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Abstract

Age is the largest risk factor for the development and progression of Parkinson’s disease (PD). Ageing affects many cellular
processes that predispose to neurodegeneration, and age-related changes in cellular function predispose to the pathogenesis of
PD. The accumulation of age-related somatic damage combined with a failure of compensatory mechanisms may lead to an
acceleration of PD with age. The formation of Lewy bodies may represent a marker for protective mechanisms against age-
related dysfunction and degeneration of the nervous system. Mild parkinsonian signs may be present in older people, which are
associated with reduced function. These may be due to age-related decline in dopaminergic activity, incidental Lewy body
disease, degenerative pathologies (early PD and Alzheimer’s disease) or vascular pathology. Ageing may affect the clinical pres-
entation of PD with altered drug side effects, increased risk of developing dementia and an increased likelihood of admission to
a nursing home. Progression of PD, including the development of dementia, and hallucinations is related to the age of the
patient rather than the age of disease onset. PD may reflect a failure of the normal cellular compensatory mechanisms in
vulnerable brain regions, and this vulnerability is increased by ageing. PD is one of the best examples of an age-related disease.
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Introduction

We all age, our brains age, but only some of us develop neu-
rodegenerative diseases such as Parkinson’s disease (PD).
There has been a debate as to whether the pathological pro-
cesses of PD are exaggerations of those processes involved
in ageing, making us all liable to develop PD if we live long
enough, or whether the ageing process makes us vulnerable
to diseases such as PD or whether the pathology of PD is
independent of ageing. The pathogenesis and clinical presen-
tations of PD result from complex interactions between
ageing and other susceptibility factors, making PD one of
the best examples of an age-related disease.

Epidemiology of PD

The prevalence of PD increases with increasing age, and this
age-specific prevalence is remarkably similar in the majority
of countries in Europe. It is likely that variations in preva-
lence around the world reflect variations in life expectancy
and case ascertainment. Age-adjusted prevalence rates in the
UK are around 150 (105–168) per 100,000 population with

an age-specific incidence of 10.8 cases of PD and 16.6 cases
of parkinsonism per 100,000 population per year [1]. Most
studies suggest a mean age of onset in the 70s.

Ageing and neurodegeneration

Ageing is thought to be a stochastic process combining pre-
dictable and random effects that lead to the accumulation of
unrepaired cellular damage, weakening cellular repair and
compensatory mechanisms [2]. Much of the individual vari-
ation in ageing is accounted for by lifestyle and the effects
of the environment, with genes accounting for only 25% of
variability [2]. Although brain cells are particularly susceptible
to the accumulated effects of ageing, neuronal death is not
programmed to occur at a particular time. Cellular and molec-
ular changes of ageing interact with genes and environmental
factors to determine which cells age successfully and which
succumb to neurodegeneration. It is not clear how the select-
ive vulnerability comes about, giving rise to different differing
patterns of neurodegeneration in different diseases.

Compensatory strategies protective against cell damage
and death include mitochondrial oxygenation, ubiquitiniza-
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tion and proteolysis by proteasomes and activity of chaper-
ones and lysosome-mediated autophagy. Ageing is
associated with mitochondrial dysfunction, increased free
radical production and oxidative stress, which may lead to
genomic instability and DNA mutations, with shortening
of telomeres associated with reduced survival [3]. There is
an age-related decline in activity of proteasomes that de-
grade damaged or ubiquitinated proteins leading to an
increase in abnormal deposition of cellular brain proteins
[4]. There is some age-related deposition of α-synuclein, al-
though post-mortem studies show that it is much less in
age-matched controls compared with PD brains. These
studies also show the co-existence of beta amyloid and α-sy-
nuclein pathology possibly suggesting common underlying
pathogenic mechanisms between Alzheimer’s disease and
PD [5]. The sirtuins are members of the histone deacetylase
family of proteins that play a role in the regulation of the cell
cycle and the promotion of cell survival. Inhibition of sir-
tuins has been shown to rescue the toxicity of α-synuclein
in animal models, suggesting a link between ageing and neu-
rodegeneration [6]. Ageing is associated with a reduced
efficiency of chaperones and imbalanced autophagic recyc-
ling, changes in inflammation, complement activation,
activation of microglia and an impaired response to neuro-
trophic factors impairing the brain’s ability to recover from
damage [7]. Iron progressively accumulates in the brain with
age, including in the substantia nigra, rendering the cell more
susceptible to toxins [8]. Optimum functioning of the insu-
lin signalling pathway maximises longevity, with each tissue
having its own critical level. Lower levels of activity interfere
with metabolism producing diabetes while higher levels in
the brain with ageing predispose to neurodegeneration [9].

There are age-related genetic changes in the substantia
nigra due to an accumulation of deletions of mitochondrial
DNA in ageing with functional impairment of neurons.
Such deletions are also prevalent in PD and affect the func-
tioning of neurons [10].

Other age-related changes include reductions in striatal
tyrosine hydroxylase and dopamine, a reduction in the num-
ber of pigmented neurons in the substantia nigra and
reduced dopamine receptor density. Although there is loss
of pigmented neurons with age, there is evidence that
remaining neurons hypertrophy, possibly as a compensatory
mechanism [11]. All of these age-related changes are relevant
to the aetiology and pathogenesis of PD.

Aetiology of PD

Ageing is the largest single independent risk factor for the
development of PD. Environmental risks for PD include ex-
posure to pesticides, rural living, drinking well water, heavy
metal and solvent exposure, welding and mining. There are
also some possible protective factors including a history of
cigarette smoking, caffeine use and use of anti-inflammatory
agents [12].

There is a positive family history of PD in 10–15% of PD
patients. At least 13 different PD gene groups have been de-

scribed, which are mostly associated with rare forms of
younger onset disease that have clinical features distinguish-
ing familial from sporadic cases [13]. The leucine-rich repeat-
kinase-2 gene defect (LRRK2) or park 8 is an example of a
gene defect causing late-onset PD [13]. LRRK2 PD is the
most common autosomal dominant parkinsonism accounting
for 1–2% of patients with sporadic late-onset PD. The clinical
signs and symptoms are heterogeneous but can resemble
sporadic PD with an average age of onset in the late 50s
and 60s but with a more benign prognosis and less dementia.
Pathological changes are variable and it is suggested that the
mutation leads to a cascade of neurodegeneration with differ-
ing pathology [13].

Pathogenesis of PD

The pathogenesis of PD consists of a cascade of events
leading to cell death (Figure 1). This cascade includes oxida-
tive stress, impaired mitochondrial function, excitotoxicity
via glutamate pathways, protein misfolding and aggregation
due to ubiquitin–proteasomal system dysfunction, impaired
lysosome and chaperone-mediated autophagy, and the de-
velopment of cytoplasmic inclusion bodies called Lewy
bodies that contain neurofilament proteins and ubiquitinated
α-synuclein. Inflammation and humoral immune reactions
may contribute to the processes linked to cell death through
apoptosis. Many of these mechanisms parallel the changes of
ageing. Many environmental agents may be inhibitors of
proteasomal function and, in rat models, proteasomal inhib-
ition alone can reproduce the key features of PD [14].

The main areas to consider in reviewing the relationship
between ageing and the pathological processes in PD are the
presence and distribution of Lewy bodies, the specific distri-
bution of cell loss and the pattern of protein deposition.

Lewy bodies

Braak staged PD according to the progression of the patho-
logical changes from the brain stem to the cortex, in an
ascending course, based on the presence of Lewy bodies
[15]. In Braak Stage 1, changes are confined to the dorsal
motor nucleus and olfactory bulb associated with loss of ol-
factory function, commonly seen in pre-clinical PD. Loss of
the sense of smell should, therefore, reflect the underlying
disease course rather than an age-related change. PD pa-
tients have a more rapid decline in the sense of smell
when compared with age-matched controls with an onset
of decline many years before the motor syndrome [16].
Using a predicted age-related rate of decline in the sense
of smell, PD would only develop due to ‘normal ageing’
considerably beyond the normal human lifespan. Braak
Stage 2 involves Lewy body formation in the pons and me-
dulla, Stages 3 and 4 produce clinical motor symptoms and
Stages 5 and 6 involve neocortical areas, producing cognitive
problems and dementia. Early involvement of the brain
stem in PD may correlate with early autonomic symptoms
which are more common with increasing age and can pre-
cede the motor symptoms [17].
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Accumulation of α-synuclein at the synapse leads to a
loss of synaptic proteins and synaptic pruning with loss of
connectivity [18]. Retrograde transport of α-synuclein in the
axon to the cell body to form the Lewy body may be pro-
tective. A post-mortem study which included people with
no dementia or PD in life showed that 50% of brains in
which diffuse cortical Lewy bodies were found had no his-
tory of dementia in life and the pattern of Lewy body
formation only partially confirmed Braak’s staging [19].
Some Lewy body-related α-synucleinopathy is found in up
to 50% of Alzheimer’s disease brains and 30% of controls,
with >10% having significant Lewy body disease but no par-
kinsonism [20]. This ‘incidental Lewy body disease’ (ILBD),
which may represent pre-clinical PD, is more common with
increasing age, and is associated with cell loss to a degree
intermediate between that found in PD and in normal age-
ing. There is evidence that PD progressing to PD dementia,
and dementia with Lewy bodies progressing to parkinson-
ism, end in similar clinical and pathological patterns,
suggesting that the pattern observed by Braak is part of a
spectrum of conditions ranging from those commencing
in the brain stem through to those commencing in the cor-
tex. It is possible that the Lewy body represents a marker of
protective mechanisms against age-related dysfunction and
degeneration of the nervous system.

Cell loss

Cell loss occurs not only in the dopaminergic cells in the
substantia nigra (SN) but also in many other non-dopamin-
ergic areas of the brain including the noradrenergic locus
coeruleus, the cholinergic nucleus basalis of Meynert, the

serotonergic raphe nucleus and the autonomic nervous sys-
tem. In the very early stages of PD where Lewy bodies are
found in the brain stem, there is already cell loss without
Lewy bodies in the SN. The SN has two divisions, the pars
reticulata and the pars compacta (SNc), with the SNc sub-
divided into ventral and dorsal tiers. Cell loss in PD mainly
occurs in the ventral tier of the SNc. At post mortem, only a
quarter of cells in the SNc remain in PD compared with nor-
mal, with the surviving cells being in the dorsal tier [21]. In
normal ageing, the dorsal tier is preferentially affected by a
ratio of over 3:1 [11] with a 5% loss per decade after the age
of 40 years. The pattern of cell loss seen in PD does not
occur in other neurodegenerative diseases or in normal age-
ing. The causes of the selective vulnerability of cells affected
in PD (SNc, medium spiny neurons in the striatum and
lower motor neurons in the spinal cord) are unclear. Select-
ive vulnerability may be related to changes in cellular
excitotoxicity and calcium homeostasis in cells which have
altered levels of calcium-binding proteins [22]. It has also
been proposed that vulnerability may be due to the size of
dopaminergic neurons which have many connections.
Synapses are particularly prone to damage and the produc-
tion of dopamine may increase oxidative stress and damage
in the pre-synaptic nerve terminals. This dysfunction may
affect neurons with which they communicate leading to a
spread of degeneration throughout the brain.

Protein deposition

PD is associated with abnormal protein deposition, especial-
ly α-synuclein, although the areas of accumulation do not
always coincide with the areas of cell death. The toxicity
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Figure 1. Aetiology and pathogenesis of Parkinson’s disease.
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of α-synuclein may be related to a perturbation of dopamine
storage and release or through a massive increase in apolipo-
protein-E levels and accumulation of insoluble amyloid (Ab)
[23]. Predisposition to cell loss in PD may relate to increased
pigment density and α-synuclein precipitation under oxida-
tive conditions, precipitating a cascade leading to cell
death. Accumulation of proteins such as α-synuclein leads
to the formation of precursors of protein fibrils called pro-
tofibrils which may promote cell death.

Clinical symptoms of PD and ageing

Extra-pyramidal symptoms and signs can sporadically
occur in older people. Mild parkinsonian signs charac-
terised by an absence of rest tremor, symmetrical signs
and lack of response to dopaminergic therapy have been
attributed to normal ageing. Mild parkinsonian signs in-
clude rigidity, bradykinesia, tremor and problems of gait
and balance found commonly during the clinical examin-
ation of older people who have no definite neurological
disease [24]. These mild parkinsonian signs can predispose
to functional difficulties, a loss of capacity to perform ac-
tivities of daily living, impaired gait and balance, increased
risks of mild cognitive impairment, dementia and in-
creased mortality. Older people with mild parkinsonian
signs fall short of established research criteria for PD such
as the United Kingdom Parkinson’s Disease Society Brain
Bank clinical diagnostic criteria [25]. The clinical differ-
ences between PD and mild parkinsonian signs include
the number and severity of parkinsonian signs, the pres-
ence of rest tremor, the symmetry of signs and likelihood
of responsiveness to levodopa therapy (Table 1). Although
there is an association between olfactory loss and mild
parkinsonian signs suggesting early brain stem involve-
ment, the pathogenesis of mild parkinsonian signs
remains unclear. The origins are likely to be multi-factorial,
with possibilities including age-associated decline in dopa-
minergic activity, ILBD, degenerative pathologies (early
PD and AD) or vascular pathology in the basal ganglia
or deep white matter [24].

Ageing can produce axial impairment of gait and postural
control in PD due to the combined effect on non-dopamin-
ergic and dopaminergic pathways. Older PD patients are
more liable to suffer side effects of anti-cholinergic medica-
tions, such as confusion and hallucinations, because of the
increasing cholinergic deficit in PD with age. Levodopa-

induced dyskinesia may reduce with age, possibly because
younger onset patients demonstrate a higher rate of dopa-
mine turnover relative to production when compared with
older patients. One of the difficulties extrapolating the
evidence base for the use of many anti-parkinsonian med-
ications to older people is the exclusion of older people
from trials, which may lead to an over- or underestima-
tion of the efficacy of treatments in older people [26].

Non-motor symptoms may be present at diagnosis of
PD with many patients having consulted their general prac-
titioner for non-motor symptoms before the diagnosis of
PD was made. As PD progresses, the impact of the non-
motor symptoms dramatically increases with the develop-
ment of constipation, incontinence, falls, orthostatic
hypotension, sweating abnormalities, dysphagia, dribbling
and psychiatric disorders including dementia and hallucina-
tions. Long-term studies have shown that disability in PD
largely relates to the emergence of non-motor symptoms
that are not improved by treatment with levodopa [27]. Fac-
tors increasing the risk of falls include being female or
having a symmetrical onset, postural instability or auto-
nomic dysfunction, with the shortest latency to the onset
of falls occurring in older age.

Some evidence of cognitive impairment may be present
in patients even at diagnosis of PD, with more global impair-
ment in older age. There is slowing of motor learning with
age, but sequenced motor learning and executive function
are much more significantly impaired in PD. There are sig-
nificant impairments of visuo-spatial tasks in PD compared
with both young and age-matched controls. PD patients
have a 5-fold increase in the risk of developing dementia
with the risk increasing with advancing age. Age itself is
the single largest risk factor for the development of demen-
tia in PD [28]. A later age of onset of PD, longer duration of
symptoms, the presence of hallucinations and impaired
memory or language function also predict the development
of dementia. The motor subtype of postural instability and
gait disorder may be associated with faster cognitive decline
and is also a risk factor for dementia. A family history of PD,
rather than dementia, may increase the risk of developing
dementia in PD. Pathologically, dementia may be due to
the development of cortical and parahippocampal Lewy
bodies but may also be due to the development of Alzhei-
mer’s pathology and superimposed vascular pathology.

Dementia is a significant predictor for institutional place-
ment. With increasing age and the development of dementia

Table 1. Clinical relationships Parkinson’s disease, mild parkinsonian signs and age-related gait disturbance

Parkinson’s disease Mild parkinsonian signs ‘Age-related’ gait disturbance
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tremor Rest Absent in 90% Absent
Rigidity Typical cogwheel and lead pipe Variable Musculoskeletal
Bradykinesia Typical with fatigue Variable General slowness
Gait and balance disturbance Late Early Axial impairment gait and posture
Symmetry Asymmetrical Symmetrical Symmetrical
Dementia risk Increased Slightly increased Age related
L-dopa response Good Poor None
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and psychosis, there is an increasing likelihood of admission
to a nursing home with subsequent increased mortality. In-
creasing social care and admission to a nursing home are the
largest economic burdens in PD. Comorbidity increases with
age and may be a predictor of an increased use of primary
care services. Comorbidity of other age-related diseases, in-
cluding other neurodegenerative diseases, cerebrovascular
disease, cardiac disease, respiratory disease, diabetes, falls
and incontinence, is likely to contribute to frailty in older
patients. The psychosocial effects of ageing including retire-
ment, social isolation, poor housing, poor nutrition and
poverty may have additional effects on PD in older patients.

Compensatory mechanisms and progression

Compensatory mechanisms maintain apparently normal
motor function over many years from disease onset to clin-
ical diagnosis. These mechanisms include increased striatal
dopamine turnover and receptor sensitivity, up-regulation
of striatopallidal enkephalin levels, increased sub-thalamic
excitation of the globus pallidus pars externa and mainten-
ance of cortical motor area activation [29]. A marked loss of
nigrostriatal compensatory mechanisms with age has been
shown in primates, and it may be that this age-related loss
of plasticity makes it less possible to recover from accumu-
lated insults with advanced age.

With increasing age, polygenic influences and the accumu-
lation of other insults, there is an increased likelihood of
failure of these mechanisms leading to the development of
or the acceleration of PD. A recent post-mortem study of
levodopa-responsive PD patients who came to autopsy
showed three groups of pathological patterns. A younger
group had Lewy body pathology consistent with the Braak
staging of disease. A second group had early malignant de-
mentia symptoms and pathology consistent with dementia

with Lewy bodies. The final group had an older disease onset
and a more complex course, a shorter survival with higher
Lewy body loads and higher prominence of other pathologies
including plaques. This study was not consistent with a uni-
tary cause of all Lewy body pathologies but raises the
importance of the more malignant older onset disease [30].

Most authors have used a linear progression model sug-
gesting that the onset of complications, such as dementia
and hallucinations, would be dependent on the age of onset,
i.e. the younger the onset, the younger the presentation of
complications. A recent study, however, has shown that these
complications aggregate according to the age of the patient
rather than age of onset of PD with a rapid accumulation in
the eighth decade of life [31]. PD may have a complex pro-
gression with a more linear initial progression in younger
patients with the development of a quadratic progression with
age and with an older age of disease onset (Figure 2).

Conclusions

The mechanisms of ageing and neurodegeneration are com-
plex and inter-related. Ageing is the single most significant
factor influencing the clinical presentation and course and
progression of PD. Normal ageing may be associated with
very mild parkinsonian signs, whereas PD has a distinct clin-
ical picture. PD reflects a failure of the normal cellular
compensatory mechanisms in vulnerable brain regions, and
this vulnerability is increased by a genetic susceptibility acted
upon by other genetic and environmental factors and most
importantly by age. The accumulation of age-related somatic
damage combined with a failure of compensatory mechan-
isms may lead to an increased prevalence and an acceleration
of PD with age. Ageing is, therefore, the main modifying
factor on the phenotypic presentation of PD. PD is an out-
standing example of an age-related disease.
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Figure 2. A model of ageing and progression of PD.
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Key points

• The mechanisms of ageing and neurodegeneration are
inter-related.

• Ageing is the single most significant factor influencing
the clinical presentation, course and progression of PD.

• Age-related changes in cellular function and a reduced
compensatory capacity predispose to the pathogenesis
of PD.

• The formation of Lewy bodies may represent a marker
of protective mechanisms against age-related degener-
ation of the nervous system.

• PD is one of the best examples of an age-related disease.

Conflicts of interest

Nothing to declare.

References

1. Foltynie T, Brayne CE, Robbins TW, Barker RA. The cogni-
tive ability of an incident cohort of Parkinson's patients in the
UK. The CamPaIGN study. Brain 2004; 127: 550–60.

2. Kirkwood TBL. The most pressing problem of our age. BMJ
2003; 326: 1297–9.

3. Migliore L, Coppedé F. Environmental induced oxidative
stress in neurodegenerative disorders and aging. Mutat Res
2009; 674: 73–84.

4. Tai HC, Schuman EM. Ubiquitin, the proteasome and protein
degradation in neuronal function and dysfunction. Nat Rev
Neurosci 2008; 9: 826–38.

5. Jellinger KA. Lewy body-related alpha-synucleinopathy in the
aged human brain. J Neural Transm 2004; 111: 1219–35.

6. Outeiro TF, Kontopoulos E, Altmann SM et al. Sirtuin-2 inhi-
bitors rescue α-synuclein-mediated toxicity in models of
Parkinson’s disease. Science 2007; 317: 516–9.

7. Cherra SJ, Chu CT. Autophagy in neuroprotection and neuro-
degeneration: a question of balance. Future Neurol 2008; 3:
309–23.

8. Zecca L, Youdim MBH, Riederer P, Connor JR, Crichton RR.
Iron, brain ageing and neurodegenerative disorders. Nat Rev
Neurosci 2004; 5: 863–73.

9. Cohen E, Dillin A. The insulin paradox: aging, proteotoxi-
city and neurodegeneration. Nat Rev Neurosci 2008; 9:
759–67.

10. VanItallie TB. Parkinson disease: primacy of age as a risk fac-
tor for mitochondrial dysfunction. Metab Clin Exp 2008; 57:
S50–5.

11. Rudow G, O'Brien R, Savonenko AV et al. Morphometry of
the human substantia nigra in ageing and Parkinson's disease.
Acta Neuropathol 2008; 115: 461–70.

12. Powers KM, Kay DM, Factor SA et al. Combined effects of
smoking, coffee, and NSAIDs on Parkinson's disease risk.
Mov Disord 2008; 23: 88–95.

13. Gasser T. Update on the genetics of Parkinson’s disease. Mov
Disord 2007; 22: S343–50.

14. McNaught KS, Björklund LM, Belizaire R, Isacson O, Jenner P,
Olanow CW. Proteasome inhibition causes nigral degeneration
with inclusion bodies in rats. Neuroreport 2002; 13: 1437–41.

15. Braak H, Ghebremehin E, Rub U, Bratzke H, Del Tredici K.
Stages in the development of Parkinson’s disease-related path-
ology. Cell Tissue Res 2004; 318: 121–34.

16. Hawkes C. Parkinson’s disease and aging: same or different
process? Mov Disord 2008; 23: 47–53.

17. Cheon SM, Ha MS, Park MJ, Kim JW. Nonmotor symptom s
of Parkinson’s disease: prevalence and awareness of patients
and families. Parkinsonism Rel Disord 2008; 14: 286–90.

18. Kramer ML, Schulz-Schaeffer WJ. Presynaptic α-synuclein ag-
gregates, not Lewy bodies, cause neurodegeneration in
dementia with Lewy bodies. J Neurosci 2007; 27: 1405–10.

19. Parkkinen L, Pirttilä T, Alafuzo I. Applicability of current sta-
ging/categorization of α-synuclein. Acta Neuropathol 2008;
115: 399–407.

20. Mahant PR, Stacy MA. Movement disorders and normal aging.
Neurol Clin 2001; 19: 553–63.

21. Fearnley JM, Lees AJ. Aging and Parkinson’s disease: substan-
tia nigra regional selectivity. Brain 1991; 114: 2283–301.

22. Mattson MP, Magnus T. Ageing and neuronal vulnerability.
Nat Rev Neurosci 2006; 7: 278–94.

23. Gallardo G, Schluter OM, Sudhof TC. A molecular pathway of
neurodegeneration linking α-synuclein to ApoE and Aβ pep-
tides. Nat Neurosci 2008; 11: 301–8.

24. Louis ED, Bennet DA. Mild parkinsonian signs: an overview
of an emerging concept. Mov Disord 2007; 22: 1681–8.

25. Gibb WR, Lees AJ. The relevance of the Lewy body to the
pathogenesis of idiopathic Parkinson’s disease. J Neurol Neu-
rosurg Psychiatry 1988; 51: 745–52.

26. Rajapakse A, Rajapakse S, Playfer J. Age bias in clinical trials
of Parkinson’s disease treatment. Mov Disord 2008; 56:
2353–4.

27. Hely MA, Morris JG, Reid WG, Trafficante R. Sydney Multi-
center Study of Parkinson's disease: non-L-dopa-responsive
problems dominate at 15 years. Mov Dis 2005; 20: 190–9.

28. Aarsland D, Kvaloy JT, Andersen K et al. The effect of age
of onset of PD on risk of dementia. J Neurol 2007; 254:
38–45.

29. Collier TJ, Lipton J, Daley BF et al. Aging-related changes in
the nigrostriatal dopamine system and the response to MPTP
in nonhuman primates: diminished compensatory mechan-
isms as a prelude to parkinsonism. Neurobiol Dis 2007; 26:
56–65.

30. Halliday G, Hely M, Reid W, Morris J. The progression of
pathology in longitudinally followed patients with Parkinson’s
disease. Acta Neuropathol 2008; 115: 409–15.

31. Kempster PA, Williams DR, Selikhova M, Holton J, Revesz T,
Lees AJ. Patterns of levodopa response in Parkinson’s disease:
a clinico-pathological study. Brain 2007; 130: 2123–8.

Received 12 February 2009; accepted in revised form
22 October 2009

Ageing, neurodegeneration and Parkinson’s disease

161

D
ow

nloaded from
 https://academ

ic.oup.com
/ageing/article/39/2/156/40820 by guest on 03 April 2024


