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Abstract

One of the first identified neurotransmitter in the brain, acetylcholine is an important modulator
that drives changes in neuronal and glial activity. For more than two decades, the main focus of
molecular imaging of the cholinergic system in Parkinson’s disease (PD) has been on cognitive
changes. Studies have shown that degeneration of the cholinergic system is a major determinant of
dementia in PD. Within the last decade, the focus is expanding to studying cholinergic correlates
of mobility impairments, dyskinesias, olfaction, sleep, visual hallucinations and risk taking
behavior in this disorder. These studies increasingly recognize that the regional topography of
cholinergic brain areas associates with specific functions. In parallel with this trend, more recent
molecular cholinergic imaging approaches are investigating cholinergic modulatory functions and
contributions to large-scale brain network functions. A novel area of research is imaging
cholinergic innervation functions of peripheral autonomic organs that may have the potential of
future prodromal diagnosis of PD. Finally, emerging evidence of hypercholinergic activity in
prodromal and symptomatic LRRK2 PD may reflect neuronal cholinergic compensation versus a
response to neuro-inflammation. Molecular imaging of the cholinergic system has led to many
new insights in the etiology of many dopamine non-responsive symptoms of PD and is poised to
guide and evaluate future cholinergic drug development in PD.
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1. INTRODUCTION

Although Parkinson’s disease (PD) is most well known for its motor manifestations,
dementia is a very common occurrence in advancing PD (Halliday, Hely, Reid, & Morris,
2008; Williams-Gray et al., 2013). Early cholinergic molecular imaging studies in PD were
aimed at investigating cognitive changes in this disorder. These studies were likely inspired
by the cholinergic hypothesis of dementia, which was the prevailing dementia theory at that
time and had its roots in observations of prominent cholinergic basal forebrain (CBFB) loss
in postmortem brains of patients with Alzheimer’s disease (AD) (Davies & Maloney, 1976;
Perry, Perry, Blessed, & Tomlinson, 1977). The primary assumption of this hypothesis was
that loss of cholinergic neurons in the brain results in impaired cholinergic
neurotransmission and declining memory function (Bartus, Dean, Beer, & Lippa, 1982;
Drachman & Leavitt, 1974). Interestingly, around the same time, studies reported on CBFB
losses in patients with PD and related dementias that were comparable or even exceeded
losses observed in AD (Arendt, Bigl, Arendt, & Tennstedt, 1983; Whitehouse, Hedreen,
White, & Price, 1983). The cholinergic hypothesis of dementia provided a conceptual
framework that led to the successful approval of cholinesterase inhibitors for AD and later
PD with dementia (PDD). Subsequently, the popularity of the cholinergic hypothesis of
dementia declined, especially in AD. This may have several reasons. First, benefits of
cholinesterase inhibitors in clinical practice were modest at best (Zemek et al., 2014).
Second, /n vivo molecular imaging studies in the early 1990s showed cholinergic losses in
AD that were only prominent in end-stage disease (N. I. Bohnen et al., 2003; lyo et al.,
1997; D.E. Kuhl et al., 1999; D. Kuhl et al., 1996). A post-mortem study in the late 1990s
confirmed these /n vivo observations, showing that loss of forebrain cholinergic neurons is
more limited in mild AD patients with earlier stage disease (Davis et al., 1999). Third,
cholinergic system change is only one of multiple pathobiological changes occurring in AD
dementia and that the presence of dementia could not be explained by cholinergic system
loss alone. This framework shift in AD is comparable to the dopamine-centric model of PD
where post-mortem observations of extra-nigral and extra-cerebral Lewy body pathology
resulted in a paradigmatic shift about the pathophysiology of this disorder (Braak et al.,
2003). Interestingly, emerging evidence suggests that the cholinergic system is not a static
‘layer’ in this multi-system model of dementia but may play a dynamic and interactive role
with other changing systems, including wide scale neural networks and interactions with
other neurotransmitter systems in local networks (N. I. Bohnen, Grothe, Ray, Muller, &
Teipel, 2018).

The cholinergic hypothesis of dementia has resulted in a wealth of new information about
the cholinergic system not only in the brain but also in the body. The distinct regional
cerebral biodistribution of cholinergic nerve terminals in the brain implies biological
functions that extend well beyond cognition. We will discuss the emerging dynamic and
interactive role of the cholinergic system within a more complex multi-system
pathophysiological model of PD and dementia. We will also review molecular cholinergic
imaging studies in PD and discuss how disease-specific cholinergic changes are not only
relevant for cognitive but also for motor, olfactory, mood, sleep and autonomic organ
changes in this disorder. Finally, emerging observations implying compensatory versus

Int Rev Neurobiol. Author manuscript; available in PMC 2019 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bohnen et al.

Page 3

neuro-inflammatory hypercholinergic system findings in prodromal LRRK2 PD will be
discussed.

2. MOLECULAR IMAGING TECHNIQUES TO STUDY CHOLINERGIC
SYSTEM CHANGES IN PD

Molecular imaging ligands have been developed for both positron emission tomography
(PET) and single photon emission computed tomography (SPECT) to allow /in vivo
visualization of presynaptic, synaptic and post-synaptic cholinergic neurotransmission
targets. Figure 1 provides an overview of the major PET and SPECT cholinergic imaging
ligands.

The first cholinergic PET ligands were successfully developed in the early to mid-1990s and
were small lipophilic ester substrate serving as acetylcholine analogues for the
acetylcholinesterase (AChE) enzyme: [11C]-methyl-4-piperidyl acetate ([11C]-MP4A) and
[*1C]-Methyl-4-piperidinyl propionate ([1C]-PMP) (Irie, Fukushi, Akimoto, Tamagami, &
Nozaki, 1994; Irie et al., 1996; Kilbourn, Snyder, Sherman, & Kuhl, 1996). A more recent
AChE PET ligand is 5-[11C]-methoxy-donepezil ([11C]-donepezil) (Hiraoka et al., 2012).
Although these AChE ligands bind to the enzyme at the synaptic space, pre- and post-
synaptic membrane, histochemistry studies from the 1960s have shown that AChE provides
a good measure of the integrity of pre-synaptic cholinergic nerve terminals (Shute & Lewis,
1966). Another advantage of the AChE PET ligands is that the enzyme hydrolysis rates in
low and moderate binding areas, such as the neocortex, limbic cortex and thalamus can be
assessed non-invasively (Koeppe et al., 1999; Nagatsuka et al., 2001). A disadvantage of
AChE PET ligands is that the relatively low sensitivity in measuring subcortical or deep
cortical structures limiting the identification of potential specific non-cortical disease
markers (Marcone et al., 2012). There are currently no ligands targeting the acetylcholine
synthetic enzyme choline acetyltransferase. However, both SPECT (-)-5-[1231]-
lodobenzovesamicol ([1231]-IBVM), IBVM) and PET [18F]-Fluoroethoxybenzovesamicol
([*8F]-FEOBV) (D. E. Kuhl et al., 1994; Mulholland et al., 1998) ligands target the vesicular
acetylcholine transporter (VAChT). An advantage of the VAChHT ligands is that high binding
areas, including the striatum and cerebellar vermis, can be estimated (Petrou et al., 2014).
Furthermore, simplified delayed imaging acquisition protocols using reference tissues have
been validated for [18F]-FEOBV. Although the cerebellar gray matter reference region
(Petrou et al., 2014) may be suitable for disorders that do not affect this brain region, this
may have limited utility for parkinsonian disorders where pathology may affect the
cerebellum. In this respect, the use of a white matter reference region may be preferred
(Aghourian et al., 2017).

lonotropic nicotinic cholinergic (nAChR) and metabotropic muscarinic (MAChR) receptors
mediate cholinergic neurotransmission. There are several SPECT and PET ligands that bind
to nAChR and mAChR receptors. Nicotinic receptor ligands may have receptor subtype non-
specific binding like [11C]-nicotine or target specific receptor subtypes, like a4p2* nAChR
(e.g., [18F]-Flubatine PET, 2-[18F]-FA-85380 PET or 5-[123|]-iodo-3-[2(S)-2-
azetidinylmethoxy]pyridine ([1231]5-1A) SPECT or a7 nAChR [*8F]-ASEM (Horti et al.,
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2014; Saji et al., 2002; Smits et al., 2014). An advantage of the [18F]-Flubatine PET ligand
is that this ligand can be performed with a relatively short imaging protocol (Sabri et al.,
2018). Muscarinic brain SPECT ligands include [123I]-iodo-quinuclidinyl-benzilate ([1231]-
QNB) targeting M1/M4 mAChR (Colloby et al., 2006). [11C]-N-methyl-4-piperidyl
benzilate ([21CJNMPB) is a brain PET mAChR ligand (Asahina et al., 1998).

There are prominent regional cerebral differences in cholinergic ligand binding that reflect
topographic differences in specific cholinergic projections and acetylcholine-mediated brain
functions. The different cholinergic projections arising from different originating cholinergic
cell groups that have been numbered (M. M. Mesulam, 1996). For example, the Ch1 (medial
septal nucleus) and the Ch2 cell groups (vertical limb nucleus of the diagonal band) project
to the hippocampus; the Ch3 groups (horizontal limb nucleus of the diagonal band) projects
to the olfactory bulb. A major group is Ch4, which includes the nucleus basalis of Meynert
(nbM) and projects to the cortical amygdala and the cortical mantle (M. Mesulam, Mufson,
Levy, & Wainer, 1983). Ch5 (pedunculopontine nucleus, PPN) and Ché6 (laterodorsal
tegmental complex (LDTC) cell groups provide major cholinergic inputs to the thalamus,
cerebellum, other brainstem nuclei and subsets of the striatum (Heckers, Geula, & Mesulam,
1992; M.M. Mesulam, Mufson, Wainer, & Levy, 1983). Notably, these are separate from
striatal cholinergic interneurons that have a local origin (Fibiger, 1982; M. Mesulam, Mash,
Hersh, Bothwell, & Geula, 1992). Table 1 lists the major cholinergic cell groups and their
projection areas. Although cholinergic molecular imaging techniques have mainly focused
on imaging the projection areas to assess the integrity of cholinergic neurons in the primary
cell group, increasing camera resolution will allow direct visualization and quantification of
cholinergic binding in primary cell groups. Cholinergic molecular imaging can also assess
striatal cholinergic interneurons and cerebellar cholinergic nerve terminals.

In vivo PET imaging shows striking differences in regional cerebral uptake among the
different analogues of the cholinergic system. For example, figure 2 shows a comparison of
the normal biodistribution of AChE [1C]-PMP, VACKT [18F]-FEOBV and a4f2* nAChR
[18F]-Flubatine ligands in the same PD patient. The VAChT and AChE ligands show intense
uptake in the basal ganglia followed by the thalamus. Striking cerebellar differences are
noted with intense VAChT uptake in the vermis whereas the AChE shows intense uptake in
the cerebellar hemisphere. Flubatine shows most intense uptake in the thalamus with more
diffuse and mild uptake in the remainder of the brain. There is relatively low AChE uptake
in the hippocampus and temporal cortex whereas the VAChT ligand does show more
prominent hippocampal activity.

3. CHOLINERGIC SYSTEM CHANGES IN PD AND PARKINSONIAN
DEMENTIA

Patients with PD are at high risk of developing dementia. Parkinsonian dementia can be
clinically defined as either PD with dementia (PDD) or dementia with Lewy bodies (DLB).
DLB has a more early manifestation of cognitive and neuropsychiatric symptoms coinciding
within one year of the onset of motor impairments (N. I. Bohnen, Muller, & Frey, 2017).
This is in contrast to clinically defined PDD where there is a longer period of predominant
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motor impairments of at least a year before the emergence of cognitive decline. Early /n vivo
VAChHT and AChE imaging studies in PD consistently showed that the presence of dementia
in PD was associated with more severe and extensive cortical cholinergic losses compared to
PD without dementia (N. I. Bohnen et al., 2003; D. Kuhl et al., 1996), which was confirmed
by subsequent studies (Table 2).

We found heterogeneous cholinergic changes in PD patients without dementia where cortical
and thalamic AChE hydrolysis rates are normal in about one third and one sixth,
respectively, of these patients (N. I. Bohnen et al., 2012). The majority of patients with
reduced thalamic AChE hydrolysis rates also had reduced cortical AChE levels but the
reverse was generally not the case. This may suggest that CBFB losses may precede PPN/
LTDC cholinergic cell losses. The heterogeneity of cholinergic system changes in PD
without dementia is also associated with specific cognitive changes, including executive
function, attention and memory deficits (N. I. Bohnen et al., 2015; N. I. Bohnen et al., 2012).
Interestingly, we found a near linear relationship between the number of cortical
hypocholinergic patients and global cognitive scores (N. I. Bohnen et al., 2015). More
specifically, abnormal cortical cholinergic activity was present in over 80% of PD patients
with a global cognitive Z-score of more than 2 standard deviations from normal (Figure 3).
These data suggest that cholinergic system changes are a major driver across the spectrum of
cognitive changes in PD. The earliest cortical AChE changes may occur in the occipital
cortex (especially Brodman area 18) in patients with PD without dementia (Shimada et al.,
2009). The early involvement of the posterior neocortex and associated visuoperceptual
impairment perhaps may be risk factors for rapid symptomatic progression and ultimately
dementia in PD.

Cortical cholinergic changes are consistently most severe and extensive in parkinsonian
dementia subtypes compared to PD without dementia (Muller & Bohnen, 2013). However,
we previously did not find significant cholinergic changes between the clinically defined
parkinsonian dementia PDD versus DLB subtypes (N. I. Bohnen et al., 2017). A recent
VAChT [123]]-IBVM SPECT study in patients with clinically defined DLB found prominent
cortical reductions in the patients compared to normal control subjects (Mazere, Lamare,
Allard, Fernandez, & Mayo, 2017). In addition, prominent reductions were observed in
subcortical regions, including the thalamus and striatum, but not in the hippocampus (Table
3).

Nicotinic AChR molecular imaging studies have shown decreased subcortical binding with
the majority of the studies also showing decreased cortical NAChR activity (see table 4 for
summary listing of studies).

Nicotinic AChR molecular imaging studies have found significant correlations between
regional cerebral receptor binding changes and cognitive changes in PD. An a4p2* nAChR
2-[18F]-FA-85380 PET study found weak correlations with reduced nAChR binding in the
thalamus, midbrain, temporal cortex, hippocampus, and cerebellum in non-demented
patients with PD (Meyer et al., 2009). A [123]]-5-1A-85380 nAChR bran SPECT study found
significant correlations between performance on the Boston Naming Test and Word List
Intrusions and nAChR binding in cortical (the right superior parietal lobule) and subcortical
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areas (the left thalamus, the left posterior subcortical region, and the right posterior
subcortical region) in the PD patients.

Muscarinic AChR molecular imaging studies in PD are few but have shown evidence of
increased receptor binding in the frontal lobe in patients with PD and increased binding in
the occipital lobe in parkinsonian dementia (see table 5 for summary listing of studies). An
increase in MAChR expression seen in some /7 vivo neuroimaging studies has been
interpreted as upregulation in the setting of loss of afferent cholinergic projections. An early
[1ICINMPB mACHhR brain PET study did not find significant correlations between cerebral
mAChR binding and cognition in PD without dementia despite the presence of frontal
upregulation of receptor binding (Asahina et al., 1998). A more recent covariance study
points to significant associations between bidirectional mAChR binding changes and
cognition in PDD (see section on large-scale cognitive networks for more discussion below).

3.1 Mixed cognitive effects of neurotransmitter changes and protoneiopathies in PD

The etiology of cognitive impairment in PD is multifactorial (Kalia, 2017). In vivo
neuroimaging biomarkers not only include targets to measure neurotransmission, but also
markers to investigate proteinopathy (e.g., a-syncleinopathy, p-amyloidopathy, tauopathy),
neuronal and synaptic functions (e.g., glucose metabolic or cerebral blood flow) and brain
network connectivity (Kalia, 2017). We have observed that neurotransmitter changes, such
as altered cholinergic system changes, play a particular important role in cognitive
symptoms and that failure of this system may aggravate the severity of cognitive impairment
in this disorder.

Dual ligand [18F]-Fluorodopa (FDOPA) dopaminergic and AChE [11C]-MP4A PET studies
obtained in PD and PDD patients showed that cholinergic but not dopaminergic losses were
a key importance of distinguishing PDD from PD patients (Hilker et al., 2005; Klein et al.,
2010). This does not necessarily mean that cholinergic losses are a single driver of the
dementia process; it should be seen in the context of nigrostriatal and limbofrontal
dopaminergic loss. It is the combination (and interaction) of both dopaminergic and
cholinergic losses that may play an important role in the etiology of cognitive impairment in
PD.

Kehagia et al. proposed a “‘dual-syndrome’ hypothesis of cognitive impairment in PD where
early and/or mild cognitive impairment, especially fronto-executive dysfunction, may be
driven by frontostriatal dopaminergic losses whereas conversion to dementia in PD might
depend on non-dopaminergic, cholinergic more posterior cortical dysfunctions (Kehagia,
Barker, & Robbins, 2010). The ‘dual-syndrome’ hypothesis provides a useful conceptual
framework to investigate progressive cognitive decline in PD but does not emphasize
possible interactive effects between dopaminergic and cholinergic system functions.
Recently, we reported on the so-called ‘compensatory’ hypothesis to better understand
dynamic changes in both dopaminergic and cholinergic systems in PD (N. I. Bohnen et al.,
2015; Kim, Bohnen, Muller, & Lustig, 2018). The ‘compensatory’ hypothesis posits that
frontostriatal dopaminergic losses may lead to compensatory reliance in cortical cholinergic
circuits. This was based on the observation that the dopaminergic and cholinergic system did
not only have independent incremental but also interactive effects in predicting cognitive
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impairment in PD. More specifically, combined dopaminergic and cholinergic losses were
associated with greater degree of cognitive impairment, in particular executive functions (N.
I. Bohnen et al., 2015). Impairment in executive functions is a strong predictor of dementia
in PD (Ewers et al., 2012; Levy, 2007), possibly explaining why combined cholinergic and
dopaminergic deficits predispose to PDD. Conversely, preservation of cholinergic
innervation in the setting of dopaminergic losses may attenuate cognitive impairment in PD.
This is illustrated by PD patients who have prominent loss of caudate nucleus dopaminergic
nerve terminals yet have normal range cognitive performance in the setting of preserved
cholinergic functions.

The presence of p-amyloid plaques has been associated with dementia in post-mortem PD
studies (Kotzbauer et al., 2012). We previously reported that /n vivo visualization of -
amyloid plaques in PD was associated with more severe cognitive impairment that was not
only independent but also incremental of nigrostriatial dopaminergic and cortical cholinergic
losses (Shah et al., 2016). These observations underscore the multifactorial etiology of
cognitive impairment in PD.

3.2 Cortical top-down and thalamic bottom-up cholinergic attentional functions in PD

Different cholinergic projections may serve different aspects of cognition. We compared
cholinergic cortical top-down and cholinergic thalamic bottom-up functions and the ability
to resist a distractor while performing an attentional task in non-demented patients with PD
(Kim, Muller, Bohnen, Sarter, & Lustig, 2017a). PD patients performed comparably to
healthy controls in the precision of attention-dependent judgments of duration and in
sustaining attention over time. However, PD patients’ performance was strikingly more
impaired by the introduction of a distractor. Cortical-cholinergic integrity, but not thalamic-
cholinergic or striatal-dopaminergic integrity, mediated the effect of the distractor on task
performance. These results demonstrate that the basal forebrain cortical cholinergic system
serves a specific role in executing top-down control to resist external distraction. In contrast,
analysis of findings obtained in a signal detection task showed that thalamic cholinergic
innervation was involved in target detection (but not rejection), indicating a specific
contribution to bottom-up salience processing in PD patients without dementia (Kim,
Muller, Bohnen, Sarter, & Lustig, 2017b). Together, these results illustrate regionally
specific contributions of cholinergic function to different aspects of attention. These region-
specific changes may affect the ability of PD patients to successfully switch between
different cognitive networks that are involved in processing of intrinsic versus extrinsic
stimuli, resulting in compromised cognitive and behavioral flexibility.

3.3 Large-scale cognitive networks and cholinergic system changes in PD and
parkinsonian dementia

A number of distinct large-scale brain networks subserving cognitive functions have been
identified (Yeo et al., 2011). There is emerging recognition of the modulatory role of
neurotransmitters in these networks and how these change with dementing disease processes
(Gratwicke, Jahanshahi, & Foltynie, 2015), including PD (Luo et al., 2015). The cholinergic
system may play an important role in modulating these networks. Cognitive decline in PD
may be the result of deteriorated brain network integrity secondary to cholinergic loss. For
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example, spatial covariance analyses of nicotinic and muscarinic cholinergic imaging studies
have been performed and show how changes in inter-connected brain regions may relate to
cognitive changes in parkinsonian dementia. Table 6 lists a summary of the major findings
of cholinergic receptor changes within large-scale brain networks in parkinsonian dementia.
Findings show concomitant areas of decreased as well as increased receptor ligand bindings
(Colloby et al., 2016). Furthermore, a mAChR brain [1231]-QNB SPECT study in patients
with PDD found increased or preserved receptor binding in regions overlapping with key
nodes of the default mode network and frontoparietal networks. These findings suggest that
the cholinergic system may play a modulatory role within these networks (Colloby et al.,
2016). Bidirectional changes in regional receptor expression may suggest the presence of
compensatory responses to neurodegenerative injury in some brain areas in the setting of
decompensation or degeneration in other regions (N. I. Bohnen et al., 2018).

4. MOBILITY IMPAIRMENTS: FALLS, GAIT SPEED, FREEZING OF GAIT
AND POSTURAL CONTROL

Upright walking in a complex environment is heavily dependent on cognitive control
mechanisms to detect and avoid obstacles to prevent falls and ensure safe ambulation.
Therefore, neural pathways subserving cognition may also serve mobility functions (Yarnall,
Rochester, & Burn, 2011; Yogev et al., 2005). This is clinically evident as cognitive
impairment is a risk factor for falls and axial motor impairments indicate an increased risk of
dementia in PD (Alves, Larsen, Emre, Wentzel-Larsen, & Aarsland, 2006; Yarnall et al.,
2011). It has been proposed that the loss of striatal dopamine in PD imposes increased
demands for compensation on other brain systems, including cholinergic systems (basal
forebrain, PPN) involved in attentional function and the control of gait and posture, and that
the subsequent loss of these systems contributes significantly to the progressive dopamine-
resistant gait abnormalities that characterize later stages of the disease (N. I. Bohnen &
Albin, 2011; Kucinski, Paolone, Bradshaw, Albin, & Sarter, 2013; Lord, Rochester,
Hetherington, Allcock, & Burn, 2010; Sarter, Albin, Kucinski, & Lustig, 2014; Yarnall et al.,
2011).

Falling represent a serious mobility impairment in PD. We found that brainstem-thalamic
more than cortical AChE binding losses were associated with fall status in PD without
dementia independent from nigrostriatal dopaminergic losses (N. I. Bohnen et al., 2009; N.
I. Bohnen et al., 2012). Reduced brainstem-thalamic AChE hydrolysis rates associated with
impaired sensory processing during postural control in patients with PD (Muller et al.,
2013). It should be noted that the majority of patients with PD who have reduced brainstem-
thalamic cholinergic function also have reduced forebrain cortical cholinergic losses (N. I.
Bohnen et al., 2012) implicating cholinergic system changes that are more extensive.
Subsequent post-mortem studies have confirmed more severe cholinergic neuronal loss in
PD fallers compared to non-fallers (Karachi et al., 2010). There is also converging evidence
from drug studies for a cholinergic role in the pathophysiology of falls. A number of
cholinesterase inhibitor trials have shown significant fall reductions in patients with PD
treated with these drugs compared to placebo (Chung, Lobb, Nutt, & Horak, 2010;
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Henderson et al., 2016). A rivastigmine treatment study showed also evidence of improved
gait speed and gait variability in PD (Henderson et al., 2016).

The etiology of falls is heterogeneous in PD and may be due to poor postural control,
cognitive impairment, freezing of gait, autonomic changes with orthostasis and other factors
(Ashburn, Stack, Ballinger, Fazakarley, & Fitton, 2008; Gazibara et al., 2016; Rudzinska et
al., 2013). Therefore, cholinergic mechanism underlying propensity to falls is unlikely to be
explained by impairment of a single brain region. For example, we found that patients with
PD and freezing of gait (a major reason for falls) had more severe cortical cholinergic losses
rather than brainstem-thalamic changes (N. I. Bohnen et al., 2014). A limitation of the AChE
[11C]-PMP PET ligand is that this ligand is not optimized for striatal estimation of ligand
binding, thereby limiting assessment of possible freezing-specific striatal biomarkers.
Furthermore, findings of our study also showed that the freezers had more abnormal cortical
B-amyloid plaques and more severe nigrostriatal dopaminergic losses suggesting a complex
interplay of pathomechanistic factors. The heterogeneous presence of different biomarkers
of freezing of gait may not only reflect the complex pathophysiology of this episodic motor
disturbance but also the presence of different freezing of gait sub-types, such as freezing
associated with more severe end-stage PD or freezing associated with limited cognitive and
sensorimotor processing capacities (Nieuwboer & Giladi, 2013).

Reduced cortical AChE hydrolysis rates associated with slow gait speed in PD (N. I. Bohnen
et al., 2013). Interestingly, the subset of patients with preserved cortical cholinergic
functions had normal range gait speed despite the presence of prominent nigrostriatal
dopaminergic degeneration. This may represent adaptive plasticity of the cholinergic system
in the setting of relatively isolated dopaminergic losses in early or mild PD. Once the
cholinergic system starts to fail, compensation will break down manifesting with slow gait
speed, more cognitive impairment and other symptoms.

5. DYSKINESIAS

Although levodopa remains the mainstay of dopaminergic pharmacotherapy in PD, its long-
term use is associated with significant motor complications, including motor fluctuations
and dyskinesias. For example, nearly half of the PD patients may develop levodopa-induced
dyskinesias (Ahlskog & Muenter, 2001). It has been suggested that nicotinic receptors may
play a putative role in the etiology of levodopa-induced dyskinesias in PD, although
dopaminergic, serotonergic, glutamatergic, adenosinergic and opioid systems and
phosphodiesterase 10A levels have also been implicated (Pagano, Yousaf, & Politis, 2017).
For example, animal studies have shown that both nicotine and nicotinic receptor agonist
drugs reduced levodopa-induced dyskinesias by over 50% in parkinsonian rodent and
monkey models (Quik, Bordia, Zhang, & Perez, 2015). A [123]]-5-1A brain nAChR SPECT
study found that the density of nicotinic receptors in the caudate nucleus was significantly
higher in dyskinetic PD patients compared to nondyskinetic patients (Brumberg et al., 2017).
Findings were most prominent contralateral to the most affected body side. There was no
significant difference in striatal dopamine transporter binding between the two patients
groups. These observations suggest that altered expression of caudate nucleus nAChR may
play a role in the pathogenesis of levodopa-induced dyskinesias in patients with PD.
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6. OLFACTION

Impaired olfaction is an early non-motor manifestation of PD and may be present in the
prodromal stage of the disease and likely before mid-brain dopaminergic losses occur (Doty,
2012; Perez-Lloret & Barrantes, 2016). Although the presence of Lewy body pathology and
other proteineopathies have been associated with olfactory impairments in PD, changes in
neurotransmitters, including acetylcholine, may also play a role (N. I. Bohnen & Muller,
2013; D’Souza & Vijayaraghavan, 2014). We found that olfactory functions were associated
with limbic AChE [*1C]-PMP binding losses while taking into account the degree of
neocortical cholinergic and nigrostriatal dopaminergic activity (N.l. Bohnen et al., 2010).
Olfactory performance was also associated with memory functions suggesting that more
severe hyposmia may be a marker of increased risk of cognitive impairment in PD. This
hypothesis was confirmed in a subsequent prospective cohort study where the presence of
more severe hyposmia at baseline predicted higher risk of incident dementia in PD (Baba et
al., 2012).

7. SLEEP

Rapid eye movement (REM) sleep behavior disorder (RBD) is a common parasomnia in PD.
The presence of RBD has been identified as a risk factor for dementia in PD (Gagnon et al.,
2009; Marion, Qurashi, Marshall, & Foster, 2008) raising the possibility that the cholinergic
system may play a role in its pathophysiology. We found that reduced brain cholinergic
activity associated with RBD in PD (Kotagal, Albin, et al., 2012). Patients with PD and RBD
had lower thalamic (—9.1%), limbocortic (-8.3%) and neocortical (-9.8%) AChE [11C]-
PMP binding compared to PD patients without this sleep disorder. Cholinergic changes,
especially in brainstem and subcortical circuits, may contribute to this parasomnia. A recent
CBFB cholinergic density MRI study also found an associated between Ch4 group lower
forebrain density and this parasomnia in PD (Barrett, Blair, Sperling, Smolkin, & Druzgal,
2018). Although the CBFB does not directly assess cholinergic projections to subcortical
areas, the reported association between density losses in CBFB and this parasomnia may
reflect a parallel decline in the different cholinergic projection areas in PD (N. I. Bohnen et
al., 2012). Our findings suggest that the integrity of the cholinergic system may be a
determinant of this parasomnia. However, it should be noted that he pathophysiology of
RBD is complex and involves changes in multiple circuits and neurotransmitters beyond the
cholinergic system likely in a dynamic and interactive way.

8. DEPRESSION

Mood disturbances, including depression, are common neuropsychiatric disturbances in PD.
Multiple monoaminergic neurotransmitter changes, in particular serotonin and
norepinephrine, play a role in depression (Remy, Doder, Lees, Turjanski, & Brooks, 2005)
and have become the mainstay of pharmacotherapy for this mood disorder in PD (Weintraub
et al., 2005). Depression is also a common comorbidity in cognitive impairment in PD
suggesting a potential pathophysiological role of the cholinergic system. We previously
reported on AChE [11C]-PMP PET findings in patients with PD and parkinsonian dementia
and found decreased cortical cholinergic activity was associated with increased depressive
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feeling while taking into account the degree of cognitive impairment (N. I. Bohnen et al.,
2007). A a4B2 nAChR 2-[18F]FA-85380 PET study found associations between depressive
symptoms and reduced nAChR binding in the anterior cingulate cortex, putamen, midbrain,
and occipital cortex in non-demented patients with PD (Meyer et al., 2009). Treatment with
cholinesterase inhibitor drugs has a;sp shown improvement in depression in patients with
PDD (Ishikawa, Motoi, Mizuno, Kubo, & Hattori, 2014). These findings imply a potential
role of the cholinergic system in depression in PD, at least in the setting of cognitive
impairment.

9. VISUAL HALLUCINATIONS

Visual hallucinations are prominent in parkinsonian dementia and are one of the core clinical
diagnostic features of DLB (McKeith et al., 2017). Improvement in visual hallucinations
with donepezil treatment in patients with DLB suggests a possible role of the cholinergic
system in the pathophysiology of visual hallucinations in these patients. This is also
illustrated by the common clinical experience that the use of anti-cholinergic drugs in
patients with PD may induce hallucinations. A [11C]-MP4A AChE PET study found
evidence of reduced cortical cholinergic activity in PD patients with hallucinations
compared to non-hallucinating patients (Shinotoh et al., 1999). A [1231]-5-1A-85380 nAChR
brain SPECT study in patients with DLB study suggests widespread cortical and subcortical
nAChR reductions except for increased occipital lobe activity in DLB, a change most
pronounced in subjects with a recent history of visual hallucinations.(O’Brien et al., 2008).
These preliminary observations and topographic association with nAChR changes in the
occipital cortex imply an involvement of the cholinergic system in the pathophysiology of
visual hallucinations, at least in patients with DLB.

10. FATIGUE

11.

Fatigue is a common and disabling non-motor symptom in PD. A single AChE [*1C]-PMP
PET study showed that neither thalamic nor cortical AChE binding was a significant
predictor of fatigue in PD (Chou, Kotagal, & Bohnen, 2016). This observation suggests that,
at least for cortical or thalamic brain regions, the cholinergic system does not play a
significant role in fatigue in PD. However, further research using other ligands, such as
nAChHR tracer, is needed to further investigate this area.

RISK TAKING BEHAVIOR AND DRIVING IN PATIENTS WITH PD

Driving is a complex visuomotor, perceptual and cognitive task that can be impaired in
patients with PD. A [11C]-PMP AChE PET study found evidence of reduced brainstem-
thalamic but not cortical AChE binding in PD patients with a reported history of risk driving
(7.e., had a traffic citation, had been pulled over or involved in an accident since the onset of
PD) compared to safe drivers (Weathers, Kotagal, Bohnen, & Chou, 2014). There were no
significant differences in striatal dopaminergic activity between the two groups. These
findings may relate to deficiency of bottom-up salience signal detection associated with the
presence of thalamic cholinergic hypofunction (Kim et al., 2017b). Alternatively, findings
may relate to impaired integration of sensory and motor data (Perez-Lloret & Barrantes,
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2016). These observations may have implications for giving driving advice to patients with
PD.

12. PERIPHERAL CHOLINERGIC AUTONOMIC ORGAN CHANGES IN PD

Autonomic changes are common in PD and may be caused by central or peripheral nervous
system sympathetic and parasympathetic changes due to Lewy body pathology (Beach et al.,
2010; Wong et al., 2012). Cholinergic neurons provide sympathetic innervation to the skin
and parasympathetic autonomic innervation to peripheral organs (Perez-Lloret & Barrantes,
2016). AChE PET imaging using the [11C]-donepezil ligand has been used to investigate
presumed parasympathetic changes of peripheral gastrointestinal organs (Gjerloff et al.,
2014). Small ester AChE substrate ligands like [11C ]-MP4A lack peripheral organ trapping
preventing the use of [ 11C]-MP4A PET imaging outside the brain (Gjerloff et al., 2014).
Gjerlpff and colleagues report on significant reductions of [11C]-donepezil uptake in small
intestine (-35%), pancreas (—22%) and only mild reductions in the myocardium (-9%) in
patients with early to moderate PD (duration of disease less than 5 years) compared to
normal control subjects (Gjerloff et al., 2015). No correlations were found between the
[1C]-donepezil signal and disease duration, severity of constipation, gastric emptying time,
and heart rate variability. A subsequent [11C]-donepezil PET study in patients with newly
diagnosed PD (duration of disease les than 1.5 years) found reduced [11C]-donepezil uptake
in the small intestine (—14%), colon (-22%, p < 0.001), and kidneys (14%) (Fedorova et al.,
2017). No differences in myocardial or pancreatic AChE levels were seen. The differences
between the two studies may suggest a variable time course for loss of parasympathetic
innervation of the pancreas, small intestine, and colon (Fedorova et al., 2017). AChE is not a
specific marker for vagal cholinergic parasympathetic nerve terminals and may bind to
several tissue types with the ability to produce AChE (Fedorova et al., 2017). Peripheral
lymphocytes express choline acetyltransferase, vesicular acetylcholine transporters, AChE,
and muscarinergic receptors (Kawashima, Fujii, Moriwaki, & Misawa, 2012). Activated
lymphocytes may manifest upregulated AChE activity (Kawashima et al., 2012). For
example, [11C]-donepezil PET imaging may be able to detect nonneuronal cholinergic
activity in infections (Gjerloff et al., 2014). An abundance of enteric neurons are cholinergic
and express AChE (Anlauf, Schafer, Eiden, & Weihe, 2003). Therefore, decreased [*1C]-
donepezil signal (7.e., AChE density) in the gut could also be caused by loss of enteric
neurons as well as vagal efferents (Anlauf et al., 2003). However, PD is not associated with
gastrointestinal myenteric ganglion neuron loss (Annerino et al., 2012). Therefore,
neuropathology in myenteric neurons is unlikely to be a causative factor in PD-related
gastrointestinal dysmotility. Cholinergic imaging of autonomic nervous system may have the
potential to identify prodromal stage PD.

13. Hypercholinergic system findings in prodromal LRRK2 PD:
Compensation, microglial inflammation or both?

Mutations in leucine-rich repeat kinase 2 (LRRK2) are a common cause of genetic PD
(Kalia et al., 2015). The clinical features of manifesting LRRK2 mutation carriers are
generally indistinguishable from those of patients with sporadic PD but the non-motor
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features of LRRK2 PD may be less prominent, include better olfactory performance, and
less cognitive decline, compared to idiopathic PD (Healy et al., 2008). Recently, Liu et al.
reported on in vivo imaging of cerebral AChE using [11C]-PMP PET in a series of
asymptomatic and manifesting carriers of LRRK2 mutations and compared them to
idiopathic PD and non-PD control subjects (Liu et al., 2018). The investigators found that
the nonmanifesting LRRK2 mutation carriers had increased AChE hydrolysis rates
compared to healthy controls in cortical regions. Manifest LRRK2-PD patients had
significantly higher AChE activity compared to that of the idiopathic PD patients in not only
cortical but also thalamic regions. The authors concluded that LRRK?2 mutations are
associated with significantly increased cholinergic activity in the brain in non-manifesting
carriers compared to healthy controls and in LRRK2-PD patients compared to idiopathic
PD. Findings of hypercholinergic activity in the non-manifesting LRRK2 mutation carriers
may be compatible with a compensatory mechanism as previous dopamine nerve terminal
imaging have shown the presence of nigrostriatal losses in some of these carriers .(Adams et
al., 2005). The manifesting LRRK2 PD patients had relatively intact cognition, which may
be compatible with preserved or increased cortical cholinergic activity.

There is also evidence for a relevant role of inflammation in the pathogenesis of LRRK2
associated PD, as LRRK2 is highly expressed in macrophages and microglia suggesting an
involvement in inflammatory pathways (Brockmann et al., 2016). There are two principal
cholinesterases in the human brain: AChE and butyrylcholinesterase (BuChE). AChE has a
neuronal and BUChE a neuroglial distribution (Wright, Geula, & Mesulam, 1993). BuChE
enzymatic activity plays an important role in regulating intrinsic inflammation and activity
of cholinoceptive glial cells (Darreh-Shori et al., 2013). In this respect it is noteworthy that
the AChE [1C]-PMP radioligand has limited hydrolysis by butyrylcholinesterase (Snyder et
al., 1998), this radiotracer may represent limited uptake by neuroglial BUChE, and as such,
part of the PMP radiotracer signal may reflect a neuro-inflammatory component.

Hypercholinergic activity has previously been reported in patients with mild cognitive
impairment at risk of Alzheimer disease. For example, DeKoskey and colleagues have
shown upregulation of choline acetyltransferase activity in hippocampus and frontal cortex
of elderly subjects with mild cognitive impairment but not in AD (DeKosky et al., 2002).
These findings imply a transient, region-specific cholinergic neuroplastic response at the
early stage of dementia. A subsequent study from the same group found that superior frontal
cortical choline acetyltransferase-immunoreactive fiber and axon varicosity densities were
not altered in the mild cognitive impairment group but were significantly reduced in the
group with AD and correlated with impaired frontal lobe and global cognitive function
(lkonomovic et al., 2007). These authors concluded that the lack of an increase in
cholinergic axonal innervation suggests that not a structural reorganization of cholinergic
profiles but a biochemical up-regulation of choline acetyltransferase protein or enzyme
activity levels may compensate for decreased regional cholinergic fibers and axon
varicosities (Ikonomovic et al., 2007). There is also evidence of up-regulation of a7
nicotinic acetylcholine receptors (NAChRs) in nucleus basalis neurons that may signal a
compensatory response to maintain basocortical cholinergic activity during progression of
AD (Counts et al., 2007). Similar pathophysiological changes may explain hypercholinergic
activity observed in some patients with idiopathic PD.
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14. DISCUSSION

Regional cerebral cholinergic system changes are heterogeneous in PD, at least in the
absence of dementia (N. I. Bohnen et al., 2012). Recent recognition of regionally distinct
binding patterns of cholinergic neurotransmission ligands represent a departure of the long
held belief that cholinergic system projections are more diffuse in the brain (Woolf, 1991).
Furthermore, regional cerebral cholinergic structures appear to play functionally distinct role
sranging from cognition, olfaction, sleep to motor impairments, in particular postural
instability and gait difficulties (Muller & Bohnen, 2013). The clinical relevance of regional
cerebral cholinergic system changes may provide a new impetus for research to expand the
clinical indications for cholinergic pharmacotherapy and/or invasive or non-invasive
neuromodulation of cholinergic brain structures in order to alleviate specific motor and non-
motor symptoms in PD. Furthermore, cholinergic network adaptation may serve as a novel
research target in PD (N. I. Bohnen et al., 2018).

Although the cholinergic system is only one element in the complex pathophysiology of
dementia in PD, progressive cholinergic denervation has been recognized as an important
neurodegenerative process across the spectrum of cognitive decline in PD (N. I. Bohnen et
al., 2015). Effects of cholinergic degeneration should be placed in the context of severe
dopaminergic losses in PD. The recently proposed ‘compensatory’ hypothesis of dopamine
and acetylcholine neurotransmitter interaction effects suggest that interpretation of cognitive
and other clinical changes in PD should not focus on a single system impairment but rather
at combined effects of different neurotransmitter and other pathomechanistic system changes
in PD (N. I. Bohnen et al., 2015). According to the ‘compensatory’ hypothesis, dual
dopaminergic and cholinergic system changes may exacerbate cognitive deficits. In contrast,
preservation of the cholinergic system in the setting of the typical prominent dopaminergic
losses seen in PD may help to attenuate cognitive changes. Interestingly, the ‘compensatory’
hypothesis of dopaminergic and cholinergic neurotransmitter system changes has been
supported by data from dual- versus single-system dopaminergic versus cholinergic
lesioning studies (Kucinski, de Jong, & Sarter, 2017). Rats with dual cholinergic-
dopaminergic lesions fell more frequently than single system lesioned rats. Falls in dual-
lesioned rats were associated with incomplete rebalancing after slips and low traversal
speed. Normal ladder rung walking and pasta handling performance indicated the absence of
sensorimotor deficits. Sustained attention performance was impaired in dual-lesioned and
single (cholinergic) system lesions rats; however, attentional performance and falls were
correlated only in dual-lesioned rats. Furthermore, in dual-lesioned rats the placement and
size of dopaminergic lesion correlated significantly with fall rates illustrating the importance
of the presence of dopaminergic deficits. The results support the hypothesis that after dual
cholinergic-dopaminergic lesions, attentional resources can no longer be recruited to
compensate for diminished striatal control of complex movement (Kucinski et al., 2017).

Spatial covariance studies of cholinergic receptor studies in PD and parkinsonian dementia
have shown evidence of concomitant bidirectional (increased and decreased) regional
binding changes in the patients (Colloby et al., 2016). These patterns of regional cerebral
bidirectional changes suggest the presence of compensatory changes in some and
degenerative or decompensatory changes in other brain regions. Further research is needed
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to determine whether cholinergic changes in brain regions that spatially overlap with key
hubs in important large-scale brain networks may result in altered compensatory or
decompensatory functions of such networks.

Topographic changes of cerebral cholinergic system changes may have differential effects on
different networks including the ability to switch between different networks processing
internal versus external stimuli. For example, brainstem-thalamic cholinergic projections
may play a role in bottom-up salience functions subserving optimal alerting to new external
stimuli (Kim et al., 2017b), whereas the cortical cholinergic system may play an important
role in top-down control of maintaining attention despite the presence of distractor stimuli
(Kim et al., 2017a). Impaired ability to efficiently switch between different network
functional states may result in cognitive and behavioral inflexibility in PD.

Gait and balance impairments in PD result probably from an intricate interplay of
multisystem degenerations and neurotransmitter deficiencies (N. I. Bohnen & Albin, 2011;
N. I. Bohnen & Jahn, 2013). Gait and postural impairments are putatively mild in early PD
probably because of adaptive plasticity in remaining intact non-dopaminergic systems.
However, once PD advances to the multisystem stage of disease, the initially compensating
non-dopaminergic systems cannot adapt further and more severe clinical morbidity becomes
manifest. The cholinergic system may be one of these compensating systems as cholinergic
losses have been associated with slow gait speed, falls, and freezing of gait (N. I. Bohnen et
al., 2014; N. I. Bohnen et al., 2013; N. I. Bohnen et al., 2009). Furthermore, brainstem-
thalamic cholinergic projections may play an important role in sensory integration during
postural control (Muller et al., 2013). Axial motor impairments depend on widely connected
brain regions and cannot be exclusively explained by thalamic or cortical changes alone. The
AChE PET ligands are not optimized to estimate AChE binding in the basal ganglia and
cerebellum, structures that are very important for motor control and balance yet have the
highest density in the brain compared to the cortex and thalamus. Future studies using
VAChT ligands are needed to investigate the role of striatal and cerebellar cholinergic
system changes and mobility impairments in PD.

Preliminary AChE PET studies in LRRK2 PD suggest evidence of increased or
hypercholinergic activity that may reflect compensatory or perhaps neuro-inflammatory
responses. The cholinergic system is one among other interacting system where effective
compensation or failure of it may contribute to the pathogenesis of PD. Proper assessment
whether transmitter changes may be compensatory or already failing will require
longitudinal assessment of both detailed clinical, inflammatory and cholinergic biomarker
assessments. Identifying PD patients in whom inflammatory processes play a major role in
their pathophysiology might offer a new therapeutic window at least for a subgroup of
patients.

It is clear that changes in the cholinergic system are widespread in the central and peripheral
nervous system. The multitude and magnitude of cholinergic pathologies in PD highlights
the importance of drugs or neuromodulation approaches targeting the cholinergic system.
Molecular cholinergic imaging is a powerful tool to guide cholinergic drug development in
PD. First, imaging may identify patients with hypocholinergic function to select for
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cholinergic pharmacotherapy augmentation studies. Second, cholinergic ligand studies may
be used for target engagement studies of novel compounds using target displacement
techniques (Baldassarri et al., 2018). PET studies combining nicotinic and muscarinic
ligands may be vey useful for improved selection of cholinergic compounds to mitigate
specific clinical symptoms in PD.

15. CONCLUSIONS AND FUTURE DIRECTIONS

The cholinergic system is only one of more pathophysiological players in the cognitive
impairment spectrum of PD. Recent studies suggest that the cholinergic system is not a static
layer within a more complex multi-layered pathophysiological model of dementia in PD.
The cholinergic system is emerging as a dynamic player within large-scale brain networks
and more local circuit neurotransmitter circuits. The regional cerebral biodistribution of
cholinergic nerve terminals in the brain implies biological functions that extends well
beyond cognition. Limbic cholinergic denervation are an important determinant of olfactory
changes and the presence of more severe hyposmia may serve as a risk factor for dementia in
PD. Reduced brainstem-thalamic cholinergic activity associates with the presence of RBD in
PD. Cholinergic system changes have been associated with falls, slow gait speed, freezing of
gait, sensory processing during postural control and dyskinesias in PD. Hypocholinergic
intestinal activity is now being studied as a biomarker for early and prodromal PD.

Emerging evidence of hypercholinergic activity in prodromal (LRRK2) PD may reflect
possible compensatory or neuro-inflammatory responses. Molecular imaging of the
cholinergic system is poised to guide and evaluate future cholinergic drug development in
PD.
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ABBREVIATIONS
AChE acetylcholinesterase
AD Alzheimer disease
CBFB cholinergic basal forebrain
DLB dementia with Lewy bodies
LDTC laterodorsal tegmental complex
LRRK2 leucine-rich repeat kinase 2
PD Parkinson disease
PDD Parkinson disease with dementia
PPN pedunculopontine nucleus
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PET Positron Emission Tomography
RBD rapid eye movement behavior disorder
SPECT Single Photon Computed Emission Tomography
VAChT Vesicular Acetylcholine Transporter
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Cholinergic Synapse Radioligand Imaging Targets
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Figure 1.
ACh nerve terminal figure illustrating pre-synaptic and post-synaptic molecular cholinergic

imaging targets.
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Figure 2.
Multiligand cholinergic PET study in a single PD subject using [11C]-PMP AChE (top row),

[18F]-FEOBV VAChHT (middle row), and [18F]-Flubatine a4B2 nAChR (bottom row) PET.
Columns A-B: all three tracers show uptake in the cortex, with relatively more increased
uptake in the anterior frontotemporal cortices. Columns C-D: both [11C]-PMP and [8F]-
FEOBV show intense uptake in the striatum and thalamus. [18F]-Flubatine shows intense
uptake in the thalamus but only limited uptake in the striatum. Columns E-G: [18F]-FEOBV
shows intense uptake in the cerebellar vermis especially while [11C]-PMP has intense uptake
in the entire cerebellum. [18F]-Flubatine shows lower and more diffuse uptake in the
cerebellum. All three tracers show uptake in the pontine region, with [11C]-PMP > [18F]-
FEOBV > [18F]-Flubatine.
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Figure 3.
Cortical cholinergic denervation is a major neurodegeneration associated with progressive

declines across the spectrum of cognitive impairment in PD. The relative frequencies of
significant neocortical hypocholinergic activity increases from about 25% in patients with no
or minimal cognitive impairment to over 85% in patients with a global cognitive Z-score of
2 standard deviations below the normal range of cognitive performance (N. I. Bohnen et al.,
2015).
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Cholinergic cell groups and their projection areas (from (M. M. Mesulam, 1996)) that are target areas for

cholinergic molecular imaging. Increasing camera resolution will increasingly allow assessment of small

cholinergic cell groups, such as Ch4, Ch5 and 6.

Cholinergic cell group

Major projection area

Ch1: medial septal nucleus

Hippocampus

Ch2: vertical limb nucleus of the diagonal band of Broca

Hippocampus

Ch3: horizontal limb nucleus of the diagonal band of Broca

Olfactory bulb

Ch4: nucleus basalis of Meynert

Amygdala & neocortex

Ch5: pedunculopontine nucleus

Thalamus

Ché: laterodorsal tegmental complex

Thalamus
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Table 2.

Summary of AChE activity brain PET studies in PD and parkinsonian dementia.

Kaufer, Koeppe, &
Bohnen, 2012)

Reference AChE ligand Population Main findings and clinical correlates

(N. 1. Bohnenetal., | [1C]-PMP AChE PD, PDD, DLB | Mean cortical reductions of 12.9% in PD, 19.8% in PDD and 20.2% in

2003) DLB patients compared to normal control subjects.

(Shinotoh et al., [*1C]-MP4A AChE PD/PDD Significant cortical reduction of 17.0% and non-significant thalamic

1999) reduction of 13% in PD patients compared to normal control subjects.

(Hilker et al., 2005) | ['1C]-MP4A AChE PD, PDD Global cortical MP4A binding was severely reduced in PDD (29.7%) and
moderately decreased in PD (10.7%) compared to controls. Voxel-based
analysis showed that patients with PDD had significantly lower MP4A
binding in the left inferior parietal lobule, the left precentral gyrus, and in
the right posterior cingulate gyrus in comparison with PD.

(N. I. Bohnenetal., | [1C]-PMP AChE PD Average cortical and thalamic reductions compared to control subjects

2009) were 10.7% and 6.4%, respectively.

(Shimada et al., [*1C]-MP4A AChE D, PDD/DLB Average cortical reductions of 12% in the PD and 27% in the PDD/DLB

2009) patients.

(Klein et al., 2010) [*1C]-MP4A AChE PD, PDD, DLB | Mean global cortical reductions of 22.6% in PD, 33.2% in PDD and 22.2%
in DLB patients compared to normal control subjects. Occipital cortex
reductions were 15.6% in PD, 35.6% in PDD and 26.0% in DLB patients.
Patients with PDD and DLB showed decreasing signal from frontal to
occipital regions.

(Gilman et al., [*1C]-PMP AChE PD Mean cortical reduction of 15.3% compared to normal control subjects.

2010) There were some regional cortical AChE binding reduction differences in
the DLB compared to the normal control subjects: anterior cingulum
(-13.6%), lateral frontal (—13.3%), superior lateral parietal lobe (-17.1%),
inferior lateral parietal lobe (-=17.9%), superior lateral temporal (-21.5%),
inferior lateral temporal (-15.1%), amygdala (-17.0%) and hippocampus
(-13.9%). Subcortical estimates (using arterial input function): striatum
(-10.5%), cerebellum (—22.9%), pons (10.5%), mesencephalon (-11.5%)
and thalamus (-14.7%).

(N. I. Bohnenetal., | [C]-PMP AChE PD Average cortical and thalamic reductions compared to control subjects

2012) were 10.3% and 9.5%, respectively.

(Hiraoka et al., [*1C]-donepezil AChE | PDD Mean cortical reduction of 22.7% compared to normal control subjects.

2012)

(Shimada et al., [*1C]-MP4A AChE DLB Mean cortical reduction of 27.8% compared to normal control subjects and

2015) substantially more than patients with AD. There were some regional
cortical AChE binding reduction differences in the DLB patients compared
to the normal control subjects: anterior cingulum (-14.8%), frontal
(—25.3%), temporal (—30.9%), parietal lobe (—31.2%) and occipital lobe
(=29.5%), posterior cingulum (-31.2%).

(Kotagal, Muller, [HC]-PMP AChE PD, PDD, DLB | Compared to normal control subjects, reduced thalamic AChE binding was

noted in patients with PD (-12.8%), PDD (-19.8%), and DLB (-17.4%).
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Table 3.

SPECT VAChT studies in PD and parkinsonian dementia

2017).

Reference VACHT ligand | Population | Main findings and clinical correlates

(D. Kuhl et al., [2311-1IBVM PD/D More severe and extensive VAChT binding losses in PDD compared to PD. In PD

1996). without dementia, binding was reduced only in parietal (-19%) and occipital cortex
(=21%). Non-significant increases were seen in the anterior cingulum (+5%) and
striatum (+8%) in the PD patients.

(Mazere et al., [211-1BVM DLB Prominent VAChT cortical and subcortical (thalamus, basal ganglia) losses were

observed in the DLB patients compared to normal control subjects.
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Table 4.

Summary of nAChR SPECT and PET binding studies in PD and parkinsonian dementia.

Reference nAChHR ligand Population | Main findingsand clinical correlates

(Fujita et al., 2006). [1231]-5-1A-85380 PD Widespread cortical and subcortical nNAChR binding reductions in the PD
patients compared to control subjects, including the pons, cerebellum,
striatum and thalamus.

(Oishi et al., 2007) [1231]-5-1A-85380 PD Widespread cortical and subcortical nNAChR binding reductions in PD patients
compared to control subjects, in particular in the frontal cortex and brainstem.

(Meyer et al., 2009) [*8F]-Fluoro-A-85380 | PD Widespread cortical and subcortical losses, including the hippocampus,
amygdala, cerebellum, thalamus, and putamen in PD patients compared to
control subjects.

(Kas et al., 2009) [*81]-Fluoro-A-85380 | PD Reduced nAChR binding in the substantia nigra and the striatum in the PD
patients compared to the normal control subjects.

(O’Brien et al., [1231]-5-1A-85380 DLB Reduced nAChR binding in striatal, left superior temporal, right inferior

2008) frontal and cingulate gyri regions except for relatively increased occipital
(bilateral cuneus) and left precuneus receptor binding.

(Colloby et al., [1231]-5-1A-85380 DLB Decreased nAChR binding in left superior, middle, and inferior frontal gyri

2010) and pre-/post-central and anterior cingulate regions significantly correlated

with decline in executive function in a pooled analysis comprising DLB and
AD patients.
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Table 5.

Summary of regional mMAChR SPECT and PET binding studies in PD and parkinsonian dementia.

Reference mMAChHR ligand | Population | Main findingsand clinical correlates

(Shinotoh et al., [*C]-NMPB PD Administration of trinexyphenidy! (antimuscarinic agent) resulted in 28% inhibition

1994) of mAChR occupancy in the patients.

(Asahina et al., [11C]-NMPB PD Receptor binding calculated by a graphical method, was 20% higher in the frontal

1995) cortex of PD patients than controls (p < 0.05). Increased expression of mMAChRs in
the frontal cortex of PD patients may be a compensatory response to a loss of
ascending cholinergic input to that region, and may reflect frontal lobe dysfunction in
PD.

(Asahina etal., [11C]-NMPB PD/PDD Increased mMAChR binding in the frontal lobe in PD without dementia that was more

1998). prominent in a patient with PDD. Increases in the striatum and parietotemporal
cortices were not significant.

(Colloby et al., [121]-QNB DLB, PDD | Increased mAChR receptor binding in right occipital lobe in DLB and right and left

2006) occipital lobes in PDD patients in a voxel-based analysis compared control subjects.
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Table 6.

Topographic and covariance changes of cholinergic receptor changes in PD and parkinsonian dementia:
Implication for large-scale brain networks.

Reference Radioligand Population | Main findingsand clinical correlates
(Colloby et al., [1231]-QNB mAChR PDD Reduced mAChR binding in basal forebrain, temporal, striatal, insula, and
2016). anterior cingulate regions together with concomitant preserved or increased

binding in frontal and parieto-occipital areas.

(Isaias et al., 2014).

[1231]-51A a4B2* nAChR | PD

Reduced regional nAChR binding (caudate nucleus, orbitofrontal cortex,
and the middle temporal gyrus) but with higher binding in the putamen,
insular cortex and the supplemental motor area.
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