated 
activation and a decrease in GPe‑mediated inhibition of the GPi–SNpr, 
which, in turn, will exert a much stronger inhibition of the thalamus, result‑
ing in a lower activation of the motor cortex. Thus, the loss of SNpc input to 
the striatum leads to a decrease in motor activity. CM, centromedian 
nucleus; CMA, cingulate motor area; M1, primary motor cortex; PMC, 
pre‑motor cortex; PPN, pedunculopontine nucleus; SMA, supplementary 
motor area; VA–VL, ventral anterior–ventral lateral nucleus. Adapted with 
permission from REF. 37, Macmillan Publishers Limited.
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intentional variation in movement velocity 
showed that the activity of dorsal striatal 
neurons represented movement velocity 
in a graded manner58. In a mouse model 
of PD, animals that experience progressive 
dopamine depletion exhibit both a persistent 
reduction in movement velocity and a 
concomitant loss of the dorsal striatal 
representation of movement velocity58. 
Furthermore, dopaminergic signalling 
has been shown to control how the basal 
ganglia learn to modulate the velocity of 
movements59,60. Thus, the disruption of this 
velocity-controlling function of dopamine- 
modulated basal ganglia circuits could 
underlie the slowness of movement that is 
observed in patients with PD.

A mitochondrial cytopathy?
The discovery of evidence for a role for 
mitochondrial defects in PD was both 
surprising and serendipitous. In the late 
1970s and early 1980s, several young people 
with drug addictions were found to have 
developed an acute syndrome that was almost 
indistinguishable from PD following the 
self-injection of 1-methyl-4- phenyl-1,2,5,6- 
tetrahydropyridine (MPTP), which is a 
by-product of the synthesis of an opioid 
analogue61,62. The remarkable similarity 
between MPTP-induced parkinsonism and 
PD prompted researchers to investigate the 
mechanism of action of this neurotoxin. 
From 1984 onwards, a host of seminal papers 
established that MPTP-induced toxicity 
results from a complex, multistep process 
that culminates in the concentration of 
1-methyl-4-phenylpyridinium ion, the active 
metabolite of MPTP, in the mitochondrial 
matrix and the subsequent inhibition of 
complex I of the electron transport chain 
(reviewed in REF. 4). These findings raised 
the question of whether a similar deficit 
might be involved in PD pathogenesis. Sure 
enough, a few years later, a study found that, 
in post-mortem brain tissue from patients 
with PD, the SN exhibited a marked decrease 
in complex I activity63,64.

As PD is a chronic condition, acute 
exposure to a mitochondrial poison was 
unlikely to be responsible for this disease, 
but it was conceivable that a genetic 
mutation could have a similar effect on 
mitochondrial respiration. The initial reports 
of neurological disorders caused by mutations 
in complex I genes (reviewed in REF. 65) 
included evidence that some — for example, 
mutations in NDUFV2 (NADH:ubiquinone 
oxidoreductase core subunit V2), which 
is transcribed in the nucleus — were 
associated with PD66, and that accumulations 

recessive-inherited form of parkinsonism76. 
In general, PARK2 mutations are found in 
patients with PD who experience an early 
onset of symptoms (before the age of 30), 
particularly those with a family history that 
is consistent with recessive inheritance77. 
Attempts to recapitulate parkin loss of 
function in mice have not succeeded in 
producing a PD-like phenotype78, although 
flies engineered so that they did not express 
this protein exhibited mitochondrial 
abnormalities79,80. It is still unclear exactly 
how PARK2 mutations lead to dopaminergic 
neuron degeneration, but we now know 
that parkin normally functions as an E3 
ubiquitin ligase81,82. One of the substrates 
of parkin is parkin-interacting substrate 
(PARIS; also known as ZNF746), which 
represses peroxisome proliferator-activated 
receptor-γ co-activator 1α (PGC1α)83. This 
suggests that parkin may indirectly regulate 
mitochondrial respiration, as PGC1α has a 
role in mitochondrial biogenesis84. However, 
the majority of the attention has been directed 
towards the observation that parkin, which is 
a primarily cytosolic protein, can translocate 
to dysfunctional mitochondria, where it 
participates in the destruction of these 
defective organelles65.

Parkin participates in the 
macro-autophagy of defective mitochondria 
in a process that is dependent on the 
mitochondrial serine/threonine protein 
kinase PINK1 (REFS 85–87). PINK1 mutations, 
similarly to those found in PARK2, are 
linked to a recessive form of PD that is 
probably caused by a loss of gene function88. 
In flies, the deletion of pink1 recapitulates 
the same mitochondrial abnormalities 
that are observed in parkin-null flies, and 
the pink1-null phenotype can be rescued 
by parkin overexpression89,90. Thus, on the 
basis of both clinical similarities and genetic 
interactions, it seems that parkin and PINK1 
operate in the same molecular pathway. 
Indeed, overexpression of parkin leads to a 
loss of mitochondria owing to an increase 
in mitophagy91 — an effect that requires the 
presence of PINK1 (REF. 85).

A clear pathogenic scenario has emerged 
from these observations. Dysfunctional 
mitochondria spontaneously arise in 
postmitotic cells, such as neurons, and, under 
normal circumstances, are eliminated by the 
parkin–PINK1 quality-control mechanism. 
However, if PARK2 and/or PINK1 are 
mutated, defective mitochondria accumulate, 
ultimately causing neuronal dysfunction and 
cell death. Further strengthening the potential 
importance of a defect in mitochondrial 
quality control in PD, some reports show 

of large-scale deletions of mitochondrial 
DNA were found in spared SNpc neurons 
in patients with PD67,68. Moreover, certain 
polymorphisms in genes that encode subunits 
of complex I might enhance susceptibility 
to PD, but only in specific subgroups of 
individuals69,70. As all mitochondrial DNA 
originates from the ovum, the mitochondrial 
cytopathy hypothesis predicts that PD should 
be maternally inherited. Currently, there is 
some epidemiological support for a maternal 
inheritance pattern, but only in a subset  
of patients with PD71,72.

Thus far, there have been no cases of ‘true’ 
PD linked to a mitochondrial gene mutation. 
However, a point mutation (A1555G) in 
the 12S rRNA gene has been implicated in 
maternally inherited deafness associated with 
l-DOPA-responsive parkinsonism73. Similarly, 
a distinct heteroplasmic, maternally inherited 
12S rRNA gene point mutation (T1095C) was 
found in another pedigree whose members 
presented with deafness, l-DOPA-responsive 
parkinsonism and neuropathy74. However, 
these mutations were not found in 20 cases 
of sporadic PD74, which suggests that the 
12S rRNA gene mutations are not likely to 
be a common cause of PD. Clearly, when 
parkinsonism is attributed to one of these rare 
mitochondrial DNA mutations, it is part of a 
multi-system clinical picture. This conclusion 
also holds true for patients who have 
mitochondrial DNA mutations secondary to 
defects in the proteins that are responsible for 
the integrity of the genome of this organelle, 
such as mitochondrial DNA polymerase-γ75.

Quality-control deficits
By the mid-1990s, there were serious 
concerns regarding the hypothesis that a 
deficit in mitochondrial respiration was 
the primary mechanism of PD. One such 
concern was that mitochondrial diseases are 
typically paediatric conditions that have a 
short lifespan expectancy (<40 years), whereas 
many patients with PD live much longer 
than that65. However, the mitochondrial 
hypothesis continues to drive provocative 
lines of research. In the past decade, several 
genetic loci that have gene products that are 
associated with mitochondria have been 
linked to familial PD65. Interestingly, none 
has direct connections to mitochondrial 
respiration; rather, they seem to be involved in 
the quality-control mechanism that protects 
against defective mitochondria.

Evidence for the connection between PD 
and mitochondrial quality-control defects 
stems from studies of loss-of- function 
mutations in PARK2, which encodes parkin. 
Such mutations are known to cause a 
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that both vacuolar protein sorting- associated 
protein 13C (VPS13C) and F-box  
only protein 7 (FBXO7) interact with this 
parkin–PINK1 machinery, and mutations 
in VPS13C and FBXO7 have been linked to 
familial forms of the disease92,93.

A link between PD pathogenesis and a 
defect in another quality-control mechanism, 
namely, proteostasis, has arisen from work 
on the protein α-synuclein. Five missense 
mutations (A30P, E46K, H50Q, G51N and 
A53T) in the α-synuclein gene (SNCA) have 
been linked to a dominantly inherited form of 
PD94–98. The recognition that this presynaptic 
protein is abundant in Lewy bodies99 
prompted many researchers to suggest that 
α-synuclein-mediated neurotoxicity stems 
from a propensity to misfold and to form 
oligomers and protofibrils100. Interestingly, 
SNCA mutations have not been found in 
patients with sporadic PD101, although the 
protein has been found in Lewy bodies 
in these individuals102. Moreover, the 
multiplication of SNCA also causes an 
autosomal dominant PD phenotype103–105, 
which suggests that the cytotoxic effect of 
mutant α-synuclein is not a newly acquired 
property, but an enhancement of a native 
property that then causes disease pathology. 
Although how this gain of function results 
in PD phenotypes remains to be established, 
there is a growing enthusiasm for the idea 
that neurodegeneration in PD may arise 
from the failure of misfolded proteins, such 
as mutated α-synuclein, to be cleared in a 
timely manner. Indeed, it is thought that the 
mechanisms of protein quality control (that 
is, proteasome activity, chaperone activity and 
autophagy) may decrease in effectiveness with 
age and, consequently, cannot cope with the 
additional load of misfolded protein that is 
caused by either mutation or post-translation 
modification (for example, oxidative damage).

Genes versus the environment
It may come as a surprise that the possible 
heritability of PD was raised as early as the 
turn of the twentieth century by the British 
neurologist William Gowers106. This idea was 
subsequently supported by the finding that 
individuals whose first-degree relatives had 
PD were ~twofold more likely to develop this 
disease than those with no family history of 
PD107. However, there was also evidence for 
an environmental basis of PD, as clusters of 
parkinsonism were observed that seemed to 
be linked to various environmental scenarios. 
Specifically, there have been clusters linked 
to the influenza epidemic5, the consumption 
of Cycas micronesica seeds by the indigenous 
peoples of Guam108 and the self-injection 

fact that twins may be clinically discordant 
for PD for up to 20 years122. Moreover,  
a genome-wide complex trait analysis123 
revealed that the heritable component of PD 
is at least 30%. Interestingly, the 28 risk loci 
that have been found124 so far only account 
for ~15% of the heritable component, which 
suggests that there are numerous additional 
loci to be found. The correlate of this 
idea is that in PD there may be numerous 
common variants of small effect that may 
be necessary, but perhaps not sufficient, to 
bring about this complex phenotype. Could 
the legendary gene-versus-environment 
distinction be a false dichotomy and could 
they in fact work together?

The above discussion covers one example 
of the new kind of hypotheses that emerged 
from the remarkable contribution of genetics 
to PD research. Indeed, the fact that sporadic 
and familial forms of PD are phenotypically 
indistinguishable has raised the hypothesis 
that they may share common underlying 
mechanisms, despite having, perhaps, very 
different causes. In support of this view, 
a study found genes that had previously 
been linked to familial PD, such as SNCA, 
LRRK2 and VPS13C, among the risk loci 
identified for sporadic PD125. Furthermore, 
the fact that familial PD can be caused by 
mutations in multiple distinct genes raises the 
possibility that the functions of the affected 
genes overlap or interact through common 
pathways. In addition, and perhaps most 
importantly, post-mortem brain tissue from 
patients with PD who had PARK8 mutations 
exhibited a remarkable neuropathological 
heterogeneity126, and α-synuclein can adopt 
different pathological conformations that 
cause different neurotoxic phenotypes127. 
These facts suggest that although the clinical 
phenotype-based classification scheme of 
neurodegenerative diseases is useful, it may 
be helpful, or perhaps essential, that we 
acknowledge that various neuro degenerative 
disorders may represent different expressions 
of common fundamental problems. Finally, 
mutations that cause PD are already 
expressed on the first day of life, whereas the 
manifestations of the disease emerge only 
in adults, leading to the provocative view 
that PD, rather than being labelled a neuro-
degenerative disease, might be a neurode-
velopmental disorder, in which chronic but 
insidious deficits are masked by compensatory 
mechanisms that eventually fail with age. 
Collectively, the aforementioned new ideas 
— mostly driven by genetic findings — 
provide compelling evidence for an ongoing 
revolution in our understanding of the 
molecular pathophysiology of PD.

of MPTP61,62. Numerous epidemiological 
studies have linked an increased risk of PD 
to the consumption of well water, living 
in rural areas, and exposure to herbicides 
and pesticides109. Coffee consumption and 
cigarette smoking have also been inversely 
associated with PD110. The accumulation 
of such findings supports the idea that 
environmental factors may contribute to 
susceptibility to PD, although no single 
factor has been identified as the sole culprit. 
In fact, it may be the case that a particular 
combination of toxins effectively promotes 
PD. Thiruchelvam and collaborators111 note 
that the agricultural fungicide manganese eth-
ylenebisdithiocarbamate has been implicated 
in some cases of PD-like syndromes and 
shows a striking geographic overlap with the 
widely used herbicide paraquat4. In this case, 
it may be the combination of paraquat and 
manganese ethylenebisdithiocarbamate, and 
possibly also rotenone112, that is to blame for 
the PD-like condition.

The environmental hypothesis increased 
in popularity until the discovery in 1997 that 
the missense mutations in SNCA cause a rare 
form of familial PD. This finding triggered a 
true conceptual shift towards the idea that PD 
has a genetic basis. Subsequent discoveries 
also linked genetic mutations to familial 
forms of PD, with phenotypes inherited 
as either autosomal recessive or dominant 
traits113. Is there anything that can be said 
about the genetic basis of sporadic PD? 
Remarkably, mutations in PARK2 and LRRK2 
(leucine rich repeat serine/threonine protein 
kinase 2) that are identical to those linked 
to familial PD have been found in some 
cases of sporadic PD, despite the apparent 
absence of family history114,115. Large-scale 
epidemiological studies have also revealed 
several pieces of evidence that support 
the genetic hypothesis, including single- 
nucleotide polymorphisms in MAPT, which 
encodes tau, that are associated with PD 
susceptibility116, and specific apolipoprotein 
E genotypes and linkage with probably 
more than one gene on chromosome 1p 
that influence the age at onset of PD117,118. 
Furthermore, heterozygosity for mutations in 
the glucosylceramidase gene (GBA) was found 
to predispose individuals to PD119, and it has 
been reported that the altered expression levels 
of several non-coding small RNA species 
(microRNAs) are of importance in PD120.

Some genetic studies actually report 
findings that argue against a role for a genetic 
component in sporadic PD. For example, 
studies of monozygotic twins show a lack of 
concordance for the disease121, although such 
studies need to be interpreted in light of the 
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Progression of disease
Although the above discussion primarily 
focuses on cell-autonomous mechanisms 
of neurodegeneration in PD, the unique 
pathological progression of the disease 
suggests a role for non-cell autonomous 
mechanisms. Two such mechanisms have 
been put forward for PD. First, there is 
the idea that neuroinflammation, which 
involves a series of immune-mediated 
cascading events that are triggered by the 
loss of dopaminergic neurons, may facilitate 
further degeneration. In studies in animal 
models of PD, there is a large body of 

producing an image of neuronophagia129. 
Although tantalizing, none of these findings 
proves a causal role of neuroinflammation 
in PD pathogenesis. Nonetheless, the mere 
association of PD with indices of neuro-
inflammation has prompted preclinical and 
clinical immunotherapeutic trials using both 
passive and active immunization strategies, 
especially against α-synuclein133, as potential 
new approaches to disease modification.

The second idea pertains to the 
hypothesis that there may be some 
mechanism by which protein pathology 
is ‘transmitted’ throughout the brain in 
PD. This view stems from two initial 
observations134: first, 10–15% of embryonic 
ventral midbrain neurons that survived for 
decades after being grafted in the striatum of 
patients with PD exhibited α-synuclein- 
positive inclusions that were reminiscent 
of Lewy bodies41; and, second, abnormal 
α-synuclein immunostaining in PD brains 
seemed to follow a stereotypical pattern of 
distribution135. These data have been seen 
by many as providing compelling impetus 
to the notion that misfolded α-synuclein 
can be transferred from an affected neuron 
to a previously healthy neuron through a 
‘prion-like’ process. Indeed, preformed fibrils 
generated from full-length and truncated 
recombinant α-synuclein can enter primary 
neurons by endocytosis through binding 
to the surface motif lymphocyte-activation 
gene 3 (LAG3)136, and can recruit soluble 
endogenous α-synuclein into insoluble 
inclusions that are suggestive of Lewy 
bodies137. This study also demonstrated that 
the accumulation of pathological α-synuclein 
can lead to decreases in synaptic protein 
levels, progressive impairments in neuronal 
excitability and connectivity, and, ultimately, 
neuronal death137. However, whether a 
similar pathogenic scenario occurs in 
patients with PD remains to be established134.

Conclusions
Needless to say, the advances in our 
understanding of PD in the past 200 years 
have been remarkable, and PD research 
is still advancing rapidly on several 
fronts: circuit-level investigations, new 
experimental treatments, molecular studies, 
and human studies based on genetics, 
pathology and brain-imaging techniques. 
Unfortunately, despite major breakthroughs 
in our understanding of the disease, we still 
do not have an effective treatment. For the 
most part, research findings have forced 
us to expand our thinking in terms of the 
possible aetiologies and pathogenic and 
patho physiological processes of PD (FIG. 3). 

evidence indicating that glial cells, especially 
microglia, readily adopt a pro-inflammatory 
phenotype that is associated with the release 
of cytotoxic molecules and ensuing enhanced 
neurodegeneration128. However, thus far, 
there is only suggestive evidence linking 
PD to neuroinflammation. Indeed, the loss 
of dopaminergic neurons in post-mortem 
PD brains is associated with microgliosis 
and, to a lesser extent, astrocytosis129–132. 
Furthermore, activated microglial cells are 
predominantly found in proximity to free 
neuromelanin in the neuropil, and these cells 
sometimes cluster around remaining neurons, 

Figure 3 | Potential pathogenic mechanisms involved in Parkinson disease. Various mechanisms 
have been proposed to contribute to Parkinson disease (PD). This schematic only includes some of 
these mechanisms, primarily to highlight the emerging directions in PD research and the multifactorial 
nature of the envisioned neurodegenerative cascade. Solid arrows represent established processes, 
whereas dashed arrows signify hypothesized links. Quality‑control mechanisms for proteins and orga‑
nelles, such as the mitochondria, on becoming defective, may be crucial determinants of the PD dis‑
ease process. Defects in protein quality‑control mechanisms may be precipitated by the misfolding  
of proteins such as α‑synuclein. Indeed, once misfolded, proteins may overload the ubiquitin‑ 
proteasome and lysosomal degradation pathways, thus hampering the ability of the cellular machinery 
to detect and degrade undesired proteins. Protein misfolding may result from gene mutations or 
post‑translational modifications induced by, for example, reactive oxygen species (ROS). Of note, ROS 
by themselves can cause broad cellular damage, and hence can directly contribute to neuro‑
degeneration, and can be generated through the oxidation of dopamine, by environmental toxins that 
behave similarly to 6‑hydroxydopamine (6‑OHDA), and by mitochondrial repair defects. Notably, pro‑
teins that are prone to misfolding, such as α‑synuclein, seem to be capable of travelling from cell to 
cell, hence propagating protein misfolding and the disease process. Other mutant and modified pro‑
teins, such as parkin and PINK1, may lack their wild‑type function. Defects in the function of one or 
both of these proteins would alter mitochondrial turnover by macro‑autophagy (mitophagy), thus 
hampering the ability of the cellular machinery to detect and degrade dysfunctional mitochondria. 
Alterations in these two quality‑control mechanisms may lead to the accumulation of unwanted pro‑
teins and mitochondria, which, by unknown mechanisms, may lead to neurodegeneration. Defective 
parkin can, in an indirect manner through peroxisome proliferator‑activated receptor‑γ co‑activator 
1α (PGC1α), affect mitochondrial respiration, which, through a distinct mechanism, is also the target 
of two known neurotoxins: 1‑methyl‑4 phenyl‑1,2,5,6‑tetrahydropyridine (MPTP) and rotenone. A 
defect in mitochondrial respiration can increase the level of ROS and decrease ATP production, and 
hence can lead to potentially pathogenic cellular oxidative stress and an energy crisis. Although these 
different cell‑autonomous molecular alterations are taking place within degenerating neurons, neigh‑
bouring glial cells, especially astrocytes and microglia, may adopt a pro‑inflammatory phenotype, 
which, through the production of a host of cytotoxic molecules, enhances the level of stress on  
compromised neurons that are present in their vicinity, thereby promoting degeneration.
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Indeed, a combination of environmental and 
genetic factors may determine who develops 
the disease. Moreover, its unique pattern of 
progression suggests some form of cell-to-cell 
transmission within the brain (FIG. 3), which, 
in turn, not only kills specific subsets of 
neurons, but also compromises specific 
neuronal circuits. Although unravelling this 
puzzle may be daunting at first glance, this 
complexity will hopefully provide multiple 
opportunities for the treatment, or even 
the prevention, of the debilitating effects 
of PD. I predict that the development of 
such treatments or preventive measures 
will depend on a sound understanding 
of the interactions among the various 
environmental, genetic, cellular, molecular 
and physiological mechanisms that are 
involved to reach an integrated view of the 
multifaceted nature of PD (FIG. 3) that must 
extend beyond the CNS, as implied by the 
potential role of the gut microbiome in PD 
neurodegeneration138 and the demonstration 
that systemic administration of pathological 
α-synuclein can gain access to the brain127. 
At this juncture, it may be speculated that 
mitochondrial dysfunction, oxidative  
stress and the mishandling of damaged 
proteins and mitochondria are tightly 
interconnected pathogenic factors, that, in 
combination, drive the demise of specific 
subsets of neurons in PD (FIG. 3). Although 
these different alterations are taking place 
within degenerating neurons, neighbouring 
glial cells, especially astrocytes and microglia, 
may be mounting a neuroinflammatory 
response (FIG. 3), supporting the idea that PD 
may be caused by the conjunction of both 
cell-autonomous and non-cell-autonomous 
processes. Thus, although this hypothetical 
multifactorial pathogenic view of PD may be 
appealing, we must maintain the momentum 
of the progress made over the past 200 years, 
not only to confirm this vision, but also to 
understand why the proposed pathogenic 
cascade kills only specific types of neurons 
in PD.
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