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Abstract

Dementia is increasingly being recognized in cases of Parkinson's disease (PD); such cases are
termed PD dementia (PDD). The spread of fibrillar a-synuclein (a-syn) pathology from the
brainstem to limbic and neocortical structures seems to be the strongest neuropathological
correlate of emerging dementia in PD. In addition, up to 50% of patients with PDD also develop
sufficient amyloid-B plagues and tau-containing neurofibrillary tangles for a secondary diagnosis
of Alzheimer's disease (AD), and these pathologies may act synergistically with a-syn pathology
to confer a worse prognosis. Understanding the relationships between these three distinct
pathologies and their resultant clinical phenotypes are crucial to the development of effective
disease-modifying treatments for PD and PDD.

Introduction

Parkinson's disease (PD) is the most common neurodegenerative movement disorder
associated with neuronal loss in the substantia nigra and inclusions containing the synaptic
protein a-synuclein (a-syn) in the cell bodies and processes of surviving neurons known as
Lewy bodies and Lewy neurites, respectively. However, PD also is now recognized to be a
more complex clinicopathological entity that includes widespread a-syn pathology and
cognitive impairments including dementia (PDD) in the majority of patients during the
natural course of their illness (for a detailed review on the history of the major developments
in PD research please see REF1).

Given this expanded view of PD as both a movement and cognitive disorder, here we
examine the complex connections between the neuropathological aetiologies that underlie
the variable expression of the cognitive deficits in PDD. By doing so, we aim to further the
understanding of the pathobiology of PDD and to distinguish genetic, clinical and
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neuropathological subtypes of this condition, which will be important for developing and
administering appropriate disease-modifying treatments.

Clinical features of PDD

Epidemiology and clinical impact of PDD

Cognitive impairment (i.e. cognitive dysfunction in the absence of a functional deficit
sufficient for the diagnosis of dementia) is a common feature of PD and may be a natural
consequence of end-stage disease?# as the overall prevalence of cognitive impairment in PD
is roughly 30%?3: ® and approximately 80% of longitudinally followed patients with PD
develop dementia over the course of their disease.? 3: 6 It is estimated that the incidence rate
of dementia in patients with PD is at least four times higher than it is in the general
population.3 5 7.8 Additionally, cognitive impairment not meeting the threshold for
dementia can be present early in the disease course, with cognitive deficits seen in up to
24% of patients at initial diagnosis of PD.? Furthermore, patients with PDD experience
dementia for an average of 3—4 years during their disease course.# Thus, including the
period of cognitive impairment prior to progression to PDD, most patients with PD show
cognitive deficits during the majority of their illness. This fact has implications for patient
quality of life, public health and the cost of care.

Cogpnitive difficulties can exacerbate the disabilities caused by motor symptoms in PD.
Indeed, the presence of cognitive impairment or dementia in PD patients is associated with a
loss of independence, a lower quality of life and a reduction in survival time.10: 11
Furthermore, individuals with end-stage PD who develop dementia often exhibit a decline in
function that follows a stereotypical pattern, indicating that dementia onset may herald
impending residential care and mortality.# Thus, the onset and progression of cognitive
impairment and dementia in PD have an important influence on patient management and
prognosis and understanding the pathophysiology underlying cognitive dysfunction in PD is
critical for therapeutic development.

Cognitive features of mild cognitive impairment and dementia in PD

The specific cognitive symptoms associated with PD vary,12 most likely because of the
heterogeneous nature of the underlying neuropathology. The most common cognitive
impairments in PD are deficits in attention, executive functioning and visuo-spatial
processing, although patients may also exhibit varying degrees of memory loss, which may
be, in some cases, related more to a frontally mediated (i.e. executive functioning) retrieval
deficit than to an intrinsic encoding problem(see REF.5 for a thorough review of cognitive
studies in PDD). Similarly, PDD is also not characterized by an intrinsic core language
deficit,® but it can be associated with difficulties in sentence processing which are also
related to executive dysfunction.13 Some researchers propose that executive difficulties in
PD are an early phenomenon of altered dopaminergic tone in the frontal cortex, whereas
deficits in visuospatial functioning and semantic memory correspond to the later
neuropathological involvement of temporal and parietal cortices, and that these “posterior
symptoms” confer an increased risk of PDD.8 The recognition of cognitive symptoms in PD
has led to the recent development of clinical criteria for PDD® and mild cognitive
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impairment (MCI) in PD (PD-MCI) (BOX 1).12 The formalized criteria for PD-MCI and
PDD facilitate better detection and characterization of cognitive impairment earlier in PD
and will allow for detailed comparative studies in the future.

There is some similarity between the cognitive symptoms of PDD and Alzheimer's disease
(AD), but patients with PDD may be differentiated from individuals with AD by the
presence of hallucinations, cognitive fluctuations, depression and sleep disturbance.1® By
contrast, the cognitive features of PDD are similar to, and often indistinguishable from, the
clinical syndrome of dementia with Lewy bodies (DLB).> 1516 The research criteria for
DLB make a somewhat arbitrary distinction between these two entities, with a diagnosis of
DLB being assigned to patients with an onset of dementia within one year after the onset of
motor symptoms, and PDD being assigned to individuals when dementia occurs more than
one year after PD onset.}” The underlying pathophysiology responsible for the different
chronological patterns for the emergence of dementia in these clinical syndromes is a matter
of intense research and continued debate.®

Patients with PD may also suffer from neuropsychiatric symptoms including depression,
anxiety, apathy, hallucinations and delusions.® Furthermore, such individuals may exhibit an
impulse control disorder that is characterized by compulsive gambling, eating, purchasing
and sexual behavior, and a dopamine dysregulation syndrome.18 The aetiology of impulse
control disorders in PD is thought to be due to stimulation of hypersensitive ventral striatal-
frontal connections by dopaminergic therapy rather than a direct consequence of the
neurodegenerative process specific to PD and PDD.18. 19

Clinical risk factors for PDD

Identification of clinical features that may predict impending cognitive decline in PD is of
interest for clinical practice and disease management. Age is the most prominent risk factor
for PDD* 7+ 8 20 The increased risk of dementia with age has been dissociated from the
potential influence of age on PD onset;2! in other words, patients with PDD have a similar
age of dementia onset regardless of when they first present with motor symptoms.# Studies
show that cognitive impairment in PD also correlates with the severity of motor disability??
and that the effects of ageing on cognition may be additive to the severity of the motor
disturbance.” Other factors and disease features linked to PDD include male gender,23 low
education,23 visual hallucinations,® # 16 and prominent axial rigidity and bradykinesia
relative to tremor.3 % 24 The presence of MCI in PD,12 as revealed by poor performance on
specific neuropsychological measures, including semantic fluency,® constructional praxis,?
verbal memory2® and executive function?> has also been associated with increased risk of
developing dementia.

The pathogenesis of PD

Role of Lewy bodies and Lewy neurites

a-syn is a 140 amino acid presynaptic protein that is involved in vesicular transport. This
protein was implicated in the pathogenesis of PD when pathogenic mutations in the SNCA
gene(which encodes a-syn)2% 27 and, later, multiplications of this gene?® were linked to
hereditary forms of this disease. Some of these genetic abnormalities may increase the
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propensity of a-syn to fibrillize in vitro.2% Thus, molecular changes in the a.-syn protein that
increase protein misfolding and aggregation have a direct role in disease pathogenesis. The
initial discovery of SNCA mutations was closely followed by evidence from post-mortem
studies of PD and DLB brain that the characteristic Lewy bodies and Lewy neurites
visualized through immunohistochemical methods using anti-a-syn antibodies were
composed mainly of insoluble, fibrillar forms of a-syn.39 Several experimental models
support a role for a-syn aggregation in neurodegeneration. For example, overexpression of
the Ala53Thr mutation in transgenic animals3l: 32 |ed to the formation of a-syn immune-
reactive deposits that resembled Lewy body and neuritic pathology, as well as a cognitive
and motor clinical phenotype and reduced survival time. Furthermore, suppression of this
transgene resulted in decreases in neuropathology and clinical symptoms32 (see below for
further discussion of the role of fibrillized a.-syn in the progression of PD and REF33 for a
comprehensive review of murine models of PD).

A detailed neuropathological examination of a large number of PD and control cases by
Braak and colleagues34 3° revealed a stereotypical caudal to rostral ascending progression of
a-syn pathology from brainstem structures in early stages of the disease to limbic and
neocortical areas in the later stages. Staging systems of a.-syn pathology based on these
observations have been proposed for PD34 and DLB.17 These hypothetical systems are
supported by some independent studies;36-38 although not all studies demonstrate a similar
topography of disease spread3® 39 and a-syn staging may be more applicable to younger-
onset PD patients.® Indeed, up to 30% of elderly patients with a.-syn pathology at autopsy
have no clinical signs of dementia or a movement disorder thereby prompting such cases to
be termed incidental Lewy body disease (ILBD).3% 37.40-43 Some infer from this that a-syn
pathology may be protective rather than a cause of neuronal cell death.38: 44 Additionally,
quantitative studies of Lewy bodies and Lewy neurites suggest a dissociation between a.-syn
pathology and neuron loss in PD.4%: 46 The nature of this discrepancy is unclear, since
individuals with ILBD could be in a prodromal state of PD and they would develop full
blown disease if they survived longer,3® which is consistent with the locations of most
incidental a-syn pathology in areas affected early in PD 3% 37 while not meeting a threshold
of a-syn pathology required for to manifest clinical symptoms.#’ In addition, a.-syn
pathology is also found in up to 50% of patients with AD with a distribution largely
restricted to the amygdala in many cases.36: 37. 40, 48-50 The amygdala seems to be
exceptionally vulnerable to other neurodegenerative inclusions, such as tau and TDP-43, and
“amygdala-only”®! patterns of a-syn pathology in AD cases may represent a separate
disease process compared to the pathogenic spread of these inclusions in PD and DLB, as
has been proposed by Braak and colleagues3®: 50 (for a detailed review of the Braak staging
system and proposed revisions please see REFs#4: 52),

Despite these exceptions to the staging systems proposed by Braak and colleagues, the
stereotypical non-random progression of a-syn pathology in the majority of PD patients
suggests that a-syn undergoes cell-to-cell transmission within individuals. In addition, a-
syn pathology discovered in fetal dopaminergic neurons implanted in PD patients®3-5% and
recent in vitro cell®8: 57 and in vivo animal®8: 59 studies suggest that pathogenic a.-syn can
transfer between cells leading to neurodegeneration. These, and other transmission
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studies®0-63 are reviewed in depth elsewhere,64 65 but FIG. 1 summarizes the proposed
mechanisms whereby the aggregation and spread of a-syn leads to deleterious consequences
for the affected neurons.%6 The evidence for a-syn transmission in synucleinopathies
prompts speculations that PD and other neurodegenerative proteinopathies could spread
between individuals similar to pathological prion proteins or PrPS¢ in human transmissible
spongiform encephalopathies, but there is currently no definitive evidence of human-to-
human transmission of clinical PD.6” BOX-2 summarizes evidence on cell-to-cell a-syn
transmission in contrast to the infectivity of PrPS¢ in human spongiform encephalopathies.

The data reviewed here, including recent transmission studies showing that injections of
synthetic a.-syn pre-formed fibrils into dorsal striatum are followed first by Lewy body
formation in the substantia nigra pars compacta and then later by neuron loss,8: %9 suggest
that the direct effects of a-syn misfolding and aggregation within substantia nigra neurons
result in neuron loss and the clinical syndrome of idiopathic PD. However, the nature of the
pathogenic species of a-syn that are toxic and mediate cell-to-cell spread of pathological a-
syn (i.e. dimers, oligomers, protofibrils, fibrils, ect.) is less clear, but a-syn pathologies are
likely to be the proximal cause of neuron dysfunction and death in the cortex of patients
with PDD, as discussed in more detail below.

Neuropathology underlying PDD

Clinicopathological correlations in PDD

The neuropathology underlying PDD is heterogeneous in nature (FIG. 2) and several factors
have contributed to the difficulty of conducting accurate clinicopathological correlation
studies in PDD. First, human post-mortem studies are limited to visualization of
neuropathology at time of death from multiple potential aetiologies, some of which may
precede end-stage disease and neuropathology. Although patients may be followed
longitudinally, autopsy data are by definition cross-sectional in nature, which makes it
difficult to directly correlate such data with antecedent clinical deficits that manifest years
before death. Second, interpretations of the neuropathological substrates of cognitive status
in PD are limited by the accuracy of clinical diagnosis and by the ability to perform
adequate follow up in end stages of disease.? There also may be several years between a
patient's last clinic visit and autopsy because of the reduced mobility of patients with end
stage PD renders office visits infeasible and, thus, large numbers of well-annotated cases are
needed to make meaningful observations. Finally, criteria for neuropathological diagnoses
have evolved over time and advanced immunochemical techniques have revealed higher
burdens of cortical a-syn pathology in cases of PDD than were previously recognized.’2 73
Thus, for these reasons, there has been considerable variation in results from earlier
clinicopathological studies as reviewed elsewhere.’

In general, cortical Lewy body/neuritic pathology is more extensive and severe in PDD than
in PD without dementia and several lines of evidence from studies using a-syn
immunohistochemistry implicate cortical a-syn pathology as the strongest correlate of
dementia in PDD. First, most large studies have found that PDD cases are almost
exclusively of the limbic/transitional or neocortical predominant stagel’ of a-syn
pathology3: 22: 74-77 and have higher levels of cortical a-syn pathology than do cases of
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PD.4 72, 74-79 Many studies find that global cortical and limbic a.-syn pathology can
discriminate between PD and PDD,22: 74 75 although some studies also implicate increased
diagnostic accuracy of a-syn pathology severity in specific brain regions, including the
parahippocampal gyrus’®: 80 or anterior cingulate gyrus.80 81 Second, strong correlations of
advancing a-syn pathology stage or cortical a-syn pathology burden with decline on
cognitive measures have been described.3: 22 39. 80, 81 Finally, multivariate regression
analyses that included multiple neuropatholoigcal and genetic variables implicated in PDD
found that the burden of cortical and limbic Lewy bodies/neurites was the strongest correlate
for dementia in a large well-annotated cohort of patients with PD or PDD.”>

Despite these observations, some individuals with PD?2: 72 79 and some patients with
ILBD?38. 41 show a significant burden of cortical and limbic a-syn pathology. Conversely, a
minority of patients with PDD were found to have minimal cortical a-syn pathology at
autopsy.16: 22, 72,75, 82 These findings suggest that cortical and limbic a.-syn pathology is
not exclusively required for development of dementia in PD, so the presence of cortical a-
syn pathology at autopsy should be correlated with clinical information on the subject's
cognitive status prior to death. These discrepancies might be explained by methodological
difficulties in ascertainment of clinical symptoms across studies and/or by cognitive reserve,
brain plasticity or other factors that could make some individuals more resistant to the
detrimental effects of a-syn pathology, but further research is needed to clarify these issues.

Dementia in PD patients with limited cortical and limbic a-syn pathology could result from
subcortical involvement or co-morbid neuropathologies. Cholinergic deficits occur in
PDD,83: 8 with higher levels in those with a longer duration of Parkinsonism prior to
dementia with lower cortical and limbic Lewy body/neuritic burden,83 and are ascribed to
neuronal loss in basal forebrain cholinergic nuclei.84 85 Furthermore, neuronal loss in these
regions is associated with the transition of a-syn pathology into limbic and neocortical
regions.22: 74 Moreover, a higher burden of a-syn pathology’® 7 and diffuse amyloid-B
(AB) plaques (a feature of AD)®6 have been found in the striatum in PDD than in PD
without dementia and this striatal pathology has been considered to be a possible substrate
for cognitive impairment. Indeed, one study of 92 patients with PDD found four cases with
minimal cortical Lewy pathology and these cases all had significant cerebral vascular
disease (CVD) or featured subcortical Lewy pathology, which could have explained the
cognitive deficits.”

Despite the central role of a.-syn pathology in PDD, some studies also find that A plaques
and tau neurofibrillary tangles (NFTs) — the hallmark pathologies of AD — correlate with
cognitive status in PDD76. 78,80, 87,88 or 3 subset of patients with this condition.”> 81 FIG.2
illustrates the major neuropathologic correlates of PDD. In some studies, AD
neuropathology seems to be a more specific correlate of dementia in PD than a-syn
pathology, but the majority of PD patients with sufficient NFT and A plaques for a
diagnosis of co-morbid AD have clinical dementia and could be assigned a diagnosis of
PDD+AD."® 76 Indeed, a recent study found that a combination of measures of cortical a-
syn, tau, and AP pathologies in the regression model was most predictive of dementia over
any single marker alone.”® These results are similar to regression modeling in another large
autopsy cohort study showing that inclusion of apolipoprotein epsilon genotype 4 (APOE

Nat Rev Neurosci. Author manuscript; available in PMC 2014 May 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Irwin et al.

Page 7

e4) status improves diagnostic accuracy for PDD above the model using severity of cortical
a-syn pathology alone.”® Interestingly, the association of APOE e4 genotype with PDD was
independent of measures of AD neuropathology,’® which may be due, in part, to the
measure of mature senile plaques and not diffuse A deposits examined in this previous
study.”8 Overall, patients with PDD tend to have higher cortical AB plague

burden? 22, 74-78,89 and to a lesser degree, a higher NFT# 75-78. 87 hyrden than PD patients
without dementia. The percentage of patients with PDD who have levels of NFTs and
plaques that meet the threshold for a second diagnosis of another neurodegenerative
dementia i.e. AD, varies between studies and depends on the criteria used; however, up to
50% of patients with PDD may have co-morbid AD, i.e. PDD+AD.40. 75,81, 87,90, 91 Thyg,
AD neuropathology, especially Ap plaque pathology, appears to play an important role in
the pathogenesis of PDD for a significant proportion of patients.

Interestingly, patients with PDD+AD seem to have higher levels of cortical and limbic a-
syn pathology than patients with PDD without co-morbid AD7>: 82 and increased severity of
cortical SP and NFT burden correlates with increased cortical a-syn pathology

density.’® 76, 79,81, 87,92 These data imply a potential synergy between a-syn pathology and
AD-related pathology. Indeed, a potential interaction between these pathologies is also
suggested by studies of transgenic mice overexpressing combinations of human wild type93
or Ala53Thr mutant®* a.-syn with human mutant forms of tau®* and/or amyloid precursor
protein (APP) and hence increased production of AB®3: %4 which show enhanced
neurodegenerative pathology and a more severe clinical phenotype. In addition, PD patients
with the pathogenic Ala53Thr SNCA mutation exhibit marked tau pathology®® and in vitro
experiments show that tau and a.-syn can each cross-seed and enhance each other's
polymerization into fibrils.%6: 97

This putative additive effect of a-syn pathology, senile plagues and NFTs could potentially
influence the clinical features of PDD. Indeed, patients with PDD+AD may have a shorter
disease duration than those with PDD?0. 75. 87, 88,91 and PDD+AD is also associated with an
older age at onset of motor symptoms.”>: 88,91 |n addition, a higher AB plague burden alone
has been associated with shortened survival in patients with PD®: 76.89. 98 and older age of
PD-onset.% 76 Thus, the presence of AD neuropathology in PD patients could lead to an
older age of onset PD subtype with a more malignant course.® 76 These prognostic findings
for PDD+AD have important implications for patient care.

A few other potential contributing neuropathologies to PDD have been examined. One study
found that argyrophilic grain disease was a common feature of PDD;%9 however, it did not
seem to correlate well with PDD in two large autopsy series.22 7> TDP-43 inclusions, which
are characteristic of frontotemporal lobar degeneration and amyotrophic lateral sclerosis,
have also been found in limbic regions in a small number of PD and PDD patients,190 but
they do not seem to influence the outcome of dementia in PD.”> Finally, CVD defined by
varying methods has been described in a minority (roughly 10-15% or less) of individuals
with PDD,2 3. 75.87. 90 although the presence of cerebrovascular lesions (including AD-
associated amyloid angiopathy) was reported in 94% of patients with PDD compared to
roughly 50% in PD in one cohort.”8 Thus, systematic evaluation of CVD with validated
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neuropathological criteria is needed in PDD, but overall CVD does not seem to contribute
significantly to dementia in the majority of patients with PDD.

In summary, these data implicate progression of Lewy body/neurite pathology from
subcortical areas into limbic and cortical structures as the major driving force behind the
development of dementia in most PDD patients, although there is notable heterogeneity in
the underlying dementia-linked neuropathology of PDD. While, cortical a-syn pathology is
often the sole pathological finding associated with dementia in PDD, it is not an exclusive
finding, as there are a minority of patients with negligible burden of cortical/limbic a-syn
pathology that develop dementia. Furthermore a significant number of PD patients with
dementia have high cortical burdens of both a-syn and AD neuropathology (i.e.PDD+AD).
Inter-individual variability of autopsy findings, such as PDD patients with dementia in the
setting of relatively low levels of cortical and limbic a-syn pathology is perhaps due to the
presence of co-morbidities (such as AD or CVD), while other individuals sustaining high
levels of such pathology before exhibiting cognitive impairment may be because of cortical
plasticity, cognitive reserve or other unknown factors.

Clinical subtypes of PD and DLB

In addition to the aforementioned clinical similarity between PDD and DLB, there is also
neuropathological continuity between these syndromes, as the level and distribution of the
underlying a-syn pathology in both of these patient groups are often

indistinguishable;37: 50. 79. 83, 87, 101, 102 \yhjle some report differentiation of DLB and PDD
based on increased striatal Ap plaques in DLB.103. 104 The clinicopathological overlap with
PD and AD helps contribute to the observed low diagnostic accuracy8”: 195-107 for clinical
DLB; co-morbid AD neuropathology can hinder the diagnosis of DLB,105. 106,108 5 clinical
features of DLB such as hallucinations, fluctuations and executive impairments are less
prominent in cases of this disorder with high levels of AD neuropathology.105: 106,109 Thege
findings suggest the clinical phenotype of disorders featuring Lewy body/neurite pathology
could be masked in some cases by concomitant AD.15: 105 Thus, the aetiology of the
differing pattern of emergence of cognitive deficits across PDD and DLB is unclear, but
may be due in part to varying degrees of co-morbid AD neuropathology.

The effects of ageingl92 also appear to play a role in the expression of dementia in PDD and
DLB. The lack of correlation between a-syn pathology severity and disease duration3® and
the variability of nigral neuronal cell loss in PD6 suggest that there is considerable
heterogeneity in the rate of disease progression in PD. Indeed, early age of onset PD cases
have been shown to have a longer course of disease on average®: 20. 110 111 than older onset
PD patients.® Those older patients with a shorter interval (~<5-10 y) of PD prior to dementia
tend to have a higher degree of both cortical and limbic a-syn pathology and AD
pathology.5: 75 76. 83 |n addition, age of onset of PD itself does not incur a greater risk of
dementia?! but instead influences the interval to dementia, as early (which is associated
with a long PD to dementia interval) and late-onset PD (which is associated with a short PD
to dementia interval) patients have similar ages of dementia onset;* 7> 83 which may be
related in part to the presence of AD neuropathology.® 7> 76. 92 Of note, the age of dementia
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onset in DLB and PDD is similar despite differences between the onset of motor features in
these syndromes.?: 83

Patients with PD can also be clinically subdivided according to differences in motor
phenotypes as well. Individuals with prominent postural instability and gait disorder
symptoms or non-tremor dominant presentation seem to have a shorter survival time and are
more likely to develop dementia than those with tremor-dominant presentation,3: 24 88, 111
and a subset of rapidly progressive tremor-dominant patients with PD have been described
who do not develop dementia.1! Furthermore, the emergence of the postural gait-instability
phenotype in patients with an initial presentation of tremor-dominant PD was associated
with an accelerated rate of cognitive decline.112 In addition, autopsy,111 CSF
biomarker!13-115 and in vivo AB neuroimaging!1® data suggest that underlying AD AB
pathology may be more common in non-tremor-dominant patients. Non-tremor-dominant
phenotype patients have higher cortical and limbic Lewy body burden as well.111
Interestingly, the non-tremor dominant phenotype is reminiscent of the motor features of
DLB07 and it is tempting to hypothesize that a clinical influence of AD AR pathology could
potentially contribute to the varied clinical presentations between PDD and DLB. One
caveat to this interpretation is the suspected accelerated progression of cortical and limbic a-
syn pathology that causes early dementia in ‘pure’ DLB i.e. DLB without significant co-
morbid AD neuropathology. This observation is in contrast to the slow progression of
cortical and limbic a-syn pathology in PD patients with a long PD-dementia interval who,
in most cases, are also thought to have a ‘pure’ synucleinopathy, i.e. they have negligible
AD neuropathology.® These findings suggest that a complex interaction of genetic and
neuropathologic features resulting in the varying expression of clinical phenotypes across
the Lewy body/neurite pathology spectrum (Box. 3); thus, we feel that PDD/DLB are most
accurately viewed as continuous clinicopathological entities (i.e. synulceinopathies). For a
detailed review on the relationships between clinical subtypes across the PDD/DLB
spectrum and underlying neuropathology please see REF.117 Further detailed longitudinal
clinical and biomarker studies with autopsy confirmation are needed to elucidate these
correlations; however, the data described above suggest that deep clinical phenotyping with
relation to emerging biomarkers of underlying neuropathology may yield important
prognostic and perhaps diagnostic information for elucidating the underlying
neuropathology of PDD and DLB.

Genetic associations

Genetic factors may also play an important part in the expression of cognitive deficits in
PDD and DLB. Indeed, some hereditary forms of PD have been associated with dementia,
most notably those arising from a pathogenic mutation in or triplication of SCNA, or a
mutation in the glucocerebrosidase gene (GBA). By contrast, mutations in leucine-rich
repeat kinase 2 gene (LRRK2)and other less common genetic aetiologies of PD do not seem
to be as strongly linked with PDD and DLB.27: 118 Homozygous mutations in GBA result in
the lysosomal storage disorder Gaucher's disease, whereas heterozygous mutations in this
gene are associated with increased risk of PD!19 or DLB,120 with a higher rate of dementia
and earlier age of dementia onset in PDD compared with PD/PDD non-carriers.12! Recently,
an international multicenter study found that DLB patients were more than 8 times likely to
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harbor a GBA mutation associated with a more aggressive disease course compared to non-
carrier DLB patients.122 Furthermore, autopsy studies show higher cortical and limbic a-syn
pathology in GBA mutation carriers compared with non-carrier PD patients'?! and an
increased rate of carriers in ‘pure’ DLB (i.e. cases of DLB with minimal AD
neuropathology) compared with DLB cases with a high degree of AD neuropathology (DLB
+AD).120. 123 Gjven that GBA is functionally involved in lysosomal pathways, the findings
described above suggest that alterations in GBA could contribute to increased a.-syn
deposition and influence cortical spread of a-syn pathology and resultant dementia.

Genetic changes other than those linked to hereditary forms of PD have also been implicated
in PDD. Indeed, the APOE &4 has been studied extensively as a risk factor for AD and may
confer an increased risk of dementia in PD.”> 124,125 However, no association was found
between APOE e4 carrier status and rate of cognitive decline in a population-based
longitudinally followed PD cohort, and a meta-analysis of previous studies revealed a
potential influence of publication bias and heterogeneity in odds-ratios as an alternative
explanation for dementia in PDD.126 The APOE ¢4 genotype may affect cognition in the
late stage of PD,124 which could also explain the discrepancies mentioned above.
Interestingly, APOE e4 status is associated with both an increased number of A

plaques®2 127 and high cortical and limbic a-syn pathology burden in PD.43. 81,125,127
Furthermore, the association between APOE &4 status and cognitive impairment was lost
after adjusting for CSF AB1_4» levels in one study, suggesting that the observed influence of
APOE ¢4 on cognition in PD was mediated by associated AD neuropathological changes.128
By contrast, as aforementioned the APOE e4 genotype was predictive of PDD, independent
of AD-related pathology or a-syn pathology, in a multivariate analysis of a large PD/PDD
autopsy cohort.”® Finally, the APOE e4 genotype conferred an increased risk of ‘pure’
synucleinopathies (i.e. DLB, PDD) compared with controls, which was intermediate to that
associated with DLB+AD and AD.12> Thus, the APOE &4 genotype may contribute to
neurodegeneration in PDD through pathways that are shared with and diverge from those
involved in AD.

The tau gene MAPT contains two major haplotypes in humans: H1 and H2. The H1/H1
haplotype has been associated with increased risk of some tauopathies that clinically
resemble PD but lack a-syn pathology (i.e. progressive supranuclear palsy).12? Interestingly,
this variation in the tau gene has been associated with PD as well, 130 providing another link
between a-syn and tau in the pathologies in PD. The cognitive associations of H1/H1
haplotype in PD are less well studied; however, this haplotype has been associated with poor
memory performance in PD in one study, without having an influence on cognitive
decline,124 while others have found the H1/H1 haplotype in PD is an independent predictor
of PDD.8: 131 Additionally the H1/H1 haplotype may have a synergistic effect on the risk of
PDD with a polymorphism in SNCA.231 Furthermore, polymorphism in MAPT may
influence the degree of co-morbid AD pathology in PD, as evidenced by altered CSF levels
of tau in PDD risk allele carriers with low CSF AB1.42,132 further suggesting an influence of
genetic factors on the variable expression of AD and a-syn pathology in PDD. In contrast,
one large autopsy study found no association of the H1/H1 haplotype and PDD, as PD and
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PDD patients had nearly the same proportion of H1 carriers.”® These discrepancies may be
due to differences in sample size or other poorly understood issues.

Further prospective studies of large cohorts of patients who meet the modern criteria for
PDD with autopsy confirmation will help confirm these observations and clarify the impact
of genetic factors on emergence of PDD. Therapeutic trial designs may benefit from taking
account of genetic subgroups into their analyses.

Biomarker Studies

Biofluid biomarkers with strong predictive value for cognitive impairment in PD could be
useful in clinical trials. Indeed, a recent biomarker exploratory study with an immune-based
multiplex approach found that epidermal growth factor (EGF) plasma levels were lower in
PDD than in PD and could predict progression from PD to PDD with 79% accuracy in a
mixed PD-PDD cohort.133 Furthermore, most PD patients with low EGF levels converted to
PDD in longitudinal follow-up.133 These findings were replicated in drug-naive, newly
diagnosed PD patients: here, EGF levels were inversely correlated with cognitive measures,
including semantic fluency and executive function, at the 2 year follow-up.13* Thus, these
results suggest that EGF could have utility as a biofluid biomarker for predicting cognitive
decline in PD, although this possibility requires further validation.

CSF analytes are other biomarker candidates for PDD, as proteins characteristic of
inclusions in neurodegenerative disease, such as tau and ABj_42, can be readily detected in
CSF. Indeed, PDD was found to be associated with higher CSF levels of total tau (t-tau)13°
and phosphorylated tau (p-tau)13°: 136 than PD, although these levels were not as high as in
AD.136 patients with PDD have also been described to have lower CSF levels of ABy_s0
than those found in individuals with PD, and intermediate to AD and healthy

controls.135 137 Fyrthermore, an “AD CSF biomarker signature” of (i.e. elevated t-tau and
decreased AB1_42) Was found in a higher percentage of PDD cases than PD cases.238 In
addition, low AB.4 levels in PDD correlated with poor performances on a memory task137
and executive tasks.13% 139 High t-tau levels in PDD also correlated with a poor
performance on a memory task!3° and, when combined in a ratio to AB1_s; levels, with poor
performances in executive tasks.139 Finally, a prospective study found that low CSF AB1.4»
levels diagnostic for AD predicts cognitive decline in PD across several cognitive
domains.128 Thus, CSF measurements of tau and AB.4, are associated with cognitive
decline, have predictive value for PDD, and implicate AD neuropathology in cognitive
decline in PD.

Immunoassays have been developed to detect forms of a-syn140: 141, 142 and proteins
involved in inflammatory and oxidative stress pathways!36: 143.144 jn CSF; However, the
relationships between these potential biomarkers, PDD and cognitive status have not been
systematically evaluated. Interestingly, early drug-naive PD patients without dementia have
lower levels of CSF t-tau than controls, which correlated to the lower CSF levels of a-
syn.115 Longitudinal data on CSF tau in PD is lacking, but one possibility is that CSF tau
may increase over the course of the disease, 14 and could predict incipient dementia as
indicated by the aforementioned associations of cognitive measures and elevated CSF tau in
PD.
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Neuroimaging studies provide a non-invasive method for determining risk of dementia in
PD and, possibly, identifying underlying neuropathology. A volumetric MRI study using a
specialized algorithm to score an individual's “AD-like pattern” of atrophy found that this
spatial pattern of atrophy predicted cognitive decline in PD.146 Nuclear imaging using
positron-emission scanning (PET) with a radioligand specific for A deposition in the brain
(i.e. Pittsburg compound B or PIB) provides in vivo evidence of AD neuropathology.
Indeed, higher PIB retention, which reflects a higher burden of cortical A plaques,
corresponded to a higher likelihood that patients with PD would convert to a cognitively
worse diagnosis (i.e., PD to PD-MCI or PD-MCI to PDD)47 and inversely correlated with
measures of cognitive function.147: 148 Finally, functional PET imaging with 2-deoxy-2-
[18F] fluro-D-glucose (18F-FDG PET) showed that patients with PD who eventually
progressed to PDD showed hypometabolism in visual association and posterior cingulate
cortex.149 Multi-modal analyses find that CSF measures of tau and Ap are associated with
structural changes on MRI in PD/PDD.145. 150 Note that in addition to these predictive
studies, numerous comparative neuroimaging studies have been conducted in PD and PDD
as reviewed in detail in REFs.5 118

Prospective multi-modal studies of clinical, genetic, biochemical and neuroimaging
biomarkers in initial drug naive PD patients, such as the Parkinson's Progression Marker
Initiative (PPMI),151 are ongoing and they will provide crucial insight into the dynamic
changes that occur in these markers over time and their relationships with emerging
dementia.

Therapeutic strategies and drug development

The current pharmacological strategy for treatment of PDD includes augmenting
neurotransmitter deficits, similar to AD treatment. Acetylcholinesterase inhibitors have been
shown to improve cognition and improve ability to perform activities of daily living in
PDD,152 with the largest body of supportive data for rivastigmine.1®3 The glutaminergic
agent memantine has inconsistent evidence for a benefit in PDD but further investigation is
warranted.118. 153 |ncreasing cholinergic tone with acetylcholinesterase inhibitors has the
potential to worsen motor symptoms and, conversely, dopamine agonists used to treat motor
symptoms may worsen cognition, complicating therapeutic options in PDD.118 Furthermore,
these agents do not target the underlying pathobiology of PDD and thus do not affect the
progression of disease. The aforementioned studies on cell-to-cell transmission suggests that
prevention of a-syn aggregation may help arrest motor and cognitive difficulties in PD.
Concepts of drug development for prevention of a-syn mediated neurodegeneration are
reviewed in detail elsewhere, 154 but broadly include decreasing synthesis and aggregation of
a-syn and promoting clearance of pathological inclusions. Furthermore, the role of tau and
AP pathology in development of cognitive deficits in PD suggests that emerging disease-
modifying therapies for AD may be beneficial in a subset of PDD cases. Immune-based
therapies targeting a-syn are one potential approach for disease-modifying therapies in PD/
PDD.1%° Timing the initiation of potential disease-modifying therapies is also a critical
issue, as it is unclear if halting the spread of a-syn aggregations in symptomatic PD patients
would affect cognitive and motor symptoms or if preventative strategies through treatment
of at risk or early PD patients would be more efficacious.1®® Thus, biomarkers of incipient
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cognitive decline and pre-motor PD would be instrumental in the implementation and
evaluation of a-syn directed therapies in a protective manner in highly-susceptible patients.

Conclusions

Dementia in PD is a common occurrence that causes a significant impact on patient well-
being. While most evidence suggests a role for a-syn pathology in the development of
clinical symptoms in PD, including the expression of cognitive impairment in PDD, notable
heterogeneity exists between cases of PDD. This underlines the fact that complex
interactions between multiple factors — including age, genetics and cognitive reserve,
among others — contribute to the clinicopathological expression of symptoms in this
condition. Furthermore, AD neuropathology appears to contribute to the emergence of
dementia in PD and may indeed be the underlying basis for dementia in a subset of older PD
patients by acting synergistically with a-syn pathology to promote the spread of these
inclusions. These findings illustrate the need to consider PD, and all neurodegenerative
diseases, as clinicopathological entities rather than purely clinical syndromes. Indeed, this
view has emerged with new clinical and pathological criteria for AD56. 157 that incorporate
biomarker evidence of AP plaque and NFT pathology to support clinical criteria. This
approach has the benefit of providing refined prognostic information for different PD
subtypes and could be useful in the selection of homogenous patient populations to more
effectively study developing disease-modifying treatments. For example, patients with
clinical phenotype and biomarker evidence of AD neuropathology may be predicted to have
a shorter disease duration and a more rapid time to dementia, and such patients could be
administered Ap- or tau-directed therapies as they are developed. Thus, coordinated efforts
between researchers from multiple backgrounds to further elucidate these relationships such
as in the PPMI study will be crucial for the advancement of meaningful disease-modifying
treatments that could help preserve patient independence and improve quality of life in PD.
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Glossary
Mild cognitive Subjective cognitive complaints with objective findings of
impairment cognitive impairment in one or more cognitive domains that does

not interfere with patient's ability to perform tasks of daily living.
Mild cognitive impairment is thought to represent a prodromal
state to AD and other dementias and, recently, clinical criteria has
been defined for MCI in the setting of PD.

Executive Function Abilities in mental flexibility, planning, and working memory

mediated by striatal-frontal networks.
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Memory for the meaning and context of objects and concepts
mediated by the temporal lobe and its connections throughout the
neocortex.

Symptoms of slowed movement seen in PD and other disorders
involving nigral-striatal dopaminergic pathways.

The ability to draw or copy a figure (such as clock-drawing or
drawing intersecting pentagons), which relies on attention,
planning and organizing skills (executive function) and visuo-
spatial perceptual abilities.

Episodic short-term memory mediated by language function (i.e.
list-learning tasks).

An insoluble thread-like structure composed of polymerized
protein monomers with notable B-sheet conformation and
properties of amyloid.

Structure of an insoluble protein in amyloid inclusions of many
neurodegenerative disease detected with amyloid-binding dyes (for
example, Thioflavin-S)

The spread of a pathological protein in an altered conformation
(for example, PrPSC) between neurons within an individual which
does not necessarily imply the disease protein is infectious (i.e. can
be spread between individuals).

This refers to the notion of relative resistance to clinical symptoms
of neurodegeneration and other CNS insults that is thought to be
mediated by neuroplasticity or an ability to recruit additional brain
networks to compensate for the disease state, and this plasticity
may be influenced by education or other environmental or genetic
factors.

Damage to intracerebral blood vessels from atherosclerosis and
lipohyalinosis, which are caused by systemic cardiovascular risk
factors (for example, hypertension, diabetes and hyperlipidemia)
and results in ischemic damage to the brain parenchyma (for
example, lacunar infarcts).

A form of cerebral vasculopathy due to fibrillar AR deposition in
blood vessel walls.

A family of neurodegenerative disease proteinopathies that are
characterized by inclusions composed primarily of the
microtubule-associated protein tau.
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Box 1
Clinical criteria for PD-MCI and PDD

Recent clinical criteria have been proposed for better detection and characterization of
PD dementia (PDD) and PD with mild cognitive impairment (PD-MCI). Both sets of
criteria require the establishment of a diagnosis of PD according to the UK Brain Bank
Criterial4 and a subsequent gradual decline in cognitive ability, with major distinctions of
PDD from PD-MCI including the requirement of deficits in multiple cognitive domains
and the subsequent emergence of functional impairments, while PD-MCI patients are, by
definition, functionally independent.> 12 The criteria for PD-MCI include two levels of
assessment based on the availability of formal neuropsychological testing and provide
subtyping for involvement of single (PD-MCI single domain) or multiple cognitive
domains (PD-MCI multiple domain).12 The criteria for PDD includes two levels,
probable and possible, differentiated by the presence of less typical PDD cognitive
impairment features (i.e. language or pure amnestic symptoms) or factors that make the
diagnosis of PDD uncertain (i.e. cerebrovascular co-morbidity or unknown motor-
dementia interval) in possible PDD.
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Box 2

Contrasting evidence of transmission of a-syn and proteinaceous
infectious particles (i.e. prions)

Evidence of neuron-to-neuron transmission of a-syn is similar to properties of the
proteinaceous infectious particle, PrPSC,68 the causative agent of infectious spongiform
encephalopathies.5® latrogenic forms of these disorders are caused by exposure by
individuals to affected central nervous tissue from Prion disease patients containing
PrPsC, causing templating and protein misfolding of native (PrPC) with spread throughout
the brain resulting in neurodegeneration. Several lines of evidence draw similarities of
pathogenic a-syn aggregation to prions. First, the non-random sequence of a-syn
deposition into a-syn pathology in PD34 suggests that misfolded a.-syn could spread
between neurons within an individual. Further, indirect evidence for the transmission of
pathological a-syn in humans comes from studies of PD patients wherein Lewy bodies
were detected in grafted fetal mesencephalic cells in the striatum of a subset of patients
who underwent experimental fetal graft treatment and survived for over 10 years.%3-5°
This raises the possibility that the Lewy bodies in the grafted neurons resulted from the
transmission of pathological a-syn from the host tissue to the grafted neurons; however,
the formation of Lewy bodies in the grafted neurons may be explained by other factors,
such as the diseased local environment of the host striatum which could have “toxic”
effects leading to the emergence of a-syn pathology in the grafted neurons.84 69 Finally,
several key animal and cell model studies have found experimental evidence of neuron-
to-neuron transmission of pathogenic a-syn (review in REFs.64 65). One major
distinction between prions and non-prion neurodegenerative-disease proteins (e.g. those
mediated by pathological and toxic a.-syn, tau, AP species) is that there is no current
evidence to suggest that PD or AD can be transmitted between individuals as seen in
prion diseases. There is a large body of negative evidence from NIH transmission studies
examining inoculation of human non-prion neurodegenerative disease CNS tissue into
non-human primates and other animals, including 71 transmission experiments using
tissue from 24 patients with PDD, that suggest these diseases are not clinically or
pathologically transmissible between humans and non-human primates; 9 although the
pathological examination of these animals did not use modern immunohistochemical
techniques to detect a-syn and other non-prion neurodegenerative disease proteins. A
potential patient population that could provide evidence for human-to-human
transmission of a-syn is individuals treated with cadaver-derived human growth
hormone. These individuals were probably often exposed to pathological a-syn in the
hypophysis of the donor tissue, but a systematic epidemiological evaluation of this
patient cohort in the US87 found no evidence for the emergence of clinical AD or PD in
any of the treated subjects for >20 years after this treatment program was terminated in
1985 when it was discovered that, PrPS¢ was transmitted between humans resulting in an
outbreak of iatrogenic Creutzfeldt-Jacob disease through exposure to PrPS¢ in cadaveric
donor tissue-derived human growth hormone preparations.’!
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Box 3

Relationship between neuropathology and timing of dementia across the
PDD-DLB spectrum

“Pure” synucleinopathies (i.e. DLB and PDD with minimal co-morbid AD
neuropathology) and mixed pathology diagnoses (PDD+AD, DLB+AD) may have
differing clinical and genetic phenotypes. PD without dementia is almost exclusively a
pure synucleinopathy without co-morbid AD and a-syn pathology restricted largely to
the brainstem.22: 75 Co-morbid AD neuropathology in PDD (PDD+AD) predicts a shorter
time to dementia and shorter disease duration40: 75 87. 88, 91 ith higher cortical Lewy
body/neurite burden than cases without AD (PDD).”>: 82 PDD patients with a long PD-
dementia interval are associated with lower cortical Lewy body/neurite

burden.3: 24. 83,88, 111 The nostural/gait instability or non-tremor-dominant motor subtype
are more associated with PDD than patients with a tremor-dominant

phenotype.3: 24. 88, 111 | addition, the non-tremor dominant motor phenotype is
associated with a higher cortical Lewy body/neurite burden burden!!! and biomarkers of
AB neuropathology.113-116 DL B cases also have less prominent tremor as compared with
gait instability and rigidity symptoms.107 Typical DLB symptoms of hallucinations,
fluctuations in cognition and prominent executive dysfunction are more common in
“pure” PDD and DLB.105. 106, 109 APQOE ¢4 genotype is most commonly reported as
being associated with increased risk of PDD and DLB in cases with co-morbid AD,125
while GBA mutations are more associated with “pure” PDD/DLB.120 Pathogenic
mutations and duplication/triplication of SNCA are associated with PDD and DLB.27: 118
The MAPT H1/H1 haplotype confers risk of PD,130 but also PDD in some studies.® 131
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Figure 1. Hypothetical model of a-syn toxicity and spread of pathology in PD and PDD
From left to right in the top row: native a-syn in normal conditions exists in a soluble

random coil state and under pathological conditions undergoes misfolding into pathogenic
species of a-syn (dimers, trimers, oligomers, etc.) that further aggregate into higher order
structures (protofibrils, other intermediates and fibrils) which ultimately are the building
blocks for pathological inclusions visualized under light microscopy at autopsy (i.e. Lewy
bodies and Lewy Neurites).56 Genetic abnormalities and environmental factors may
accelerate this process.27-2% 66,119, 121 Normal quality-control systems (chaperones,
ubiquitin proteosome and phagosome-lysosome systems) that prevent or reverse protein
misfolding or eliminate misfolded proteins are overwhelmed (indicated by dashed lines).56
Remarkably, recent data suggest that the progression of PD and related disorders may be
linked to the cell-to-cell spread of pathological species of a-syn,57-59. 64 as jllustrated in the
upper right of the figure. The inter-related toxic consequences of pathological a-syn
transmission are listed in the lower right of the figure.®8 It is unclear which species of
pathogenic a-syn is directly toxic to neurons; however recent animal studies show that
synthetic a.-syn fibrils alone are sufficient to transmit disease, i.e. a-syn pathology, between
neurons and cause clinical disease (indicated by the furthest right arrow).58: 59
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Figure 2. Neuropathology of PDD
The main neuropathological features of PDD’® include: a) a severe burden of Lewy bodies

(asterisks) and Lewy neurites (arrows) in the mid-frontal cortex (detected with SYN303
monoclonal-antibody (MAD)), b) moderate tau-reactive diffuse threads (arrows) and NFTs
(asterisk) in the anterior cingulate gyrus (detected with PHF-1 MAb) and c) extensive
diffuse Ap-reactive plague pathology in the superior temporal cortex (detected with the
Nab228 MADb). d—f) The co-localization of pathological a-syn in LBs (asterisks; detected by
SYN303) and the amyloid-binding dye Thioflavin-S reveal the fibrillar nature of the
majority of a-syn pathology. Scale bar= 100 pm.
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