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Abstract

There is increasing interest in the clinical effects of cholinergic basal forebrain and tegmental

pedunculopontine complex (PPN) projection degeneration in Parkinson’s disease (PD). Recent

evidence supports an expanded role beyond cognitive impairment, including effects on olfaction,

mood, REM sleep behavior disorder, and motor functions. Cholinergic denervation is variable in

PD without dementia and may contribute to clinical symptom heterogeneity. Early in vivo imaging

evidence that impaired cholinergic integrity of the PPN associates with frequent falling in PD is

now confirmed by human post-mortem evidence. Brainstem cholinergic lesioning studies in

primates confirm the role of the PPN in mobility impairment. Degeneration of basal forebrain

cholinergic projections correlates with decreased walking speed. Cumulatively, these findings

provide evidence for a new paradigm to explain dopamine-resistant features of mobility

impairments in PD. Recognition of the increased clinical role of cholinergic system degeneration

may motivate new research to expand indications for cholinergic therapy in PD.
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Introduction

The traditional view of Parkinson’s disease (PD) as a predominant single-system

neurodegeneration characterized by nigrostriatal dopaminergic denervation secondary to
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neuronal Lewy body inclusions is waning [1]. Instead, PD is increasingly viewed as a

multisystem neurodegeneration affecting multiple neurotransmission systems [2]. Of

particular interest, and an increasing focus of research investigations, is degeneration of the

cholinergic system in PD. In Alzheimer’s disease (AD) research, degeneration of the

cholinergic system has provided a successful direction for neurobiological and drug

development research. However, it has been recognized that cholinergic denervation can

occur also in PD and is often more severe than in AD [3]. In this article we will provide a

brief overview of cholinergic mechanisms, neuropathological findings, and in vivo imaging

markers, which has been reviewed more extensively previously [4]. The main goal of the

review is to provide an update on the latest research findings regarding the clinical sequelae

of cholinergic dysfunction in PD, with an emphasis on the role of the cholinergic system in

posture and gait control in PD.

1. Cholinergic system projections and receptors

Acetylcholine is a ubiquitous neurotransmitter with widespread innervation in the cortex,

subcortical structures, and the cerebellum. There are three major sources of cholinergic

projections in the brain. Basal forebrain (BF) neurons, including the nucleus basalis of

Meynert (nbM), provide the cholinergic projections to the cerebral cortex [5]. The

pedunculopontine nucleus-laterodorsal tegmental complex (henceforward referred to as the

PPN), a brainstem center, provides cholinergic inputs primarily to the thalamus, but also has

connections to the cerebellum, several brainstem nuclei, some striatal fibers, and the spinal

cord [6]. In addition, small populations of intrinsic cholinergic neurons are present in the

hippocampus, striatum (cholinergic interneurons), cortex, the medial habenula, parts of the

reticular formation, and cerebellum [7–10].

Two important subtypes of cholinergic receptors are the nicotinic (nAChR) and muscarinic

(mAChR) receptors. The majority of nAChRs in the brain consist of the α4β2 subtype [11].

Nicotinic receptor binding is high in the thalamus, striatum, and substantia nigra pars

compacta, and is also present in the cerebellar cortex and dentate nucleus [12]. Muscarinic

receptors also exist as several subtypes. High concentrations of mAChRs can be found in the

neocortex, hippocampus, olfactory tubercle, and amygdala. The highest concentration of

muscarinic receptors is found in the striatum [13, 14]

2. Cholinergic denervation in PD, PDD/DLB, and PSP

Neuropathological research on degeneration of the cholinergic system has had a traditional

focus on AD. Findings show that there is no generalized cholinergic lesion in AD but rather

selective cortical cholinergic denervation [15, 16]. Studies indicate that cortical cholinergic

deficits are not severe in mild AD and become prominent only in late-stage disease [17–20].

In advanced AD, loss of cholinergic innervation in the cerebral cortex is widespread, with

the most severe losses in the temporal lobes [21, 22]. These cortical cholinergic losses in AD

have primarily been associated with cognitive impairment and dementia [23].

Several decades of neuropathology research has generated considerable evidence for altered

cholinergic neurotransmission in PD, PD with dementia (PDD) and dementia with Lewy

bodies (DLB). The pathological hallmark of PD is deposition of Lewy body pathology in the
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brainstem. The subsequent loss of midbrain dopaminergic neurons of the substantia nigra,

pars compacta, results in striatal dopaminergic denervation. An interesting fact is that

Frederic Lewy first identified the eponymous Lewy body, of which α-synuclein fibrils are

the structural component, not in the substantia nigra but in the nbM [24]. In the Braak

temporal staging proposal of PD pathology, Lewy bodies and neuronal loss in the substantia

nigra occurs concurrently with accumulation of α-synuclein deposition in cholinergic

neurons of the BF [2]. This indicates that cholinergic denervation occurs early in PD.

Significant loss of nbM cholinergic neurons has been reported extensively in PD brains,

especially in the presence of dementia [25–29]. The extent of nbM cholinergic loss is

profound; greater neuronal loss of nbM neurons has been reported in PD compared to AD

[30]. Unlike AD, where PPN cholinergic neurons are generally preserved [16, 31],

neuropathological studies of PD have reported that about 50% of the large cholinergic

neurons of the lateral part of the PPN, pars compacta, degenerate [31–34].

A clinical distinction is made between PD patients who develop dementia after the onset of

parkinsonism and DLB patients who develop dementia ahead of or concurrently with

parkinsonism [35]. Although pathological findings of Lewy body pathology and cholinergic

degeneration are comparable in DLB to PDD, amyloid plaque deposition is found in a

majority of DLB compared to a minority of PDD cases [36–40].

Progressive supranuclear palsy (PSP) is an atypical parkinsonian syndrome associated with

early severe impairment of gait and balance [41]. Cholinergic positron emission tomography

(PET) studies in PSP subjects indicate a greater loss of thalamic acetylcholinesterase

(AChE) activity than in patients with PD, reflecting significant loss of brainstem cholinergic

pedunculopontine neurons [31, 33]. However, cortical cholinergic innervation is relatively

spared in PSP [42, 43].

3. In vivo PET and SPECT cholinergic system findings in PD and PDD/DLB

PET and single photon emission computed tomography (SPECT) studies allow in vivo

visualization and quantification of the brain cholinergic system. Targets for PET and SPECT

radiotracers are constituents of acetylcholine synthesis, storage, and recycling. The two most

widely used PET tracers are the acetylcholine analogues [11C]methyl-4-piperidyl acetate

([11C]MP4A) and [11C]methyl-4-piperidinyl propionate ([11C]PMP). These tracers are

metabolized and then trapped by AChE, and as such reflect AChE distribution. AChE is a

reliable marker of brain cholinergic pathways and its regional distribution has a good

correspondence with that of choline transferase activity [44]. Radiotracer distribution

measured with AChE PET imaging shows highest activity in the basal ganglia and the BF

nuclei, intermediate in the cerebellum, and lowest activity in the cortex, similar to

biodistribution findings in post-mortem brains [45]. AChE PET imaging assesses

cholinergic terminal integrity with cortical uptake reflecting largely BF neuron integrity and

thalamic uptake principally reflecting PPN complex integrity [4].

The cholinergic denervation revealed by molecular neuroimaging in PD is generally in

agreement with that revealed by histopathology. In vivo cholinergic PET studies have

identified cholinergic deficits in PD without dementia and PDD patients (Figure 1) [42, 46,

47]. PD patients without dementia show less severe but significant reductions in cortical
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AChE activity most prominent in the medial secondary occipital cortex [3, 48]. Furthermore,

reductions in cortical AChE levels are greater and more extensive especially in PDD patients

compared to AD patients with similar severity of dementia [3]. Two studies found that the

degree of cholinergic loss between PDD and DLB is comparable indicating that the degree

of BF cholinergic neuron pathology is similar between these two disease entities [48, 49]. It

remains unclear, however, whether the degree of cholinergic denervation is similar between

PDD and DLB at onset of these diseases. A recent in vivo AChE PET study suggested a

variable degree of cholinergic dysfunction in early DLB, however, this was not compared to

PD patients [50]. Greater cortical cholinergic loss in DLB at disease onset may potentially

explain the earlier manifestation of cognitive and neurobehavioral impairments compared to

PD(D).

Studies also show a widespread loss of cholinergic nicotinic and muscarinic receptors in PD.

For example, a post-mortem in vitro study using a nAChR ligand demonstrated nAChR loss

in the striatum that paralleled the loss of nigrostriatal dopaminergic markers [51]. In vivo

imaging studies of PD subjects without dementia have also reported reductions of α4β2

nAChR binding in the striatum, substantia nigra, and cortex [52, 53]. Meyer et al. reported

more widespread loss of α4β2 nAChR binding in PD without dementia, including the

midbrain and cerebellum [54]. A muscarinic receptor PET study demonstrated increased

mAChR binding in the frontal cortex in PD patients without dementia [55]. This finding

may reflect either greater receptor availability or an adaptive up-regulation in response to

denervation of the BF and loss of ascending cholinergic input to the frontal cortex.

4. Heterogeneity of cholinergic denervation in PD

The degree of cholinergic denervation appears to be variable in PD. In vivo imaging studies

have shown cholinergic projection losses that vary from 5% to 25% in PD subjects both with

and without dementia [3, 42, 46, 48]. We recently examined heterogeneity of cortical and

thalamic cholinergic denervation in PD [56]. We determined in vivo cortical and thalamic

AChE activity with PET imaging in PD patients without dementia and in healthy non-PD

subjects. AChE activity of the cortex and thalamus was compared to cholinergic innervation

of these regions in the healthy non-PD control subjects and dichotomized PD patients as

within-normal-range or below-normal-range based on a 5th percentile cutoff from normal.

The results of our study found that neocortical and thalamic AChE activity were within-

normal-range for 65 out of 101 PD subjects. The remainder had combined neocortical and

thalamic, isolated neocortical, or isolated thalamic denervation based on the 5th percentile

cutoff from normal. The variable pattern of BF and brainstem cholinergic denervation is

predicted to reflect clinical phenotypic variations in these patients.

5. Clinical correlates of cholinergic denervation in Parkinson’s disease

There is accumulating evidence that cholinergic system degeneration not only contributes to

cognitive but also to other non-motor features and motor impairments in PD. The effect of

selected cortical and thalamic cholinergic denervation on cognition, olfaction, mood, REM

sleep behavior disorder, and balance and gait functions will be reviewed below.
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5.1 Cognition—Impairments in cognition and dementia are frequent findings in PD

patients. Approximately 75% of the PD patients who survive for more than 10 years will

develop dementia [57]. In PD patients without dementia, executive dysfunction can often be

noted manifesting as impaired cognitive flexibility, decision making, and working memory

early in disease [58]. This executive dysfunction may be attributable to striatal dopaminergic

denervation. Indeed, an in vivo dopamine PET imaging study showed that dopamine plays a

significant role in working memory processes in PD [59]. However, while dopaminergic

therapy in PD patients selectively improves some functions, over time cognitive impairment

does not significantly respond to dopaminergic agents [60].

Neuropathological studies have shown that cognitive impairment in PD is associated with

BF cholinergic loss. For example, reductions of AChE activity in frontal cortices are greater

in PDD compared to PD patients without dementia [61]. Furthermore, the degree of

cognitive impairment correlates with reduced choline transferase activity in the prefrontal

cortex in the absence of specific AD-type pathology [62]. Reduced number of D1 dopamine

receptors in the caudate nucleus also correlated with cognitive impairment in these patients

[62].

Findings from our AChE PET studies show that cholinergic denervation associates with

poorer performance on cognitive tasks [63]. Moreover, our recent in vivo AChE PET finding

shows that cognitive performance is more severe in the cortical below-normal-range

compared to the within-normal range cholinergic innervation PD sub-group (see also section

4). In addition, we found an independent effect of nigrostriatal dopaminergic denervation on

cognition. These in vivo and the neuropathological findings support the “dual syndrome”

hypothesis of cognitive impairment in PD by Kehagia et al. [64]. This hypothesis predicts

independent contributions of both dopaminergic denervation on fronto-striatal cognitive,

including executive, impairments and cholinergic denervation on visuospatial and other

attentional impairments in PD. Williams-Gray and colleagues reported that more posterior

cortically-based cognitive defects evolved over time into dementia, whereas, frontostriatal

executive deficits were not associated with subsequent dementia risk per se [65]. These data

agree with dopaminergic PET studies showing that dopaminergic denervation of the caudate

nucleus and fronto-limbic system alone is not sufficient for PD dementia [46, 49]. However,

dual-radiotracer dopaminergic and cholinergic PET imaging studies agree with the post-

mortem evidence that primary BF cholinergic system degeneration significantly increases

with the appearance of dementia [46, 49].

Reductions in nAChRs also parallel cognitive dysfunction in PD. For example,

neuropathological studies have shown more severe reductions in cortical nAChRs in PD

subjects that are demented [66, 67]. An in vivo nAChR PET imaging study confirmed these

observations [54]. Overall, these results show that dopaminergic denervation results in

impairment in selected cognitive domains, especially early in disease. However, convergent

in vivo imaging and post-mortem evidence indicate that progressive cognitive decline

resulting in dementia in PD is associated with BF cholinergic system degeneration [68].

5.2 Mood—Depressive mood, major depression, and apathy are common in PD [69].

Although degenerations of the monoaminergic systems have been linked to mood changes,
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there is also evidence that this may be related to cholinergic system dysfunction in PD, at

least in the presence of dementia. For example, the severity of cortical cholinergic

denervation is associated with the presence of depressive symptoms and apathy in PD and

PDD [70]. Depression in PD appears to be associated with cognitive deficits, which suggests

a common mechanism [71]. This hypothesis is substantiated by the observation that

depression is a risk factor for dementia in PD [72, 73]. Meyer et al. reported in vivo

reductions of α4β2 nAChRs in PD that correlated with both increased severity of depressive

symptoms and severity of cognitive symptoms [54]. Depression in PD, at least in part, may

be associated with the cholinergic system [74].

5.3 Olfaction—Impairment of olfactory function is highly prevalent in PD with reports

indicating up to 95% of patients affected [75]. The cholinergic system modulates several

aspects of central olfactory functions [76]. In our cholinergic AChE PET studies we have

shown a robust cholinergic component to olfactory dysfunction in PD [77]. For example, we

found that worse performance on the University of Pennsylvania Smell Identification Test

(UPSIT) was associated with lower limbic and cortical AChE activity [78]. Although

decreased striatal and hippocampal dopaminergic activity was also associated with lower

UPSIT scores [79], limbic cholinergic denervation proved to be the most significant

predictor of hyposmia in a multivariate analysis. In agreement with the hypothesized

common cholinergic mechanism underlying cognition and odor identification, we found that

odor identification scores correlated positively with scores on cognitive measures of

episodic verbal learning [78]. Olfactory dysfunction in PD may be the most marked in

subjects at risk of progressive cognitive decline, and may reflect the transition of PD toward

a stage with more heterogeneous multisystem neurodegenerations [76].

5.4 REM sleep behavior disorder—Rapid eye movement (REM) sleep behavior

disorder (RBD) is common in PD and is characterized by loss of normal atonia during REM

sleep, resulting in abnormal motor manifestations (“acting out of dreams”). A common

cholinergic mechanism may exist between RBD and the subsequent increased risk of

dementia in PD [80–82]. For example, we recently showed that RBD was associated with

cholinergic denervation. In our study, 33.8% of 80 non-demented PD subjects indicated a

history of RBD symptoms, as defined by response on the Mayo Sleep Questionnaire.

Subjects underwent dual-tracer AChE and dopaminergic PET imaging. PD subjects with

RBD symptoms exhibited decreased neocortical, limbic cortical, and thalamic cholinergic

innervation compared to those without RBD symptoms [83]. As RBD is an antecedent

marker of cognitive impairment and dementia in PD, these findings suggest cholinergic

system degeneration may occur early in PD [84].

5.5 Postural Instability and Gait Disorder—Postural instability and gait disorder

(PIGD) is a significant cause of disability, and responds poorly to dopaminergic replacement

except in the early phase of the disease [85, 86]. Accumulating evidence indicates that

degeneration of the cholinergic system is a major contributor to PIGD features in PD [43].

In particular, we will review both primate and human findings that provide evidence for the

putative role of PPN complex and BF cholinergic degeneration in the etiology of PIGD

features in PD.
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5.5.1 PPN cholinergic projections and mobility in primates: A recent primate study by

Karachi, Grabli, and colleagues provides strong support for a critical role of PPN cholinergic

neuron loss in PD-related postural dysfunction [87]. In a series of experiments young and

old rhesus monkeys were lesioned with the neurotoxin 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) to induce a parkinsonian syndrome. MPTP lesioning resulted in

nigrostriatal dopaminergic losses that were similar between young and old monkeys;

however, additional loss of PPN cholinergic neurons was only observed in the older

monkeys. Although both young and old monkeys manifested clinical parkinsonism, postural

deficits were exclusively observed in the older monkeys. These results indicate that PPN

cholinergic loss superimposed on nigrostriatal losses appears to be a critical factor for the

emergence of postural problems in these parkinsonian monkeys.

Karachi et al. [87] continued to test the hypothesis that isolated PPN cholinergic loss (i.e.

without dopaminergic injury) is sufficient to induce a postural and gait deficit in the

primates. For this purpose, the investigators performed selective lesions of cholinergic PPN

neurons using a specific neurotoxin in a different group of monkeys. The significant finding

from this experiment was that isolated cholinergic PPN neuron lesioning, in the absence of

nigrostriatal dopaminergic lesioning, led to prominent deficits in gait and posture in these

monkeys. These deficits included a decrease in the angle of the knee, increased back

curvature, and abnormal tail position (axial rigidity). In contrast to the significant reversal of

parkinsonian symptoms in the MPTP-lesioned monkeys, balance and gait impairments did

not change in monkeys with the isolated PPN lesion after apomorphine dopamine agonist

treatment. These findings suggest that selective cholinergic lesioning of the PPN can induce

a motor syndrome with prominent postural and gait deficits that is unresponsive to

dopaminergic therapy (Table 1).

5.5.2 The cholinergic system and mobility in human PD patients: Recent in vivo AChE

PET imaging findings also support a role for the PPN in the etiology of PIGD features in

PD. In two different patient populations, we showed recently that PD fallers had

significantly decreased thalamic cholinergic innervation compared to non-fallers, but did not

differ in the degree of nigrostriatal dopaminergic denervation [56, 88]. Thalamic AChE

activity derives mainly from terminals of brainstem PPN neurons and loss of thalamic AChE

is therefore likely to reflect PPN neuron dysfunction or degeneration. Functional MRI

studies have also suggested a role for the PPN, consistently showing activation of this region

during motor imagery of gait paradigms [87, 89–91]. Karachi et al. have also presented

human post-mortem findings showing more severe PPN cholinergic cell losses in PD fallers

compared to PD non-fallers [87]. Post-mortem studies have shown greater PPN cholinergic

losses in patients with PSP compared to PD [33]. As gait and balance problems are a

prominent feature in PSP, the presence of relatively isolated PPN cholinergic degeneration

in this disorder provides further evidence for an important role of the PPN in postural

control, as it is plausible that the much higher incidence of falls in PSP compared to PD may

reflect the more prominent degree of cholinergic PPN pathology in PSP.

We recently reported that BF cholinergic degeneration is associated with slower walking in

patients with PD [56]. However, these findings were not corrected for the degree of

nigrostriatal denervation and no comparison was made with non-PD control subjects. Recent
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preliminary findings confirm that BF cholinergic denervation is associated with slower

walking while findings remain significant when corrected for the degree of nigrostriatial

denervation, age, cognition, and duration of disease. Further analysis of the preliminary data

shows also that walking is not significantly slower than in normal control subjects in the

subgroup of PD subjects with mainly nigrostriatal dopaminergic denervation and normal-

range cholinergic innervation [92]. These findings suggest that BF cholinergic denervation

may be a possible marker of slowing of gait in PD. However, the exact mechanism of the

cortical cholinergic system in the control of gait is not known but may be related to

decreased cognitive processing abilities during ambulation [93]. These observations may

explain also why patients with more severe PIGD features in PD are at an increased risk of

developing dementia.

6. Future directions

Multisystem neurodegeneration may play an important role in the etiology of

dopamineresistant non-motor and motor symptoms of PD. While there is nigrostriatal

dopaminergic denervation in all clinically phase PD patients, our findings of heterogeneity

of cholinergic denervation suggests that there are PD patients with relatively normal

cholinergic innervation (“single-system pathology”) versus those with additional

degeneration of the cholinergic system (“multisystem pathology”). Both from a research and

a clinical perspective it may become increasingly more important to correctly identify

patients with multisystem degenerations in PD. Dual-tracer dopaminergic and cholinergic

PET studies will allow objective classification of PD patients into the presumed single and

multisystem degeneration categories in a research setting. Although PET imaging may not

be practical in a clinical setting, proxy measures of cholinergic system integrity may provide

physiological or clinical markers to identify the subgroup of patients with more prominent

cholinergic losses.

6.1 Proxy measures of cholinergic system integrity—Recently, Yarnall, Burn,

Rochester, and their colleagues used short latency afferent inhibition of evoked potentials by

using transcranial magnetic stimulation of the motor cortex as a proxy measure of

cholinergic system integrity. Results of their studies showed that there was no significant

difference between cognitively normal PD and control subjects for short latency afferent

inhibition. However, PD subjects with mild cognitive impairment had significantly less

inhibition compared to both cognitively normal PD and controls [94]. Using this same

methodology they also reported that cortical cholinergic dysfunction may be an important

contributor to early gait dysfunction in PD [95].

There is a need to identify and validate simple clinical measures that may be markers of

cholinergic system loss and could be used to identify suitable patients for future targeted

cholinergic drug treatment in PD (so-called “personalized medicine”).

6.2 Adaptive brain plasticity in PD—Multisystem pathologies in PD may herald more

severe and disabling clinical symptoms. The relatively isolated impairment of dopaminergic

single-system pathology manifests as the typical impairments of PD observed in a newly

diagnosed patient, i.e. asymmetric upper limb bradykinesia, mild rigidity, tremor, reduced
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arm swing but generally good walking speed and balance. Gait and balance impairments in

PD probably result from an intricate interplay of multi-system degenerations and

neurotransmitter deficiencies. We hypothesize that gait and postural impairments may be

mild in early PD because of adaptive plasticity in the 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. In this respect, cholinergic system denervation may manifest

with gait slowing and increased fall risk. It should be noted, however, that cholinergic

system denervation is only one of other possible degenerations contributing to increasing

feature severity in multisystem pathologies in PD. Post-mortem studies of end-stage PD and

in vivo imaging studies show evidence of noradrenergic and serotonergic degeneration, and

Alzheimer pathology among other degenerations [96–99]. For example, we recently

reported an association between the increased presence of cortical β-amyloid depositions

and worsening PIGD features in PD [100]. We believe that operationalization of

multisystem degeneration underlying mobility functions in PD is a novel approach and may

provide a unique framework to study complex disease mechanisms in advancing PD.

Conclusion

We conclude that cholinergic degeneration is an important contributor to a number of

clinical features of PD, including cognition, olfaction, PIGD features, presence of RBD, and

mood. Evidence is accumulating for roles for both the cholinergic PPN-thalamic complex

and BF cortical projections in the etiology of some PIGD features in PD. Cholinergic system

degeneration has a variable presence in PD patients without dementia. More readily

identification of PD patients with cholinergic system degeneration may possibly allow future

targeted cholinergic treatment approaches, in addition to dopaminergic therapy, to

ameliorate a diverse spectrum of non-motor and motor clinical morbidity.
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Figure 1.
Transaxial images of a vesicular acetylcholine transporter ([18F]FEOBV) PET study shows

widespread cholinergic denervation in a patient with parkinsonian dementia (A: top row)

compared to a healthy control subject (B: bottom row).
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Table 1

Findings of selective dopamine (DA) and PPN cholinergic (ACh) lesions in rhesus monkeys. Data extracted

from Karachi et al. [87].

Nigral DA cells PPN ACh cells Postural deficits

Isolated MPTP lesion young monkey ↓↓ DA (~90%) normal No

Isolated MPTP lesion old monkey ↓↓ DA (~90%) ↓ ACh (~30%) Yes

Isolated PPN lesion Normal ↓ ACh (~30%) Yes
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