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Abstract
Aims—Rapid eye movement (REM) sleep behaviour disorder (RBD) is characterized by loss of
muscle atonia during REM sleep and is associated with dream enactment behaviour. RBD is often
associated with α-synuclein pathology, and we examined if there is a relationship of RBD with
cholinergic neuronal loss in the pedunculopontine/laterodorsal tegmental nucleus (PPN/LDT),
compared to catecholaminergic neurons in a neighbouring nucleus, the locus coeruleus (LC).

Methods—This retrospective study, utilized human brain banked tissues of 11 Lewy body
disease (LBD) cases with RBD, 10 LBD without RBD, 19 AD and 10 neurologically normal
controls. Tissues were stained with choline acetyl transferase immunohistochemistry to label
neurons of PPN/LDT and tyrosine hydroxylase for the LC. The burden of tau and α-synuclein
pathology was measured in the same regions with immunohistochemistry.

Results—Both the LC and PPN/LDT were vulnerable to α-synuclein pathology in LBD and tau
pathology in AD, but significant neuronal loss was only detected in these nuclei in LBD. Greater
cholinergic depletion was found in both LBD groups, regardless of RBD status, when compared
with normals and AD. There were no differences in either degree of neuronal loss or burden of α-
synuclein pathology in LBD with and without RBD.

Conclusions—Whether decreases in brainstem cholinergic neurons in LBD contribute to RBD
is uncertain, but our findings indicate these neurons are highly vulnerable to α-synuclein
pathology in LBD and tau pathology in AD. The mechanism of selective α-synuclein-mediated
neuronal loss in these nuclei remains to be determined.
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Introduction
Sleep disturbances are among the most common of the non-motor manifestations of Lewy
body disease (LBD) [1]. Rapid eye movement (REM) sleep behaviour disorder (RBD),
which is characterized by loss of muscle atonia during REM sleep and associated dream
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enactment behaviour, represents one such manifestation. RBD has been found to be an early
clinical feature of Parkinson disease or dementia with Lewy bodies, often predating the
onset of parkinsonism or dementia by many years[2]. In contrast, RBD is uncommon in
Alzheimer’s disease (AD) [3]. LBD is characterized pathologically by cytoplasmic deposits
of α-synuclein within Lewy bodies (LBs) and Lewy neurites [4], and anatomically by LBs in
subcortical and cortical regions [5, 6]. The microtubule associated protein tau, the major
molecular constituent of neurofibrillary tangles (NFTs) [7] in AD, is associated with a
subset of LBs [8]. In addition, Alzheimer type pathology is frequent in LBD [9].

The pedunculopontine/laterodorsal tegmental nucleus (PPN/LDT) contains cholinergic
neurons that are active during REM sleep [10–12]. Pharmacological and lesion studies of
cats have shown that damage to the mesopontine region, including the PPN/LDT, is
associated with RBD-like features [10, 13, 14]. Furthermore, human lesion studies suggest
impaired function of neurons in the dorsal pontine tegmentum may provide the basis for loss
of muscle atonia during REM sleep; the distribution of these lesions overlap considerably
with vulnerable neurons in LBD [15, 16]. It is not clear, however, whether the PPN/LDT
itself is partially or fully responsible for REM sleep muscle atonia and the behavioural
manifestations of RBD. In LBD, cholinergic neurons in the PPN/LDT are depleted [17], in
both LBD with and without RBD [18]. These studies, however, did not take into account
possible interaction of tau and α-synuclein pathology and the role of concurrent Alzheimer
type pathology in LBD. The catecholaminergic neurons of the locus coeruleus (LC) are in
the vicinity of the PPN/LDT, and are known to degenerate in both LBD and AD, although
degeneration is age- and location-dependent [19–21]. The LC is a key component of the
ascending reticular activating system, and it also heavily innervates the PPN/LDT. The roles
of the PPN/LDT and LC in humans are not entirely clear, but have been thought to be
involved in the control of sleep transitions into and out of REM sleep [15, 22, 23].

To gain a better understanding of the molecular underpinnings of RBD, we examined
whether proportion of cholinergic neurons in the PPN/LDT and found that
catecholaminergic neurons in the LC were different in LBD with and without RBD. We also
examined whether the burden of tau and α-synuclein pathology differed between the two
groups. Neurologically normal individuals and AD without RBD served as controls.

Materials and methods
Cases

Autopsy material was obtained from 51 subjects, most of whom were enrolled in the Mayo
Clinic Alzheimer’s Disease Research Center. A summary of the demographics is provided in
Table 1. Allpatients or their proxies had signed informed consent for autopsy according to
the Institutional Review Board guidelines. Cases were excluded if they had any significant
degree of other pathological processes that might have contributed to neuronal loss or tau
pathology (e.g., cerebrovascular disease and argyrophilic grain disease).

Definitions/diagnoses
Pathological methods proposed by Kosaka and colleagues were used and LBD were
classified as brainstem predominant, limbic (transitional) or neocortical (diffuse),
accordingly [5]. AD was diagnosed according to NIA-Reagan guidelines [24]. Information
regarding the presence or absence of clinically probable RBD was obtained on each patient
based on the clinical documentation of presence or absence of dream enactment behaviour
during sleep, from the Mayo Sleep Questionnaire (MSQ), or both. The core question on the
MSQ regarding recurrent dream enactment behaviour during sleep has 98% sensitivity and
74% specificity for definite RBD based on a polysomnography (PSG) validation study [25].
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Polysomnography was carried out when possible to confirm RBD, using established criteria
by board certified sleep specialists [26]. Cases without RBD had no historical, MSQ or PSG
evidence of RBD. There were 11 LBD with RBD (8 males) and 10 LBD without RBD (7
males). In the RBD group, 5 had polysomnography-confirmed RBD. In LBD without RBD
group, 3 had overnight PSG, which confirmed the presence of normal atonia during REM
sleep. The AD group included 19 cases (8 males) with a documented history of an absence
of dream enactment behaviour during sleep and confirmation of normal REM sleep atonia in
6 individuals. The neurologically normal control group included 11 cases (8 men) with
documentation of an absence of dream enactment behaviour during sleep and confirmation
of normal REM sleep atonia in 3 cases. There were no differences in age, sex, time in
formalin fixation till processing, or post mortem interval between all cohorts; and no
differences with disease duration between AD and LBD groups (see Table 1). As expected,
AD cases had higher Braak NFT stages compared to normal and LBD groups [24]. There
were no significant differences in distribution of LBD type; however, LBD with RBD did
not include any brainstem predominant cases [5].

Immunohistochemistry
Based on the retrospective nature of the study, whole brainstems were not available for
stereological analysis. To compensate for possible rostral/caudal differences and to
understand the nuclei as a whole, three 5-μm thick paraffin sections at least 20-μm a part
were analyzed for each stain and in each nucleus. Nuclei were identified by anatomical
landmarks as determined by an atlas of the human brainstem [27]. Paraffin blocks were
obtained from the pons at the level of the inferior colliculus and the decussation of the
superior cerebellar peduncle for the PPN/LDT, and at the level of the isthmus for the locus
coeruleus (LC). After removal of paraffin, sections were rehydrated using a graded series of
alcohols. Sections were steamed in distilled water for 30 minutes then subjected to uniform
processing for immunoreactivity via a DAKO Autostainer (DAKO, Carpinteria CA) for
either choline acetyl transferase (ChAT, goat polyclonal, 1:500, Chemicon Billerica, MA) or
tyrosine hydroxylase (TH, rabbit polyclonal, 1:600, Affinity Bioreagents, Golden, CO) to
identify the PPN/LDT and LC, respectively. For both nuclei, α-synuclein (LB509, mouse
monoclonal, 1:100, Zymed, San Francisco, CA) and tau (CP13, mouse monoclonal, 1:1000
provided by Peter Davies, Albert Einstein college of Medicine) were used to assess the
burden of α-synuclein and tau pathology. The chromogen was 3, 3 diaminobenzidine (DAB,
DAKO) for all antibodies. Immunoreactive neuronswere identified under bright-field
illumination by a characteristic brown reaction product that densely fills theperikarya and
their processes. Omission of the primary antibodyor incubation with normal sera resulted in
lack of immunostaining. All sections were counterstained with haematoxylin to identify
surroundingstructures, and to determine whether loss of immunoreactivity reflected neuronal
loss or lack of expression of the antigen.

Image analysis and quantitation
All slides were digitally scanned using the brightfield scanning console, ScanScope XT
(Aperio, Vista, CA). ImageScope software (Aperio, Vista, CA) was used to view and
analyze all stained sections. Borders for the PPN/LDT, due to its diffuse nature, were
standardize across all cohorts using anatomical landmarks to avoid bias due to cell loss. The
PPN/LDT landmarks were the ventromedial border of the inferior colliculus and dorsolateral
border of the decussation of the superior cerebellar peduncle. Presence of ChAT staining
aided in the confirmation of identification of the PPN/LDT. For the LC, the fourth ventricle
and medial border of the superior cerebellar peduncle served as boundaries along with the
presence of neuromelanin pigment in LC neurons. All objects (neurons, LBs, or NFTs) were
counted that lay within the traced border of the region (LC or PPN/LDT). Neurons were
counted based upon their distinct polarity and presence of a nucleolus within the plane of
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section and were sub-classified as to whether they were positive or negative for ChAT (in
the PPN/LDT) or TH (in the LC). Presence of a NFT or a LB within the neuron was also
recorded [28]. Once counts were complete, all raw data was then divided by the total
number of neurons in that area to generate a proportion, which was expressed as percentage.

For quantitation of total α-synuclein and tau immunoreactivity (neuronal and extra-somal), a
modified positive pixel count algorithm was utilized on the same traced areas used for
counts (Aperio Technologies, Inc, Vista, CA). To parcellate DAB positive staining from
neuromelanin or other similar hues (e.g., lipofuscin), the algorithm was adjusted to consider
DAB positive staining as a strong positive and other hues as medium positive. These data
were then divided by total pixels (representing the entire traced area) then multiplied by 100
to yield percent burden. Similar methods have been published elsewhere [29]. The same
investigator, blinded tothe clinical and neuropathological diagnoses, performedall counts/
analyzes.

Statistical analysis
Statistical analyses and graphs were performed with Sigma Plot 11.0 (Systat Software, Inc.,
San Jose, CA). Group differences in LC and PPN/LDT counts were not normally distributed
and did not show equal variance; therefore, analyses were preformed using non-parametric
methods. The relationship of counts (neurons, LBs or NFT) and burden (tau or α-synuclein)
to diagnostic group (normal, AD, LBD with and without RBD) was analyzed using Kruskal-
Wallis One Way Analysis of Variance on Ranks followed by Dunn’s post hoc method to
detect significant differences. Spearman correlations were used to explore relationships
between neuronal phenotypes (TH, ChAT, LB or NFT) and burdens (α-synuclein and tau);
with no statistical significant correlations noted. Logistic regression of neuron counts and
tau/α-synuclein measures in relations to RBD status were also done, again no statistical
significant correlations noted. Kruskal-Wallis one-way analysis of variance on ranks was
used to determineif age of death, gender, disease duration, postmortem delay, clinical
procedure for RBD diagnosis (history, PSG or sleep questionnaire), or time in formalin
fixation had any effect on counts. The criterion for significant difference is P <0.05.

Results
Neuronal phenotypes in the PPN/LDT and LC

In triplicate mesopontine sections stained for ChAT, we found a significant reduction in the
percentage of cholinergic neurons in LBD compared to normal controls and AD (p < 0.004).
The PPN/LDT cholinergic neuronal densities did not differentiate LBD groups with and
without RBD (Figure 1). There were no differences in cholinergic neuronal densities in the
PPN/LDT between AD and normal controls. There were no group differences for non-ChAT
neurons in the PPN/LDT.

In triplicate rostral pontine sections stained for TH, we found significantly lower
percentages of catecholaminergic neurons in the LC in LBD compared to AD and normal
controls (Figure 2, p < 0.003). Further examination revealed no LBD subgroup differences
when compared to AD and normal controls. There was no difference in catecholaminergic
neurons between AD and normal controls, and no difference in LC neurons in the LBD
groups with and without RBD for catecholaminergic and non-catecholaminergic neurons.

Tau and α-synuclein pathology in PPN/LDT and LC
The PPN/LDT and LC were vulnerable to α-synuclein pathology in LBD and tau pathology
in AD. There was no difference in tau or α-synuclein measures (counts or burden) in either
the PPN/LDT or LC in LBD with and without RBD. In the PPN/LDT, there was a higher

Dugger et al. Page 4

Neuropathol Appl Neurobiol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



percentage of neurons with LBs and with α-synuclein burden in both LBD groups compared
to the AD and normal controls (Figure 3, p < 0.001). As expected, AD had greater NFTs and
tau burden in the PPN/LDT compared to LBD and normal controls (Figure 3, p <0.001).
LBD groups also had higher tau burden in the PPN/LDT, but did not differ in the percentage
of neurons with NFTs when compared to normal controls; suggesting pathology differences
may only be neuritic in origin (Figure 3, p <0.001). LBD groups had a greater percentage of
neurons with LBs and with α-synuclein burden in the LC compared to the AD and normal
controls (Figure 4, p < 0.01). There was also greater percentages of neurons with NFTs and
greater tau burden in the LC in AD compared to LBD and normal controls (Figure 4, p<
0.01).

Discussion
This study used image analysis and neuronal counting methods to assess tau and α-synuclein
pathology as well as the percentage of neurons with NFT and LB in anatomically defined
nuclei with distinct neurotransmitter profiles (i.e. catecholaminergic for LC and cholinergic
for PPN/LDT) in a series of patients evaluated antemortem for clinically probable RBD
using clinical history, a validated sleep questionnaire and in a subset of cases, PSG. We
found the LC and PPN/LDT were vulnerable to α-synuclein pathology in LBD and tau
pathology in AD, but significant neuronal loss was only detected in these nuclei in LBD.
The mechanism of selective α-synuclein mediated neuronal loss in these nuclei remains to
be determined.

This study supports previous literature demonstrating LBD is associated with significantly
fewer cholinergic neurons in the PPN/LDT compared to normal controls and AD[17, 30].
The failure to detect a difference in cholinergic neuronal density between LBD cases with
and without RBD in this study and a previous report [18] raises the possibility of
heterogeneity of LBD with respect to cholinergic neuronal loss in the PPN/LDT in LBD.
Both studies had large variance in PPN/LDT neuronal counts in LBD, and we also found
large variance in a neighboring nucleus, the locus coeruleus (Figure 1, personal
communication with Schmeichel et al. [18]). It is also possible RBD is a product of
pathology at multiple sites in the integrated sleep circuitry, with variable involvement in the
different nodes of the network affected differentially in each individual, but producing the
same clinical phenotype.

The PPN/LDT and the LC are located within the group of lower brainstem nuclei where
lesions that produce an RBD phenotype overlap [15]. Research in cats by Hendricks and
colleagues determined that bilateral pontine tegmental lesions resulted in loss of atonia
during sleep [10]. These data suggests a particular behavioural syndrome could be produced
by a specific lesion. In spite of this insight into behavioural mechanisms, these lesions are
acute in nature and do not mimic the chronic insult of a neurodegenerative disease. Further
quantitative neuropathological studies in a larger number of patients with prospective
clinical assessments are needed to address this hypothesis. There is clearly cholinergic
deficiency in LBD as a whole, and demonstrating an additional greater loss in those with
RBD will require larger numbers of cases and controls with as many as possible having PSG
evaluations or at least information from a validated sleep questionnaire.

Patients with LBD tend to exhibit other clinical features, including daytime somnolence and
parkinsonism. Other potential roles of the PPN/LDT should be considered, including
arousal, postural control and locomotion [31–33]. We found no correlations within the LBD
group on severity of extrapyramidal motor signs using the Unified Parkinson’s Disease
Rating Scale [34] or daytime somnolence, utilizing scores from the Epworth Sleepiness
Scale-collateral version [35, 36] (data not shown). Previous studies have examined the
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relation of the PPN/LDT to gait and postural control, with loss of PPN/LDT cholinergic
neurons correlating with these disorders [32].

This is the first neuropathological report that measures α-synuclein and tau burden in these
nuclei in LBD, as well as AD and neurologically normal controls, in relation to presence or
absence of antemortem RBD. The present study is based on stringent cohort selection with
respect to clinical assessment of presence or absence of RBD. In addition, cases were
matched for severity of concomitant Alzheimer type pathology [37] and for LBD subtype
[5], and evaluated with state-of-the-art digital imaging analysis that permits tracing and
analysis of the entire region of interest based upon standardized anatomical landmarks.
Several limitations should, however, be considered. Being a retrospective anatomical study,
formal stereological analysis of the entire region of interest was not possible. It is possible
that differences in disease-specific neuronal vulnerability across the span of the LC [21] or
PPN/LDT could have contributed to variance in data, limiting our ability to find significant
group differences. We attempted to compensate for this by measuring three 5-μm thick
paraffin sections at least 20-μm apart for each stain in each nucleus. In support of the
validity of limited sampling of brainstem nuclei, a study comparing single section counts of
dopaminergic neurons in the substantia nigra to counts derived from the stereological
dissector method [38], showed no differences between methods. On the other hand, this may
not be applicable for more diffuse nuclei such as the PPN/LDT. Despite this, our findings
are in agreement with a previous study, which averaged counts throughout the entire extent
of the PPN/LDT [18]. Furthermore, unpublished results from our lab, based upon a larger
cohort without a priori matching for severity of Alzheimer type pathology, demonstrated
higher concomitant Alzheimer’s pathology in LBD cases without RBD compared to those
with RBD (Dugger unpublished observations). Use of stringent cohort selection criteria may
have masked true differences on these parameters with respect to RBD status. While this is
one of the largest studies to date of LBD, AD and neurologically normal controls with ante-
mortem sleep status evaluations by PSG and/or sleep questionnaire, in addition to historical
annotations, the sample size is still small, especially for patients with PSG. The PSG is the
gold standard for diagnosis of RBD, but PSG is usually used when a patient has a probable
diagnosis of a sleep disturbance. This expensive and demanding procedure is seldom
performed on neurologically normal controls or patients with AD.

The PPN/LDT is damaged in LBD with and without RBD due to α-synuclein accumulation
and cholinergic neuronal loss. Recent lesion studies in animal models and humans suggest
involvement of other nuclei, as well as possible afferent and efferent connections of these
nuclei in RBD pathogenesis. Other nuclei that need to be studied in the future include the
sub-coeruleus region and magnocellular reticular formation [9, 33]. Future research
analyzing nuclei implicated in both upstream and downstream connectivity of the PPN/LDT
in humans will be crucial for a full understanding of the clinical correlates of PPN/LDT
pathology in LBD.
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Figure 1.
a. ChAT staining in the PPN/LDT of normal, AD, and LBD cases without RBD (LBD
NRBD) and with RBD (LBD RBD). Photos taken at 20x. b. quantification of percentages of
ChAT positive neurons out of total neurons in the PPN/LDT. * LBD RBD contained
significantly less ChAT positive neurons than normals and AD.
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Figure 2.
a. TH staining in the LC of normal, AD, and LBD cases without RBD (LBD NRBD) and
with RBD (LBD RBD). Photos taken at 20x. b. quantification of percentages of TH positive
neurons out of total neurons in the LC. * LBD cohorts contained significantly less TH
positive neurons than normals and AD.
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Figure 3.
a. Tau and α-synuclein staining in the PPN/LDT of normal, AD, and LBD cases without
RBD (LBD NRBD) and with RBD (LBD RBD). Photos taken at 20x. b. Quantification of α-
syn (LBs-left) and tau (NFTs- right) intra-neuronal inclusions in the PPN/LDT. c.
Quantification of IHC staining (burden) of α-syn (left) and tau (right) in the PPN/LDT. *
LBD cohorts had significantly greater LBs/α-syn than normals and AD; # AD had
significantly greater NFTs/tau compared to normal and LBD groups. ** LBD cohorts had
significantly greater tau compared to normals.
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Figure 4.
a. Tau and α-synuclein staining in the LC of normal, AD, and LBD cases without RBD
(LBD NRBD) and with RBD (LBD RBD). Photos taken at 20x. b. Quantification of α-syn
(LBs-left) and tau (NFTs- right) intra-neuronal inclusions in the LC. c. Quantification of
IHC staining (burden) of α-syn (left) and tau (right) in the LC. * LBD cohorts had
significantly greater LBs/α-syn than normals and AD; # AD had significantly greater NFTs/
tau compared to normal and LBD groups.
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Table 1

Summary of clinical and pathological characteristics.

Normal AD LBD No RBD LBD RBD

N 11 19 10 11

Male (%) 72% 42% 70% 72%

PSG (%) 27% 31% 30% 45%

PMI (mean hr ± SDev) 17.6 ± 9 11.1 ± 9 12.4 ± 10 12.3 ± 10

Time in formalin (mean wk ± SDev) 7.2 ± 5 5.1 ± 4 6.0 ± 4 3.7 ± 5

Age (mean yr ± SDev) 75.4 ± 5 79.8 ± 11 81.1 ± 4 79.2 ± 10

Illness duration (mean yr ± SDev) n/a 7.9 ± 2 8.4 ± 4 8.4 ± 4

Braak NFT stage (median, range) II (I–III) VI (IV–VI)* III (II–VI) III (II–VI)

LBD type

 Brainstem (%) n/a n/a 10% 0

 Limbic (Transitional) (%) n/a n/a 60% 64%

 Neocortical (Diffuse) (%) n/a n/a 30% 36%

No RBD- without RBD, RBD- with RBD, NFT- neurofibrillary tangle, PSG-Polysomnography conducted, LBD- Lewy body disease, PMI- post
mortem interval

*
AD cases have significantly higher Braak NFT staging when compared to normals and LBD groups
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