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Abstract

The recent formalization of clinical criteria for PD with dementia (PD-D) codifies many studies on
this topic, including those assessing biological correlates. These studies show that the emergence
of PD-D occurs on the background of severe dopamine deficits with the main pathological drivers
of cognitive decline being a synergistic effect between a -synuclein and Alzheimer's disease
pathology. The presence of these pathologies correlates with a marked loss of limbic and cortically
projecting dopamine, noradrenaline, serotonin and acetylcholine neurons, although the exact
timing of these relationships remains to be determined. Genetic factors, such as triplications in the
a-synuclein gene, lead to a clear increased risk of PD-D, while others, such as parkin mutations,
are associated with a reduced risk of PD-D. The very recent formalization of clinical criteria for
PD with mild cognitive impairment (PD-MCI) allows only speculation on its biological and
genetic bases. Critical assessment of animal models shows that chronic low dose MPTP treatment
in primates recapitulates PD-MCI over time, enhancing the current biological concept of PD-MCI
as having enhanced dopamine deficiency in frontostriatal pathways as well as involvement of
other neurotransmitter systems. Data from other animal models support multiple transmitter
involvement in cognitive impairment in PD. While dopamine dysfunction has been highlighted
because of its obvious role in PD, the role of the other neurotransmitter systems,
neurodegenerative pathologies and genetic factors in PD-MCI remain to be fully elucidated.
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Introduction

The neurobiological basis for Parkinson's disease (PD) is degeneration of nigrostriatal
dopamine neurons and the pathological deposition of the protein a-synuclein in
intraneuronal Lewy inclusions within vulnerable populations of neurons in the brain (Figure
1A-D).1 The pathologic changes in PD occur gradually and progressively over many years
with a significant period of clinically silent cellular dysfunction and, for some populations of
neurons, cell death.? It has also become apparent that in the elderly such pathologies often
occur on a background of age-related pathologies, which will be discussed in more detail
below. This has resulted in the revised neuropathological criteria for differentiating PD with
and without additional Alzheimer type pathology by the incorporation of a probabilistic
statement about the likelihood that each different pathology contributes to a cognitive
disorder (Table 1).1 The initiating neurobiological bases for such dysfunction are uncertain
in many instances and will not be discussed in detail, but are known to include a variety of
factors based on the relatively large numbers of genes now known to be causative for PD.3

To discuss the neurobiological basis of PD dementia (PD-D) necessitates a brief discussion
of the type of cases required to be analyzed. The MDS published a review and clinical
criteria for PD-D in 2007 with the core features being a clinical diagnosis of established PD
and a dementia syndrome with insidious onset and slow progression largely meeting DSM
IV criteria for dementia (Table 2).4 The pathological validity of and neurobiological basis
for this criterion will be evaluated further below.

In 2012 the MDS used a similar process to determine that mild cognitive impairment was
common in PD (~25% in those without PD-D), was clinically heterogeneous, and increased
the risk of progression to dementia.®. In establishing a diagnostic criteria for mild cognitive
impairment in PD (PD-MCI)(Table 3)° that progresses to PD-D, the number of cases in any
pathological series of end-stage cases are likely to be smaller than the number with PD-D.
These newer criteria for PD-MCI are still evolving, eg. establishing cutoffs for
neuropsychological scores and the true prevalence of single domain subtype.6 Thus, it may
be early to discuss fully the neurobiological bases and underlying pathology for PD-MCI,
but some attempt will be made in the following sections.

Neuropathology

The pathologic substrate for PD-D and PD-MCI appears to be heterogeneous and includes
Lewy bodies, Alzheimer's disease (AD) pathology, cerebrovascular disease, and other
findings (Figure 1).”-12 Data and thoughts regarding the role of Lewy bodies appear to have
changed with the introduction of a-synuclein immunostaining and data presented here only
considers studies using these methods.
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Role of Lewy-type a-synucleinopathy in PD-D

The most compelling evidence to date suggests that Lewy-related pathology (LRP) (data
using a-synuclein staining, Figure 1D-F) is the most important factor in the development of
cognitive impairment in PD. Most studies compared LRP with AD pathology with less
written on other pathologic findings. One study of 45 PD cases assessing cognitive
impairment from retrospective chart reviews showed that the severity of cognitive
impairment correlated with cortical Lewy bodies, especially in the frontal and cingulate
gyrus, even when AD was not present.13 In a study of 22 PD-D cases two did not have
cortical Lewy bodies, 13 (59%) had marked cortical Lewy bodies, and 7 (32%) had both
cortical Lewy bodies and AD.8 The marker that most correlated with dementia was the
cortical Lewy bodies.® In a study of 12 PD-D cases there was a 10x increase in neocortical
and limbic LRP compared to non-demented PD cases and only one case met NIA-Reagan
criteria for AD.14 Neocortical Lewy bodies correlated with both senile plaques and
neurofibrillary tangles and two cases had multiple infarcts.1* While a study of 18 PD-D
cases found that none met neuropathological criteria for AD.1° A larger study found that
28/51 PD-D cases had concurrent AD, but that clinically the cases with and without AD
were not distinguishable, suggesting the LRP was the more critical factor.1% Neocortical
LRP was also found to correlate with dementia while AD did not in a study of 129 PD cases
(not all of whom had dementia), although those cases with dementia had higher
neurofibrillary tangle pathology.1® Finally, a recent study of 92 PD-D and 48 non-demented
PD cases found the severity of cortical LRP was the factor that most correlated with
dementia.12 In a community based study of 872 autopsies, 103 had LRP with a neocortical
distribution associated with increased odds of dementia and lower and more rapid decline in
all cognitive domains, while a limbic distribution specifically associated with lower and
more rapid decline in visuospatial skills.1” These relationships were not modified by AD
pathology.1? It should be noted that not all patients with cortical LRP will have
dementia, 12 16. 18 3lthough in a study that excluded AD and assessed 41 PD cases, Lewy
body densities in the temporal lobe were significantly higher in cases with PD-D compared
to PD without dementia.1® This differentiation was not observed in frontal or limbic cortical
regions.19

Role of AD pathology in PD-D

There are widely conflicting reports regarding the co-occurrence of AD pathology (Figure
1G,H) in PD-D. Neuritic plaque pathology was greater in PD-D cases compared with non-
demented cases in one study.® Some studies found only 1/1214 and 3/1720 PD-D cases met
NIA-Reagan criteria for AD while other studies found a much higher occurrence 18/41,21
7/22,8 18/48,12 and 28/51.10 Meeting criteria for AD may not be the key however, as there
appears to be a positive correlation between neocortical LRP and both senile plaques and
neurofibrillary tangles.14 There is also a correlation between neurofibrillary tangles and
dementia in PD.8 12 A recent study quantitatively assessing these cortical pathologies
identified that the combination of LRP and AD pathologies most robustly correlate with PD-
D.22 The issue of a synergistic role needs further research, although the deposition of a-
synuclein promotes the intracellular aggregation of tau23 and p-amyloid?# in cell models.
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Role of other pathologies

The role of other pathologic findings in causing cognitive impairment in PD remains
unclear. As the majority of PD autopsy series have a mean age of cases being >75 years old,
the presence of other pathologic findings is extremely common and thus controlling for
pathologic changes of aging are critical. While a recent study showed that there is a reduced
prevalence of small vessel disease in PD compared to matched controls," the role of
vascular changes (Figure 11,J), including infarcts, is one of the most difficult issues when
studying PD-D. One study found that 8/18 PD cases had vascular changes.1> Lower rates
were found in multiple other studies including 2/17 PD-D cases,2° 2/12 may have had
multiple infarcts contributing to the dementia,14 and 5/40 PD-D cases had significant
cerebrovascular disease.2® In a study of 25 non-demented PD and 25 PD-D cases that
excluded concurrent AD or hippocampal sclerosis, PD-D correlated with a the cumulative
burden of cerebral white matter disease.1! So the role of vascular changes remains unclear.

Cerebral amyloid angiopathy (CAA, Figure 1J), not uncommon in aged controls, was
associated with PD-D in one study.12 CAA had a positive correlation to LRP while vascular
pathology was negatively correlated with LRP in a second study.2’ Finally, CAA was more
common in PD than controls, and was more common in PD cases with concurrent AD than
those without AD.28

Hippocampal sclerosis (HS), the loss of neurons and presence of gliosis in the CA1 region
of the hippocampus and subiculum,2® may be found in ~10% of AD cases.3° In PD-D one
study found HS in only 1/17 cases,2° a second study found no correlation between HS and
PD-D,2 and a third study found 4.4% of 561 AD cases had HS while 5.3% of 131 PD-D
cases had HS (no controls were studied).3! The role of other pathologies, including
argyrophilic grains and TDP-43 are even less well studied.

PD-MCI pathology

There is scant neuropathological data on PD-MCI, but the data available suggest a similar
underlying heterogeneity of pathology to that described above. Aarsland et al.1® reported
three of four PD cases with cognitive impairment, but not dementia, had neocortical Lewy
bodies while one did not. Adler et al.” studied eight cases with PD-MCI (4 amnestic MCI-
memory only, 4 non-amnestic MCI), mean age 82.8 yrs (range 74-89), and mean PD
duration 11.4 yrs (range 2-25 yrs). Using Beach et al. Unified LB staging (ULBSS)
criteria,32 three cases were brainstem-predominant (stage 2a), three were brainstem-limbic
predominant (stage 3), and two were neocortical Lewy body stage (stage 4).” Half had
moderate neuritic plagues and two met NIA-Reagan criteria for AD (both having amnestic
MCI).” Jellinger also reported 8 PD-MCI cases, four amnestic and four non-amnestic
MCI.33 Two were ULBSS stage 2a, five were stage 3, and one was stage 4, while AD
pathology was also heterogeneous.33 Both studies found variable amounts of cerebral
amyloid angiopathy (CAA).” 33 Given this limited amount of data the roles of each type of
pathology in PD-MCI remains unclear.
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Severity and timing of pathologies

As autopsy studies are by definition cross-sectional, piecing together the severity and timing
of pathologic changes causing cognitive impairment is not easy. However, at present there
are few neuroimaging studies that have confirmation of the underlying pathologies discussed
above that associate with PD-D,34 and as structural and functional changes are biomarkers
of AD pathology,3® it remains to be determined whether current neuroimaging studies
assessing such changes are capturing PD-specific changes or those associated with
additional pathologies common in patients with PD-D (see above).

The assessment of pathological studies shows that when dividing PD-D cases based on
disease duration, those with a shorter duration of disease prior to death had an older age of
onset and were more likely to have concurrent AD, but even in this group it was only 10%
(1/10) of the cases.28 All PD-D groups had either limbic or limbic and neocortical stage
Lewy bodies.26 There is some data that suggests chronological aging may be an important
driving factor in the onset of dementia in patients with PD,36 a factor also related to the
prevalence of AD pathology in patients with dementia.37-39

A number of studies suggest there is a more rapid disease progression in PD-D cases with
coexistent AD.22 Mean survival from onset of PD went from a 10.1 years in cases without
AD to 4.5 years in those with AD.40: 41 Studies have shown that PD-D cases with AD may
have older age of PD onset,10. 12, 22,40, 41 g|der age of death, and shorter disease
duration,10. 12, 40, 41 byt this is not always the case.®

Summary of Neuropathological Findings in PD-D

While this has been a discussion of the role of individual pathologies in causing dementia in
PD, it is very likely that there is a synergistic effect between a-synuclein pathology, age and
other pathologies, especially AD pathology,*2 43 that is the main driver of cognitive decline
in PD.

Neurotransmitter Systems

Multiple neurotransmitter deficits have long been emphasized as of major importance in PD
and particularly in underlying the cognitive deficits.#4 4> At present changes to dopamine
medication use and cholinesterase inhibitors are considered the most practical management
options for PD-D,%6: 47 highlighting the involvement of these systems in PD-D.

Dopamine systems and PD-D

The majority of dopamine neurons in the brain are found in three main midbrain dopamine
regions which project to the basal ganglia (nigrostriatal system), limbic regions (mesolimbic
system) and cortical regions (mesocortical system)(Figure 2).48: 49 The largest group of
dopamine neurons (A9 group) are found in the substantia nigra, an integral part of the basal
ganglia that provides a feedback loop to the striatum important for the control of actions and
thoughts. The ventrolateral A9 neurons that project to the putamen degenerate early prior to
Lewy body formation in PD,%0 with increasing degeneration of other A9 nigrostriatal
neurons relating to increasing motor deficits as the disease progresses,®: 52 deficits which
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are initially ameliorated by dopamine replacement therapies®3 and enhanced by the use of
dopamine blocking drugs.>* A number of histopathological®? 3 and imaging®6-58 studies
show that the severity of A9 dopamine loss is independent of dementia in PD.

Mesolimbic dopamine neurons are found in the medial substantia nigra (A9 neurons) and
nearby ventral tegmental area (A10 neurons).>® There is greater degeneration of medial A9
dopamine neurons in PD-D,%0-62 and potentially related to this cell loss are findings in the
caudate nucleus and ventral striatum of a loss of presynaptic dopamine in PD-D®3 as well as
a correlation between the density of postsynaptic D1 dopamine receptors and cognitive
impairment.®4 These medial mesolimbic A9 dopamine neurons play an important role in
behavioural selection and impulsivity,>° and enhanced function in mesolimbic/ventral
striatal dopaminergic circuits following dopamine agonist use may contribute to impulse
control disorders in PD.53: 65

The ventral tegmental area A10 dopamine neurons are considered integral in both reward
behaviors (mesolimbic) and cognitive functions (mesocortical),* but are less studied in
patients with PD. In humans the A10 dopamine neurons are spread over a large rostrocaudal
region of the midbrain and are difficult to identify with certainty in single sections.#8 Only a
single serial section study has assessed the mesocortical A10 dopamine neurons proper and
revealed limited degeneration in the A10 dopamine cell groups in 7 PD patients, 5 with PD-
D.%6 Despite this, in vivo imaging suggests a reduction in cortical dopamine in patients with
PD-D,%3 indicating a functional rather than structural depletion of dopamine in the
mesocortical system. The effects of dopamine replacement therapy on mesocortical
dopamine function is still poorly understood.67: 68

Other monoamine systems and PD-D

There is less data examining the extent to which the loss of brain noradrenaline contributes
to PD-D, although severe lesions of the A6 noradrenaline neurons in the locus coeruleus that
innervate the entire forebrain are frequent in PD-D (Figure 3).%% 62. 69 This marked
degeneration of A6 noradrenaline locus coeruleus neurons in PD-D correlates with a marked
loss of forebrain Ch4 cholinergic neurons in the nucleus basalis (see below).55: 62 In older
adults without a clinical diagnosis of PD, the density of A6 noradrenaline neurons in the
locus coeruleus correlates with the density of A9 dopamine neurons and the severity of mild
parkinsonian features.”® In early PD there is an upregulation of noradrenaline locus
coeruleus transmission, possibly affecting the thalamus,’? to compensate for the loss of
striatal dopamine,>8: 72 with significant reductions in forebrain noradrenaline by end-stage
PD.58. 71, 73 1mportantly, improved cognitive function has been shown following
administration of a noradrenaline reuptake inhibitor.’*

There are two major serotonin cell groups that project to the forebrain, the B6/7 neurons in
the dorsal raphe nucleus which project largely to the striatum and cortex, and the B5/8
neurons in the median raphe nucleus which project largely to the cortex and hippocampus
(Figure 4).7® Although data are limited, there appears to be no loss of B6/7 serotonin
neurons but a variable loss of B5/8 serotonin neurons by end-stage PD’®, and no reduction
in striatal serotonin transporter early in PD?7: 78 but more marked reductions in the caudate
nucleus compared to the putamen by the endstage.”®: 80 There do not appear to be any major
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changes to serotonin receptors in PD.81-83 There is a correlation between the reduction in
striatal dopamine transporter and increased levels of striatal serotonin transporter in early
PD, indicating a potential initial compensatory mechanism.’8 However, as the disease
progresses, some serotonin structures degenerate,8% most markedly in the B5/8 system.
Whether this degeneration relates to the onset or expression of cognitive impairment has not
been evaluated. However, in PD-D there is an increase in cortical serotonin turnover®* and
serotonin 2A receptors,8 suggestive of reduced serotonin innervation and consistent with
the late loss of B5/8 serotonin neurons.’®

Acetylcholine systems and PD-D

There are three main sources of acetylcholine in the brain - striatal interneurons, cortically-
projecting Ch4 neurons in the nucleus basalis, and thalamic-projecting Ch5 neurons in the
pedunculopontine nucleus (Figure 5).86: 87 Striatal interneurons are not affected in PD, but
there is ample evidence that the other neuronal groups are affected in PD.86: 87 On average
there is a 40% loss of Ch5 pedunclopontine neurons which correlates with the degree of
degeneration in the A9 dopamine cell group,88 and also with the severity of motor
impairment.89

Degeneration of Ch4 nucleus basalis neurons is observed in most end-stage cases of PD, but
is most severe in PD-D.5% 62 Ch4 cell loss correlates with reductions in cortical choline
acetyltransferase,® 62 and the reduction in cortical choline acetyltransferase correlates with
the extent of cognitive impairment.54 82 Imaging studies confirm the widespread loss of
cortical acetylcholine in PD-D.86: 87 Importantly, anticholinergic medications accelerate
cognitive impairment in PD,%0 while cholinesterase inhibitors have beneficial effects in PD-
D.47

Neurotransmitters in PD-MCI

A number of studies suggest that neurotransmitter dysregulation rather than frank
neurodegeneration is key to PD-MCI.44: 45.91.92 | particular, dopamine deficiency in
frontostriatal pathways are considered to play a key role, as discussed above, with new
evidence linking dopamine function and hippocampal long-term potentiation to cognitive
impairment in PD.93: 94 Reduced neocortical acetylcholinesterase independently relates to
lower cognitive performance in non-demented PD patients.%% 96 The role of the other
neurotransmitter systems discussed above in PD-MCI remain less certain, although if PD-
MCI develops into PD-D, then disruption to these system must at least begin to appear in
patients with PD-MCI.

Severity and timing of neurotransmitter disruption

The data above suggest that the loss of dopamine occurs prior to the loss of the other
neurotransmitter systems in PD, and that increased compensatory neurotransmitter activity
initially occurs in regions affected by the deficit in dopamine. Whether such increased
activity or a reduced compensatory capacity drives subsequent degeneration remains to be
determined, but it is of interest that degeneration of the dopamine system occurs more
rapidly in older compared with younger PD patients.?’
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Summary of Neurotransmitter Changes in PD-D

The emergence of PD-D occurs on the background of severe dopamine deficits, and
correlates with a marked loss of limbic and cortically projecting dopamine, noradrenaline,
serotonin and acetylcholine neurons (Figure 6), although the relationship between such
forms of degeneration remains to be determined.

Genetic Risk Factors

While large genome-wide association studies have identified a variety of genes contributing
to sporadic PD, %8 similar large studies have not been performed for PD-D and particularly
for PD-MCI as their definitions have only recently been operationalized (Tables 2&3). This
means that the genetics underlying PD-D and PD-MCI are incompletely understood,
although there is a substantial literature on smaller cohorts that clearly demonstrates the
importance of genetic factors for cognitive impairment (CI) in PD (Table 4). Evidence
comes both from studies examining cognition in familial forms of PD and from studies of
PD and non-PD associated genetic risk factors.

Cognition in familial PD

Reports of Cl in both autosomal recessive and dominant forms of familial PD suggest that
the frequency and characteristics of Cl in these various familial forms of PD differ. In
autosomal dominant forms of PD, the most extensively studied are those linked to
mutations, duplications and triplications in the a-synuclein gene (SNCA) and to mutations in
the leucine-rich repeat kinase 2 gene (LRRK2).99 All mutations in the SNCA gene have thus
far been associated with Cl in at least some cases, although the frequency may be lower than
that observed in sporadic PD.190 However, one SNCA mutation (E46K) has been associated
with PD-D in all mutation carriers during the clinical course and CI at onset of PD in at least
one affected mutation carrier.192. 102 Dyplications and triplications of the SNCA gene are
associated with markedly different clinical characteristics, including C1.103-105 While both
duplication and triplication are associated with an autosomal dominantly inherited form of
PD, SCNA gene duplications are generally associated with a phenotype more consistent with
late-onset sporadic PD, while triplications are associated with a substantially earlier onset of
both motor symptoms and CI. Triplication cases have prominent early Cl, including some
with a clinical picture more similar to dementia with Lewy bodies than PD-D.106. 107 |
summary, the characteristics of Cl in SNCA-associated familial PD are variable and range
from a lower than expected frequency of CI to prominent early PD-D (Table 4). Certain
SNCA changes, specifically gene triplication and the E46K mutation appear to have an
increased risk for early PD-D. There are multiple pathogenic LRRK2 mutations and they are
generally associated with a clinical picture very similar to that observed in sporadic PD
(Table 4). Studies of cognition in LRRK2 mutation carriers have suggested a frequency of CI
that is similar to or less frequent than that observed in sporadic PD.198-111 |nterestingly, a
recent report suggested that asymptomatic G2019S LRRK2 mutation carriers without overt
PD were more impaired on a test of executive functioning.112

Recessive forms of familial PD include those with genetic changes in the parkin, PINK1,
and DJ-1 genes. These recessive forms of PD are generally characterized by early onset PD,

Mov Disord. Author manuscript; available in PMC 2015 April 15.



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

1duosnuely Joyny vd-HIN

Halliday et al.

Page 9

but with a relatively slow progression of symptoms.?® Systematically collected data on
cognition in PINK1 and DJ-1 is limited. A very atypical clinical picture with PD-D and
motor neuron disease was reported in a family with a double mutation in DJ-1 and PD-D
was reported in two cases with PINK1 deletion mutations.113: 114 On the other hand, ClI in
the more common parkin mutation carriers has been examined in some detail (Table 4). A
comparison of parkin, LRRK2 and glucocerebrosidase (GBA) mutation carriers reported no
differences between the three genetic groups on performance of the mini-mental state
examination, although GBA mutation carriers subjectively reported more C1.115 In the
relatively large study, early onset PD patients that were either parkin mutation heterozygote
carriers, compound heterozygote/homozygyote, or non-carriers were compared on a detailed
neuropsychological test battery.116 There were no significant differences with regard to
neuropsychological test performance amongst the three groups (Table 4). Thus, in autosomal
recessive forms of PD there is again a range of reported frequency of CI.

Cognition and PD risk genes

Two risk genes for PD, microtubule-associated protein tau (MAPT) and GBA, have been
associated with Cl in PD (Table 4). Despite the fact that tau pathology is not a
neuropathologic feature of PD (see above), the MAPT gene has consistently been identified
as a risk gene for PD in several genome-wide association studies and the HL MAPT
haplotype has been associated with increased risk for PD.%. 117. 118 Tywo moderately sized
studies with prospective cognitive assessments have suggested that the H1 MAPT haplotype
is associated with Cl in PD patients.119 120 Goris and colleagues found the H1/H1 MAPT
haplotype was overrepresented in PD-D and was associated with a more rapid decline in
cognitive performance, while Morley et al. found that H1/H1 carriers had lower memory
scores, but they did not observe a more rapid decline in cognition than other PD patients.
This latter group also reported an association between the catechol-o-methyl transferase
(COMT) Met/Met haplotype and higher attention test performance, in contrast to previous
reports'2! (Table 4). Interestingly, a recent pathologic study, found the H1 MAPT haplotype
was associated with lower tau-associated tangle pathology in PD, suggesting that the MAPT
association with PD-D is not likely due to tau-associated neurofibrillary tangle pathology.
Mutations in the GBA gene have also been found to increase the risk for PD.122 Although
using fairly small numbers of cases, multiple studies have now suggested that GBA mutation
carriers have an increased risk for PD-D.123-125

Cognition and non-PD genes

Due to the strong association between dementia risk (e.g., Alzheimer's disease) and the
APOE 4 genotype, a number of investigators have examined the impact of this genotype on
Cl in PD. Of note, there is no evidence of an association between APOE 4 and risk for
PD.126 For those PD patients carrying an APOE 4 genotype, the risk for CI appears to be
increased (Table 4), although some studies have suggested that this effect is at most only
modest.120: 127 Two recent neuropathologic studies have found that the APOE 4 genotype is
associated with CI, even when controlling for Alzheimer's disease pathology severity (Table
4).12.128 |rwin and colleagues compared autopsied PD and PD-D cases and found APOE 4
to be an independent predictor of PD-D (Table 4).12 Tsuang and colleagues found that
APOE 4 genotype was associated with earlier onset of PD-D in autopsy cases with a-
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synuclein-positive Lewy body pathology (Table 4), again even when excluding cases with
co-existent Alzheimer's disease.128

Summary of Genetic Risk Factor and Cognitive Impairment in PD

In summary, it is clear that genetic factors play a role in Cl in PD (Table 4). Some genetic
changes, even in early onset cases such as SNCA triplication, are clearly linked to
substantial increased risk for CI, while others such as parkin mutation-associated autosomal
recessive PD appears to be associated with reduced risk compared with sporadic PD (Table
4). Even for mutations within the same gene, there appears to be variability in CI frequency
between different mutations. Given the importance of Cl in PD and the apparent influence of
genetic factors, further prospective study of the genetics of Cl in PD is needed.

Preclinical Models

As described earlier, defining the qualitative aspects of MCI in PD has only recently
received considerable attention,® with most studies suggesting primarily a frontal or fronto-
striatal nature to the cognitive deficits, particularly during the earlier stages of the
disease.12%-132 The cognitive domains most often affected include attention, working and
short-term memory, language, visuospatial abilities, and various aspects of executive
functioning.>: 133 Development and refinement of animal models of these different PD-MCI
deficits would create an opportunity for studying the pathophysiology of this potentially pre-
dementia state in PD and allow for pre-clinical testing of new therapies targeting PD
cognitive decline. Yet, considering the potential clinical importance of PD-MCI, there has
been relatively little preclinical research into this problem.

Modeling the cognitive dysfunction in PD

Can we effectively model PD cognitive dysfunction in animals? First, we need to briefly
review the types of PD models currently available. These are genetic mouse models,
primarily based on rare familial forms of PD (i.e., LRRK2 mutations, a-synuclein mutation/
overexpression, parkin knockout); genetic rat models (i.e., LRRK2, a-synuclein mutations),
adeno-associated virus (AAV)-mediated overexpression of a-synuclein,; and toxin models
(primarily 6-hydroxydopamine (6-OHDA) lesions in rats; 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) lesions in mice and non-human primates).134 While all of these
models have their respective strengths and weaknesses, one lingering issue with the genetic
models is that they have not been able to reliably capture the neurochemical and anatomical
pathology of PD (including the degeneration of A9 dopamine neurons), and these animals
do not display typical parkinsonian motor signs. Although some pathology3® and
neurotransmitter changes have been described in genetic models, particularly at advanced
ages, 136 137 for the most part, these models have been described as modeling “pre-manifest
PD”.137 Toxin-induced models, and in particular, the MPTP model, reproduces the main
neurochemical and anatomical pathology of PD. Animals with MPTP-induced parkinsonism
show multi-neurotransmitter defects38 (i.e., dopaminergic deficits as well as noradrenergic
and serotonergic deficits) and significant degeneration of dopamine neurons, although Lewy
bodies, the pathological hallmark of PD, are typically not observed. While 6-OHDA.-
lesioned rats can display parkinsonian motor signs, and some locomotor deficits can be
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detected in MPTP-treated mice, the MPTP-treated non-human primate presents with features
that most closely resemble human PD.138

MPTP-treated mice have not been particularly assessed for cognitive dysfunction. Studies
that have assessed aspects of cognition in rodent genetic PD models (primarily mouse
models) have reported a variety of cognitive deficits including decreased spontaneous
alternation in a T mazel3 or Y maze, 137 impaired learning and retention in the Morris water
maze, 135 136, 140 and deficits in object-place recognition, operant reversal learning, and
novel object recognition.137 More recently, the MitoPark mouse, a transgenic model based
on mitochondrial dysfunction, has been developed and exhibits the cardinal features of PD,
including adult onset of neurodegeneration, progressive decline in motor function, and
presence of intraneuronal inclusions (possibly a Lewy body equivalent).141 A recent study
described mild spatial learning and memory deficits in the Barnes maze and object
recognition deficits that preceded the appearance of motor deficits in these animals.141
Although some of the tests mentioned above detected deficits in cognitive domains of
potential relevance to PD, others may have more limited relevance to PD. For example, the
Y maze, object-place recognition, novel object recognition, and the Morris water maze/
Barnes maze primarily assess spatial learning and reference memory, cognitive functions not
typically discussed as being affected in PD. However, deficits in spontaneous alternation
testing (working/short-term memory) and reversal learning (cognitive flexibility) may be
more relevant to the cognitive dysfunction often described in PD. However, caution is
needed when interpreting some of these data from transgenic mouse models as many also
exhibit anxiety-like behaviors that could impact performance on some of the cognitive tests
used.

More recently, Hall and colleagues#? used targeted overexpression of a-synuclein in the
ventral tegmental area A10 cell group (mesocorticolimbic dopamine system) and the medial
septum/vertical limb of the diagonal band of Broca Ch1/2 cell groups (septohippocampal
cholinergic system) in rats, achieved by direct injection of AAV vectors carrying the coding
sequence for human wild-type a—synuclein, to examine the role of a-synuclein
overexpression in these regions and cognitive functioning. These animals, which had mild
loss of A10 dopamine neurons (approx. 24% decrease) and a 47% loss of Ch1/2 cholinergic
neurons, had no spontaneous motor impairments but showed deficits in spatial learning and
working memory but not in reference memory. While these results are interesting, the
translational value of this model for understanding cognitive dysfunction in PD is not clear,
as the A10 dopamine neurons are affected to a limited extent in PD (including in PD-D58)
and although cholinergic deficits are described in advanced PD- D48 55), they are not
typically found in the septohippocampal system but are more often described in the basal
forebrain Ch4 cholinergic system (see above).

Although there is no best animal model of PD, as all are only approximations of the human
disease, the MPTP primate models of PD appear to reproduce most, although not all, of the
clinical and pathological hallmarks of PD.138 To assess cognitive dysfunction in PD,
specific non-human primate models have been created, taking advantage of the rich
behavioral repertoire of non-human primates and the ability to assess their behavior on non-
human primate analogs of human neuropsychological tests. The chronic low dose (CLD)
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MPTP model of parkinsonism was initially developed to produce cognitive impairments in
non-human primates prior to the development of parkinsonian motor symptoms.143-146
These animals developed cognitive deficits analogous to those described in early PD
patients, including deficits in attention (sustained and selective attention), attention set
shifting, working/short-term memory, cognitive flexibility, planning and problem solving
but not in reference or recognition memory.143-147 Early work was performed using a
modified Wisconsin general test apparatus but more recent studies have used automated,
computerized testing stations that reduce intra- and inter-animal variability, allow collection
of precise timing data, and can present standardized testing based on automated human
neuropsychological test paradigms. CLD MPTP animals not only showed attention,
memory, and executive function deficits but also showed broad basal ganglia and extra-basal
ganglia pathology, including dopamine and noradrenaline deficits at striatal and cortical
levels and loss of SN dopamine neurons (with more loss in medial and ventral portions of
A9) and modest loss of A10 VTA dopamine neurons, as more typically occurs in PD.148. 149
This model is also responsive to a variety of neuro-pharmacological manipulations,
particularly of the nicotinic system.150

More recently, the model has been further refined to produce animals that express early-
appearing frontal-like cognitive deficits upon which typical parkinsonian motor signs are
superimposed.1®1 This model, which recapitulates both motor and cognitive deficits of PD,
was recently shown to demonstrate levodopa-responsive motor deficits along with attention/
working memory deficits which either did not respond positively to levodopa or were further
impaired with administration of doses of levodopa that produced maximal improvement of
motor symptoms.15! These data are in agreement with a number of clinical studies in which
the benefits of dopamine-replacement therapy on frontal cortical-based cognitive deficits in
PD have been inconsistent152: 153 and in some studies has resulted in further impairments of
cognitive functioning.152 154-156

Translational value of the models

The non-human primate model described may have the greatest translational potential in that
it most reliably reproduces motor and cognitive dysfunction similar to that in PD, has
neurochemical and anatomical pathology most similar to PD, and appears to respond to drug
treatments in a manner similar to that described in PD (Table 5). Of the available models,
the non-human primate model appears to best able to capture dysfunction in the cognitive
domains most affected in PD and more accurately mimics various aspects of human PD
compared to rodent models. Although the rodent models are more readily available and
generally do not require the specialized expertise, housing and testing situations needed for
non-human primate work, at present these models lack neurochemical and anatomical
features that closely resemble the human PD condition and thus far, the cognitive deficits
demonstrated in most of these models are limited and in some instances, not in cognitive
domains typically affected in PD (Table 5). However, all of the models have relative
strengths and weaknesses and the selection of a model for study needs to be based on the
nature of the research question being asked. For example, studying cognitive deficits in a 6-
OHDA-lesioned rat in which a very specific dopaminergic lesion is produced could provide
useful information regarding the role of dopamine per se in certain behaviors but may have

Mov Disord. Author manuscript; available in PMC 2015 April 15.



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

1duosnuely Joyny vd-HIN

Halliday et al. Page 13
more limited relevance for developing new drug treatments for PD cognitive dysfunction,
which appears to involve dopaminergic and non-dopaminergic mechanisms.

Conclusions

As criteria for PD-MCI are very recent and are based on limited underpinning biological and
genetic data, further research is required to establish if such patients have more significant
dopamine deficits as their PD neurodegeneration progresses. Current limited data and
animal modeling supports this concept,157-159 but much more work needs to be done. At
present the biological basis of PD-D is more certain, with data pointing to dominant limbic
and cortical deficits. PD-D is definitely age related and associated not only with increasing
a-synuclein pathology, but also with age-associated AD pathologies. In addition, there is
marked loss of limbic and cortically projecting dopamine, noradrenaline, serotonin and
acetylcholine neurons, although the relationship between these degenerative changes
remains to be determined. Genetic factors associated with CI require further evaluation, but
those that enhance a-synuclein pathology (like SNCA triplication), enhance AD pathology
(like APOE 4 genotype) or enhance lysosomal deficits (like GBA mutations) are associated
with enhanced CI, while those that enhance mitochondrial and/or proteosome dysfunction
(like parkin mutations) are associated with reduced CI. Translation of these findings into
clinical treatments will require further evaluation of the relationships and timing between
these biological and genetic associations.
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Figure 1. Tissue histopathology of PD and PD-D
A Transverse section through the midbrain of a control (at left) showing the darkly

pigmented substantia nigra in the ventral aspect of the midbrain, while the pigmented
neurons in this structure are lost in patients with PD (at right).

B Higher magnification (box in A) of a haematoxylin and eosin (H&E) stained section
through the substantia nigra showing only a few pigmented neurons remaining with many
smaller phagocytic microglia.

C,D Higher magnification of a H&E stained (C) and an a-synuclein-immunoreactive (D)
pigmented neuron in the substantia nigra of a PD patient containing a Lewy body.

E,F a-Synuclein immunoreactive Lewy bodies and Lewy neurites in the amygdala (E) and
anterior cingulate cortex (F) of a patient with PD-D.

G Silver-stained neurofibrillary tangle in the cortex of a patient with PD-D.

H B-amyloid-immunoreactive plaques in the cortex of a patient with PD-D.

I Vascular ischaemic tissue damage identified in a H&E stained section of the globus
pallidus in a patient with PD-D.

J B-amyloid-immunoreactive congophilic angiopathy in the cortex of a patient with PD-D.
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Figure 2. Dopamine pathways affected in PD and PD-D
Red outline=substantia nigra (SN) which contains both dopamine neurons in the pars

compacta that give rise to the nigrostriatal projections, and GABA neurons in the pars
reticulata which innervate the thalamus. Dotted red line=ventrolateral substantia nigra (VLa
SN) which is selectively damaged in patients with PD. Yellow outline=ventral tegmental
area (VTA) which contains both dopamine and non-dopamine neurons that project to limbic
and cortical regions. Dotted orange outline=medial SN and VTA which give rise to
mesolimbic projections affected in patients with PD-D. cp=cerebral peduncle, N.
acc=nucleus accumbens, R=red nucleus.
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Figure 3. Noradrenaline pathways affected in PD and PD-D
The A6 noradrenaline neurons innervate most of the brain including the substantia nigra

(SN) and thalamus, pathways affected in patients with PD, as well as the cholinergic nucleus
basalis (NBM), limbic and cortical regions, pathways affected in PD-D. N. acc=nucleus
accumbens.
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Figure 4. Serotonin pathways affected in PD and PD-D
The two major serotonin nuclei with projections to the forebrain are the dorsal raphe

containing B6/7 neurons, located in the periaqueductal grey matter of the midbrain, and the
median raphe nucleus containing B5/8 neurons, located in the midline of the upper pons.
The dorsal raphe projects to the striatum and cortex, while the median raphe projects to
limbic regions and cortex. Only the median raphe is affected in PD, but whether this is
associated with dementia or not is not clear. ag=aqueduct, N. acc=nucleus accumbens,
V=fourth ventricle.
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Figure 5. Acetylcholine pathways affected in PD and PD-D
The two major acetylcholine nuclei with projections to the forebrain are the nucleus basalis

containing Ch4 neurons, located in the basal forebrain, and the pedunculopontine nucleus
containing Ch5 neurons, located at the junction of the midbrain and pons. The
pedunculopontine nucleus projects to the thalamus and is affected in PD, while the nucleus
basalis projects to limbic regions and cortex and is affected in PD-D. Caud=caudate nucleus,
GPe=external globus pallidus, GPi=internal globus pallidus, ic=internal capsule, OT=optic
tract, Put=putamen.
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Figure 6. Summary of neurotransmitter pathways affected in PD and PD-D
Brain regions important for both movement and cognition are the neocortex, striatum,

thalamus and limbic brain regions. These brain regions receive modulating neurotransmitter
input from dopamine, noradrenaline, serotonin and acetylcholine nuclei located in the
brainstem and basal forebrain. Patients with PD have significant degeneration of the
dopamine neurons in the lateral substantia nigra (SN), acetylcholine neurons in the
pedunculopontine nucleus (PPN) and noradrenaline neurons in the locus coeruleus (LC). In
PD-D there is additional degeneration of acetylcholine neurons in the nucleus basalis
(NBM), dopamine neurons in the medial SN, serotonin neurons in the median raphe (MR)
and noradrenaline neurons in the LC. In addition, dysfunction without degeneration may
occur in other neurotransmitter pathways (not shown).

VTA
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Table 1
Probability of different pathologies contributing to a cognitive disorder!
NIA-Reagan Alzheimer type pathology
NFT stage I-11/ CERAD NFT stage I11-1V/ CERAD NFT stage V-VI/ CERAD
possible probable definite
Brainstem Low Low Low
Lewy body type | Transitional High Intermediate Low
Diffuse High High Intermediate

NIA=National Institute of Aging; NFT=neurofibrillary tangle; CERAD=Center for Education and Research on Alzheimer's Disease
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Criteria for PD-D4

Table 2
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Core Features

Associated Features

Probable PD-D

1 PD diagnosis

2 Slowly
progressive
dementia
syndrome

Typical cognitive deficits in 2/4
domains (attention, executive
function, visuospatial function,
free recall)

At least one behavioural symptom
(apathy, depression/anxious
mood, hallucinations, delusions,
excessive daytime sleepiness)

vascular disease on imaging
or other abnormality that may
cause cognitive impairment
but not dementia

unknown time interval
between motor and cognitive
symptoms

acute confusion due to
systemic diseases or
abnormalities or drug
intoxication

features compatible with
probable vascular dementia

Possible PD-D

1 PD diagnosis

2 Slowly
progressive
dementia
syndrome

Atypical cognitive deficits in 1 or
more domains (fluent aphasia,
storage-failure amnesia) with
preserved attention OR

Vascular disease on imaging or
other abnormality that may cause
cognitive impairment but not
dementia and/or unknown time
interval between motor and
cognitive symptoms

acute confusion due to
systemic diseases or
abnormalities or drug
intoxication

features compatible with
probable vascular dementia
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interfere significantly with functional
independence

Inclusion Exclusion
PD-MCI single domain 1 PD diagnosis 1 PD-D diagnosis
2 Gradual cognitive decline 2 Other primary explanation for cognitive
. . i impairment (delirium, stroke, depression,
3 Cognitive deficits on testing (two metabolic abnormalities, medication effects,
tests in a single domain) head trauma)
4 Cognitive deficits not sufficient to 3 Other PD-associated comorbid conditions
!nterfere significantly with functional (motor impairment, severe anxiety,
independence depression, excessive daytime sleepiness,
psychosis) that significantly influences
cognitive testing
PD-MCI multiple domain 1 PD diagnosis 1 PD-D diagnosis
2 Gradual cognitive decline 2 Other primary explanation for cognitive
. . i impairment (delirium, stroke, depression,
3 Cognitive deficits on testing (at least metabolic abnormalities, medication effects,
one test in two or more domains) head trauma)
4 Cognitive deficits not sufficient to 3 Other PD-associated comorbid conditions

(motor impairment, severe anxiety,
depression, excessive daytime sleepiness,
psychosis) that significantly influences
cognitive testing
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Halliday et al.
Familial PD | Sporadic PD

SNCA increased -
LRRK2 decreased -

parkin decreased -

GBA - increased
MAPT H1 haplotype - increased
COMT Met/Met - mixed findings
APOE 4 - increased

Table 4

Page 32

INCA=a-synuclein gene, LRRK2=leucine-rich repeat kinase 2 gene, GBA=glucocerebrosidase gene, MAPT=microtubule associated protein tau

gene, COMT=catechol-o-methyl transferase gene, APOE=apolipoprotein E gene
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Comparison of characteristics of PD versus primate and rodent models

Table 5

Parkinson's Disease

CLD MPTP Monkey

Rodent Genetic PD Models

Multi-neurotransmitter deficits v 4 4
DA neuron pathology (4 (4 X
Working memory deficits v v Xlv
Attention deficits 4 4 X
Executive function deficits v 4 Xiv
Visuospatial deficits (4 (4 X
Reference Memory deficits X X v
Recognition Memory deficits X X v
Parkinsonian Motor deficits v v X
Varied effects from L-dopa (4 (4 X

v/ = present; X = absent
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