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Abstract

Purpose of Review Sleep disturbances are amongst most frequent non-motor symptoms of Parkinson’s Disease (PD), and
they are similarly frequently reported in other alpha-syncleinopathies, such as Dementia with Lewy Bodies (DLB) and
Multiple System Atrophy (MSA). More recently, the orexin system has been implicated in control of arousal based on
salient environmental set points, and its dysregulation in sleep issues in alpha-synucleinopathies suggested by the findings
from the translational animal models. However, its role in the patients with alpha-synucleinopathies remains unclear. We
thus set to systematically review, and to critically assess, contemporary evidence on the association of the orexinergic sys-
tem and sleep disturbances in alpha-synucleinopathies. In this systematic review, studies investigating orexin and sleep in
alpha-synucleinopathies (Rapid Eye Movement (REM) Behaviour Disorder (RBD), Parkinson's Disease (PD), Dementia
with Lewy Bodies (DLB), Multiple System Atrophy (MSA)) were identified using electronic database searches of PubMed,
Web of Science and PsychINFO using MeSH terms, keywords, and title words such as “Alpha-synucleinopathies” AND
“Orexin” AND “Sleep Disturbances”.

Recent findings 17 studies were included in this systemic review, of which 2 studies on RBD, 10 on PD, 4 on DLB, and 1
on MSA patients. Taken together, RBD and PD studies suggest a potential adaptive increase in orexin levels in early stages
of the neurodegenerative process, with reduced levels more often reported for later, more advanced stages of illness. To date,
no differences in orexin levels were demonstrated between MSA patients and healthy controls.

Summary There is a dearth of studies on the role of orexin levels in alpha-synucleinopathies. Moreover, significant methodo-
logic limitations in the current body of work, including use of non-standardised research protocols and lack of prospective,
multi-centre studies, disallow for any finite conclusion in regards to underlying pathomechanisms. Nonetheless, a picture of
a complex, multifaceted relationship between the dysregulation of the orexinergic pathway and sleep disturbances in alpha-
synucleinopathies is emerging. Hence, future studies disentangling orexinergic pathomechanisms of alpha-syncleinopathies
are urgently needed to obtain a more comprehensive account of the role of orexinergic pathway in alpha-synucleinopathies.
Pharmacological manipulations of orexins may have multiple therapeutic applications in treatment strategies, disease diag-
nosis, and might be effective for treating both motor and non-motor symptoms.

Keywords Orexin - Sleep Disturbances - Alpha-synucleinopathies - Parkinson's Disease (PD); Dementia with Lewy Bodies (DLB)

Introduction

It has been argued that alpha-synucleinopathies, and in par-
ticular Parkinson disease (PD), are amongst the fastest grow-
ing neurological disorder worldwide [1]; they are a group of
neurodegenerative disorders characterised by pathological
Kausar Raheel, See Qi Rui, Veronica Munday, K Ray Chaudhuri, hallmarks such as abnormal accumulation of alpha-synu-
Ivana Rosenzweig as joint authors. clein positive inclusions in the neurons and/or glial cells
that trigger progressive neuronal death through a series of
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cascading cellular pathways (i.e., mitochondrial impairment,
lysosomal dysfunction) [2, 3]. Neurodegenerative diseases
that are classified as alpha-synucleinopathies include Parkin-
son’s Disease (PD), Multiple System Atrophy (MSA), and
Dementia with Lewy Bodies (DLB) [2]. All alpha-synucle-
inopathies appear to exhibit similar clinical, neurochemical,
and morphological features and disease pathomechanisms
including neuroinflammation [2]. Despite that, variation in
clinical phenotypes between and within alphasynucleinopa-
thies has been widely reported, depending on the cellular
location and pattern of accumulation [4, 5]. For example,
neuronal inclusions, Lewy bodies and Lewy neurites are dis-
tinct characteristics for PD and DLB, whilst alpha-synuclein
positive glial cytoplasmic inclusions in oligodendrocytes are
hallmarks in MSA [2-4, 6].

Patients with alpha-synucleinopathies commonly suf-
fer from significant and debilitating sleep disturbances
that include nocturnal and diurnal manifestations such as
insomnia, excessive daytime sleepiness, periodic limb
movements [7], circadian rhythm abnormalities, poor sleep
quality and rapid eye movement sleep behaviour disorders
(RBD) (please refer to some relevant studies and disorders
listed in Table 1) [15]. For instance, nocturnal sleep distur-
bances affect 60% to 98% of people with PD [24-26], whilst
excessive daytime sleepiness, and other sleep disturbances
occur in approximately 80% of DLB patients [13, 15, 27].
Although the underlying pathomechanism of these sleep dis-
turbances remains elusive, numerous preclinical and clini-
cal studies have argued the association of orexin and sleep
disturbances in alpha-synucleinopathies [28-31].

Orexin, also known as hypocretin, is a neuropeptide that
is predominantly released from orexinergic neurons in the
lateral hypothalamus and the perifornical area; it exist in
two orexin isoforms, orexin-A and orexin-B [28, 32-34].

Orexin-A acts predominantly on orexin-1 (OX1R) and
orexin-2 receptors (OX2R) whilst Orexin-B on the OX2R
[28]. There is a widespread and complimentary expression
of OXRs receptors in most brain areas, although OXI1R are
principally expressed in amygdala and locus coeruleus, and
OX2R is predominantly expressed in the hypothalamus
[28, 35]. Orexin-A and -B are also known to be involved
in a number of other functions, including stress-adaptive
responses [36], feeding behaviour [37], reward-seeking, drug
addiction [38] and even in pathological conditions such as
migraines and headaches [39—41]. Importantly, orexin neu-
rons play a central role in promoting wakefulness and stabi-
lising sleep by modulating cholinergic and monoaminergic
neurons via strong projections to brain regions involved in
the sleep-wake circuitry, such as the locus coeruleus, dorsal
raphe nucleus and tuberomammillary nucleus [42], whilst
GABAergic neurons regulate orexinergic neurons to sustain
vigilance [28, 35, 43, 44]. As such, the orexin may signal
an overall arousal need, defined as a need to counteract
actual or potential hazards [45]. In pathologic situations of
its reduction, arousal is no longer appropriately coupled to
internal and external environment, and sleep-wake instabil-
ity ensues [45].

Thus, increasingly, the orexinergic system has also been
implicated as a key pathophysiological centre for sleep dis-
turbances, pertaining to disorders of hypersomnolence (i.e.,
narcolepsy type 1, narcolepsy type 2, hypersomnia) [46]. In
both animal and human studies, downregulation of the OXR
receptors, disrupted OXR signalling, and orexin knockout
mice were reported to exhibit narcolepsy, excessive daytime
sleepiness, and cataplexy [28, 32, 42, 43, 47-50].

Interestingly, further investigation into orexin receptor
polymorphisms have found significant association to spe-
cific sleep disturbances in alpha-synucleinopathies [51]. For

Table 1 Common Sleep

Alpha-s lei th
Disorders in Alpha- phasynucieinopaty

Sleep Disorder/Problem Estimated Prevalence

synucleinopathies Parkinson’s Disease

Dementia with Lewy Bodies (DLB)

Multiple System Atrophy (MSA)

REM sleep behaviour disorder (RBD) 50% (8]
Excessive daytime sleepiness (EDS) 49.7% (9]
Insomnia disorder 32% [10]
Nightmare disorder 32% [10]
Restless legs syndrome (RLS) 20.3% [11]
REM sleep behaviour disorder (RBD) 89% [12]
Excessive daytime sleepiness (EDS) 80% [13]
Nightmare disorder 83% [14]

Insomnia disorder
REM sleep behaviour disorder (RBD)

26% to 75% [15]
49.7% to 88% [16-18]

Sleep fragmentation 52.5% [19]
Obstructive Sleep Apnea (OSA) 37% [20]
Restless legs syndrome (RLS) 28% (21, 22]
Excessive daytime sleepiness (EDS) 27.3% [17]
Insomnia disorder 19% [23]
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instance, Rissling and colleagues (2005) conducted an asso-
ciation study analysing the distribution of preprohypocretin
polymorphisms in patients with PD with and without sudden
onset of sleep [51]. They found significant differences in
genotype and allele distribution between patients with PD
with, and without, sudden onset of sleep [51]. Particularly,
the variant allele T of the preprohypocretin polymorphism
was more commonly found in patients with PD with sudden
onset of sleep [51]. This suggests a role that genetic fac-
tors might play in the pathogenesis of sleep disturbances in
alpha-synucleinopathies.

Other clinical studies have also investigated orexin lev-
els using either plasma, spinal CSF or ventricular CSF in
alpha-synucleinopathies such as PD [29, 30], MSA [52,
53], and DLB [31, 54], and even in the prodromal stage of
alpha-synucleinopathies such as RBD [55, 56]. However, the
findings remain inconsistent, with some studies indicating
that orexin levels might be lower, elevated, or unaffected in
alpha-synucleinopathies [29-31, 54, 57, 58].

To date, available treatments for sleep disorders in alpha-
synucleinopathies are only partially effective, partly due
to the limited mechanistic insight into their oetiology and
hence, we set to systemically review and to obtain a more
comprehensive and critical overview of the role of orexin in
sleep in patients with alpha-synucleinopathies.

Methods
Search Strategies

This systematic review was conducted following the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [59] (Fig. 1.). Relevant stud-
ies were identified by two reviewers using the electronic
databases of PubMed, PsychINFO (EBSCOhost) and Web of
Science. The following keywords were used: (Alpha-synu-
cleinopathies OR REM Behaviour Disorder OR Parkinson’s
Disease OR Dementia with Lewy Bodies OR Multiple Sys-
tem Atrophy) AND (Orexin) AND (Sleep OR Sleep Disor-
ders OR Sleep Disturbances) (Table 2). Eligible papers were
extracted from 2002 until August 2023. The references of
the selected articles were also examined to retrieve docu-
ments missed by the literature search.

Inclusion and Exclusion Criteria

Each article was first considered by title and abstract. This
systematic review included: 1) original research articles; 2)
only papers written in English; 3) observational, descrip-
tive, longitudinal, retrospective, cross-sectional, or cohort
studies; 4) studies that investigated orexin, sleep and alpha-
synucleinopathies and 5) human studies. Assigned reviewers

independently screened each eligible study, and disagree-
ments were resolved through discussion after retrieving full
text to determine whether inclusion and exclusion criteria
were met (Tables 3 and 4).

Data Extraction

For each article, two reviewers (KR and SQ) independently
extracted the following data: study name and year, the coun-
try, type of study, study aim, the subtype of alpha-synucle-
inopathy, sample size and age of patients, the methods used,
main findings and critical evaluation of the study. Subse-
quently, articles were classified and grouped according to
the subtype of alpha-synucleinopathy (i.e., RBD, PD, MSA
or DLB).

Quality Assessment

The quality of studies was evaluated using the Quality
Assessment Tool for Quantitative Studies, developed by
the Effective Public Health Practice Project (EPHPP; www.
ephpp.ca/tool.html) for observational, descriptive, longitu-
dinal, cross-sectional, or cohort studies original research
articles [60]. Any disagreements were resolved by discus-
sion with the panel of reviewers, or by consulting with a
senior reviewer. For the EPHPP scale, the following criteria
were rated for each study on a scale of strong, moderate, or
weak: selection bias, study design, blinding, data collection
methods, confounders, and withdrawals/attrition (if any).
Subsequently, these ratings were compiled to form a global
rating: studies were rated as strong if they had no weak rat-
ings, moderate if they had one weak rating, and weak if they
received two or more weak ratings.

Results
Methodological Quality Assessment Results

Comprehensive tables of the methodological quality assess-
ment of studies using the EPHPP Quality Assessment Tool
for Quantitative Studies [60] are displayed in the supple-
mentary section. Quality assessment of studies using the
Quality Assessment Tool for Quantitative Studies by EPHPP
are presented in Supplementary Table 1. Selection bias was
generally rated as moderate as participants in most stud-
ies were selected from clinics or hospital settings. Study
design was generally rated as moderate as they were obser-
vational studies. Studies were rated as weak or strong for
confounders. Those rated as weak were because they did
not account for potential confounding variables, such as
age, disease duration, etc. All studies used valid and reliable
measures for sleep (Epworth Sleepiness Scale, Pittsburgh
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Fig. 1 PRISMA 2020 Flow
Diagram of study selection
process

Identification

Screening

Identification of studies via databases ]

Records identified from*:
Databases (n = 369)
PubMed: 115
PsychINFO (EBSCOhost): 89
Web of Science: 165

Records removed before abstract
screening:
Duplicate records removed (n =
160)

Records screened (Abstract)
(n =209)

Records excluded: (n = 125) (i.e.,
no sleep measurements)

Reports assessed for eligibility
(n=84)

Included

Reports excluded: (n = 67)
(i.e., not meeting our criteria,
lack of clarity in methodological
techniques, no use of
diagnostic tools)

Studies included in review
(n=17)

Dementia with Lewy Bodies (n = 4)
Parkinson’s Disease (n = 10)

MSA (n=1)

RBD (n =2)

Table 2 The search strategy and exclusion/inclusion criteria.

Database

Search Strategy

Limits

PubMed

PsychINFO (EBSCOhost) (Alpha-synucleinopathies OR REM Behaviour Disorder OR Parkinson’s Disease OR
Dementia with Lewy Bodies OR Multiple System Atrophy) AND (Orexin) AND (Sleep

Web of Science

(Alpha-synucleinopathies) OR (Rem behavior sleep disorder)) OR (Parkinson's Disease))

Year: 2002-2023

OR (Dementia with Lewy Bodies)) OR (Multiple System Atrophy)) AND (Orexin)) AND  Species: Human
(Sleep OR Sleep Disorders OR Sleep Disturbances)

OR Sleep Disorders OR Sleep Disturbances)

(Alpha-synucleinopathies OR REM Behaviour Disorder OR Parkinson’s Disease OR
Dementia with Lewy Bodies OR Multiple System Atrophy) AND (Orexin) AND ((Sleep

OR Sleep Disorders OR Sleep Disturbances))

Age: > 18

Only in English
Year: Inception-2023
Species: Human

Year: Inception-2023
Species: Human
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Table 3 Search criteria

Exclusion Criteria

Inclusion criteria

Manuscript characteristics 1 Conference abstracts and proceedings,
unpublished data, preprints, government
publications and reports, dissertations, and
theses

2. Animal studies

3. Studies involving under 18s, infants,
paediatric.

4. uidelines, statements, and comments

5. General review papers

Patients’ diagnosis 1. No use of any diagnostic tools

Sleep quality and Orexin 1. No measures of sleep quality (i.e., Poly-
Measurements somnography, Multiple Sleep Latency Test
(MSLT), Epworth Sleepiness Scale (ESS),

Pittsburgh Sleep Quality Index (PSQI) etc.)

2. No measure of orexin levels

1. Original research articles

2. Observational, descriptive, longitudinal, retrospective, cross-
sectional, cohort studies that included both orexin levels, and sleep
measurements in alpha-synucleinopathies

3. Sample was well-described (e.g., number of subjects, recruitment
criteria, age mean or age range etc)

1. Clinical/probable diagnoses of alpha synucleinopathies

2. Parkinson’s Disease (PD): Diagnosis of PD assessed using
Unified Parkinson’s Disease Rating Scale (UPDRS) III or the
United Kingdom Brain Bank criteria (Hughes et al., 1992) or the
International Classification of Diseases, 10th revision (ICD-10), or
post-mortem, autopsy confirmation of PD pathology.

3. Dementia with Lewy Bodies: Diagnosis made according to the
international consensus criteria (McKeith et al., 1996) or post-
mortem, autopsy confirmation of DLB pathology.

4. Multiple System Atrophy (MSA): Diagnosis made according to
the Unified Multiple System Atrophy Rating Scale (UM-SARS)
Part I and II (Wenning et al., 2004) or post-mortem, autopsy con-
firmation of MSA pathology.

5. REM Behaviour Disorder (RBD): Diagnosed according to the
International Classification of Sleep Disorders (ICSD) criteria
(Thorpy, 2012) or polysomnography (PSG)

1. Objective and subjective measures of sleep quality (e.g. polysom-
nography, Multiple Sleep Latency Test (MSLT), Epworth Sleepi-
ness Scale (ESS), Pittsburgh Sleep Quality Index (PSQI) etc.)

2. Orexin levels reported (e.g. plasma, ventricular CSF, and spinal
CSF)

Table 4 The PICOS statement

Component of Question Example

Patient Population Alpha-synucleinopathies: Parkinson’s Disease, Dementia with Lewy Bodies, Mul-
tiple System Atrophy, REM Behaviour Disorder

Intervention None

Control Alpha-synucleinopathies patients and/or healthy controls

Outcomes Any associations between orexin levels, sleep quality and alpha-synucleinopathies

Study Design Retrospective, longitudinal, cross-sectional, observational, cohort studies, case-

control studies, randomized, controlled trials

Sleep Quality Index, Multiple Sleep Latency Test etc) and
orexin level (radioimmunoassay, ELISA etc). No withdraw-
als were reported in any of the included studies. No observ-
able association was found between global rating scores and
the outcome of the findings.

Studies characteristics
Our systematic analysis identified 17 studies investigating

the association of the orexin pathway and sleep in alpha-
synucleinopathies that fulfilled our criteria. These studies

were published between the year 2002 and 2022. Among
the 17 identified studies, 2 studies included patients with
RBD [55, 56], 10 studies with patients with PD [29, 30, 57,
61-67], 4 studies with patients with DLB [31, 54, 58, 68]
and 2 studies with patients with MSA [52, 53] (Table 7). It
is also worth noting that level of orexin was measured dif-
ferently in these studies: 12 studies measured orexin levels
in spinal CSF [29, 31, 53-57, 61, 63-65, 68], 2 studies used
ventricular CSF [62, 66], 2 studies were done on plasma
orexin levels only [30, 67] and one study included autopsy
findings [58] (Table 5).
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Table 5 Different measures of
orexin in reported studies.

Type of Alpha-synucleinopathies / Spinal CSF Ventricular CSF Plasma Autopsy
Location of orexin collection

REM Behaviour Disorder (RBD) 100% (2/2) - - -
Parkinson’s Disease (PD) 60% (6/10) 20% (2/10) 20% (2/10)

Dementia with Lewy Bodies (DLB) 75% (3/4) - - 25% (1/4)

Multiple System Atrophy (MSA)

100% (1/1) - -

Rapid eye movement behaviour disorder (RBD)

Rapid Eye Movement (REM) behaviour disorder (RBD) is
a parasomnia characterized by abnormal, violent dream-
enacting behaviour, accompanied by an excess of muscle
tone (muscle atonia) and/or phasic muscle twitching during
REM sleep [69-72]. Most motor events during RBD epi-
sodes typically range from simple elementary movements
such as laughing, gesturing, or singing to complex, violent
behaviours such as punching, kicking, or biting [72-74].
RBD can be categorized into idiopathic RBD (iRBD) when
presented with symptoms not ascribable to any other neuro-
logical disorders or secondary RBD (sRBD) when associ-
ated with other neurological conditions such as narcolepsy
type 1 [72, 73, 75]. Importantly, iRBD is increasingly rec-
ognised to present an early stage of alpha-synucleinopathy
process, such as occur in PD, MSA and DLB [76-79].

In a recent cross-sectional study in China, Yuan and col-
leagues collected spinal CSF and serum samples from three
groups of patients; iRBD, PD with RBD, and PD without
RBD, in order to investigate the association between orexin
and tumour necrosis factor alpha (TNF-alpha) levels with
motor, sleep, and cognitive symptoms [56]. Interestingly,
despite abnormal CSF orexin levels (<200 pg/ml) in all
the three groups (PD with RBD: 177.69 + 46.04 pg/ml;
PD without RBD: 177.31 + 29.4 pg/ml and iRBD: 166.23
+ 40.62 pg/ml), orexin levels in the three groups were not
reported significantly lower than in the control group [56].
Moreover, no significant difference in CSF orexin levels
between the three groups was demonstrated, despite Unified
Parkinson's Disease Rating Scale (UPDRS-III) scores being
significantly higher in the PD with RBD and PD without
RBD groups and REM sleep behavior disorder questionnaire
(RBDQ-HK) scores significantly higher in RBD, perhaps
suggesting that orexin levels may not be a sensitive marker
for motor severity and sleep behaviours [56].

However, these findings are somewhat inconsistent with
an earlier study that measured CSF orexin levels in five
iRBD patients and control group (consisting of narcolepsy
and multiple sclerosis patients) and reported slightly higher
orexin levels between 250 and 454 pg/ml (mean 369.2 +
43.91 pg/ml) in iRBD group [55]. In this study, the Epworth
Sleepiness Score (ESS) was reported normal at 5.3 (scored
out of 24 points) in iRBD patients, which may suggest an

@ Springer

underlying compensatory mechanism at play [55]. Several
methodological factors could explain these contrasting find-
ings. Firstly, the small sample sizes of both studies increase
likelihood of speculative findings [55]. Secondly, in study by
Yuan and colleagues, it is not clear whether RBD appeared
before or after motor symptoms, and thus, set of different
neuropathologic trajectories may be at play here [56]. Addi-
tionally, neither study made attempt at classification accord-
ing to patients’ respective medication status, and as such it
may not be reflective of the observable symptomatic behav-
iours (i.e., any sleep disturbances). Consequently, results of
sleep scales such as ESS and RBDQ may be insufficiently
sensitive to reflect the actual clinical status. Finally, perhaps
unsurprisingly, neither study demonstrated an association
between sleep, or disease severity measures, and orexin
levels.

Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder associated with the presence of intra-
neuronal Lewy bodies and Lewy neurites, loss of dopamin-
ergic neurons in the substantia nigra, aberrant intracellular
alpha-synuclein protein aggregations and neuroinflammation
[80, 81]. Consequently, patients with PD exhibit a diverse
range of motor and non-motor symptoms including resting
tremor, bradykinesia, autonomic dysfunction, cognitive
deficits, depression, and postural instability [82, 83]. Of
non-motor symptoms, they also frequently display a range
of general and more distinct sleep disturbances, including
insomnia, sleep attacks (not unlike those in narcolepsy) [27],
excessive daytime sleepiness, as well as parasomnias, such
as REM Behaviour Disorder [84-94].

As a result of the high prevalence of sleep disturbances
in patients with PD, there is a growing interest in orexin as
fluctuations in CSF orexin and degeneration of orexinergic
neurons have been associated with the development of sleep
disorders that mimic early stages of alpha-synucleinopathy
in other groups of patients (e.g. secondary RBD in narco-
lepsy) [29, 30, 57, 61-65, 95].

Several studies failed to demonstrate significant changes
in orexin levels in PD patients [63, 64]. For example, Asai
and colleagues measured CSF orexin levels in three groups
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of patient with PD; those without sleep disturbances, those
with excessive daytime somnolence, and patients with
sleep attacks and found no significant differences in orexin
levels between the three groups, although orexin levels
negatively correlated with disease duration [63]. Addition-
ally, Compta and colleagues also measured CSF orexin-
A levels in patient with PD with dementia, and without
dementia [64]. Interestingly, despite higher ESS scores in
both groups than in controls, there was no difference in
CSF orexin-A levels between the three groups [64].

Orexin has been argued to play a neuroprotective and
immune-regulatory role in the central nervous system,
which may be affected in later stages of alpha-synucleinop-
athy process, when alpha-synuclein may act to promote the
degradation of OX1R through lysosomal and proteasomal
pathways [30, 96]. In that light, another study that reported
reduced orexin levels in hyper-somnolent PD patients, as
compared to controls, is of interest [57]. Here, glial fibrillary
acidic protein (GFAP) levels, suggestive of neuroinflamma-
tion, were reported as significantly higher in patients with
hypersomnolence and narcolepsy, but not in patient with PD
without hypersomnolence [57].

In past, several studies also reported lower orexin CSF
levels in patients with PD. For instance, in a retrospec-
tive study conducted in China that investigated association
between CSF orexin levels, sleep, and clinical characteris-
tics the significantly lower levels of CSF orexin in patients
with PD (median = 272 pg/mL), as compared to controls
(median = 352.2 pg/mL), were demonstrated [29]. In keep-
ing, in another retrospective, case-control, post-mortem
study of patients with PD, a reduced number of orexinergic
neurons, and lower CSF and prefrontal orexin levels were
similarly reported [95]. Moreover, lower CSF orexin levels,
correlated with PD disease severity, were also reported [66].
Notably, Wienecke and colleagues [61] measured repeated
CSF orexin levels in two patients with PD and reported a
marked decrease of orexin concentrations over time, sug-
gesting a progressive loss of orexin as disease advances [61].

Notwithstanding this, an uneven polymorphic picture
emerges from studies where the association of orexin levels
to specific sleep characteristics was investigated. For exam-
ple, Ogawa and colleagues report no significant correlation
between CSF orexin levels and PD clinical characteristics,
including excessive daytime somnolence scores, presence
of RBD, or use of dopamine agonists [29]. Moreover, this
lack of association remained for the duration of a follow
up [29]. In striking contrast, Wienecke and colleagues have
demonstrated a strong link between CSF orexin levels and
the mean sleep latencies on MSLT [61].

In regards to links between orexin and sleep macro-
structure, Bridoux and colleagues have reported a signifi-
cant positive correlation between orexin-A levels and the
percentage of REM epochs without atonia, but they failed

to demonstrate any correlation with total sleep time, REM
duration or REM latency [62]. Strikingly, however, in this
study, patients with loss of REM atonia had higher median
orexin levels than the four patients with REM sleep atonia
(235 pg/mL versus 94 pg/mL) [62].

Whilst the pathomechanisms behind these diverse find-
ings remain unclear, a potential insight could be gleamed
from the prospective study by Huang and colleagues [30].
They report an initial increase in orexin-A levels in early-
stage and medium-stage PD, with decreased levels then
demonstrated in advanced stage of PD [30]. These findings
suggests that orexin levels may reflect the dynamic changes
occurring in disease severity and disease duration.

Other methodological and physiological factors could
also potentially account for these polymorphic findings (see
Table 6). Firstly, sampling of orexin from different areas and
times may explain differences in orexin level; e.g. orexin lev-
els fluctuate over the day due to circadian rhythmicity [97].
Also, orexin level in spinal CSF is reportedly reduced in
acute neurological disorders, whilst ventricular CSF orexin
correlated with prefrontal cortex orexin concentration [65].
Secondly, in a similar vein, reduction in CSF orexin level
depends heavily on the level and progression of degenera-
tion of orexin neurons in the lateral hypothalamus [98]. For
instance, in a study investigating the relationship between
CSF orexin levels and orexin neuronal loss, Gerashchenko
and colleagues reported that maximal reduction of CSF
orexin level was only observed on day 60 without further
decline or recovery, following a neurotoxin-induced lateral
hypothalamic injury [98]. This suggests CSF orexin level
may not be a very sensitive indicator of loss of orexinergic
neurons in the early stage of PD as remaining orexinergic
neurons engage in a compensatory mechanism to counteract
and increase CSF orexin levels.

Thirdly, it is worth highlighting that these studies have
adopted different methodological approaches in terms of
including the subtypes of sleep disturbances (i.e., nocturnal
versus diurnal; sleep attacks, hypersomnolence, RBD), sub-
types of PD (i.e., with or without dementia) and the choice
of controls used or other pathological conditions [30, 62,
64, 65, 67]. On a similar note, pathological relevance of
CSF orexin levels in alpha-synucleinopathies also needs to
be accounted for. For instance, the benchmark for abnormal
CSF orexin levels is predominantly based on diagnosis of
narcolepsy (i.e., normal: >200 pg/mL, intermediate: 110 to
200 pg/mL, and abnormal: <110 pg/mL) [99]. Lastly, in
most of these studies, there is also the lack of consideration
of other interplaying factors that may affect the availability
of orexin levels and clinical symptomology. For example,
in a preclinical study, Zhan and colleagues reported that
higher expression of TNF-a in neuroinflammation-induced
PD mice model, is associated with the degradation of orexin-
ergic neurons, which led to development of other non-motor
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symptoms and sleep disturbances [100] . Future human
studies should consider utilizing a translational approach
to investigate modulation of the orexinergic pathway at cel-
lular, subcellular, and molecular level.

In summary, in keeping to those in iRBD, studies of
patient with PD report diverse findings, with some stating
higher, other lower than normal range, and some found nor-
mal levels of orexin in patients with PD [29, 30, 57, 61-67,
95]. Thus, to date, the reliability of orexin levels as a predic-
tive biomarker of sleep disturbances remains unclear [29, 30,
62]. It has been similarly argued that besides potential meth-
odological and physiological factors, these contrasting find-
ings may reflect a complex, multifaceted pathomechanisms
of the orexinergic pathway in alpha-synucleinopathies.

Dementia with Lewy Bodies

Dementia with Lewy Bodies (DLB) is characterised by the
accumulation of aggregated alpha-synuclein protein in Lewy
bodies and Lewy neurites [101]). Core clinical features of
DLB include neuropsychiatric symptoms, progressive cog-
nitive decline, and parkinsonism [102]. Alpha-synuclein
aggregation in orexin-containing neurons in the hypothala-
mus has been demonstrated [103], and various studies further
reported its interference with multiple cellular functions [58,
104], potentially contributing to progressive loss of orexin-
containing neurons loss in DLB. Moreover, abnormal sleep-
wake rhythms, excessive daytime sleepiness, insomnia and
RBD have all similarly been reported to occur in DLB [105].

Several studies have investigated orexin levels in patients
with DLB [31, 54, 58, 68]. In a cross-sectional study, Trotti
and colleagues examined the association of orexin, dementia
biomarkers and sleep disturbances in four clinical populations:
Alzheimer’s Disease (AD), frontotemporal dementia (FTD),
DLB and healthy controls [54]. Here, orexin levels were pre-
dominantly associated to the type of sleep disturbances. More
specifically, lower orexin-A levels were related to frequency
of nightmares (patients with nightmares: 203.9 + 29.8 pg/
mL, patients without nightmares: 240.4 + 46.1 pg/mL) and
vivid dreams (209.1 + 28.3 versus 239.5 + 47.8 pg/mL) [54].
These findings are consistent with an earlier study by Lessig
and colleagues [58] who reported reduced neocortical orexin
immunoreactivity in DLB, as compared to AD patients and
controls [58]. In this study, orexin levels were significantly
linked with severity of hypersomnolence and alpha-synuclein
levels [58], perhaps similarly suggesting that dysregulation of
orexin regulating sleep-wake stability may be a more sensitive
biomarker of distinct sleep phenotypes.

Conversely, other studies failed to report significant reduc-
tions in orexin levels in DLB [31, 68]. For instance, Inagawa
and colleagues did not demonstrate significant differences
in CSF orexin A levels between patients with DLB (271.6
+ 114.5 pg/mL) and controls (301.0 + 64.0 pg/mL) [31].

@ Springer

Similarly, Baumann and colleagues showed normal levels of
orexin levels in DLB (mean 521 pg/mL), as compared to con-
trols (497 pg/mL) and AD patients (474 pg/mL) [68].

A lack of standardisation of protocols for orexin sampling,
small samples sizes, different circadian rhythms, and inconsist-
ent reporting on other potential confounding factors, such are
medications and disease severity likely underlie at least some
of the reported differential findings [31, 54, 58, 68].

Multiple System Atrophy

Multiple system atrophy (MSA) is clinically characterised by
varying combination of parkinsonism, pyramidal signs, and
progressive autonomic failure, and/or cerebellar ataxia; it is
also pathologically characterised by the abnormal accumula-
tion of alpha-synuclein in oligodendrocytes [106, 107]. As with
other alpha-synucleinopathies, sleep disturbances such as RBD,
fragmented sleep, excessive daytime somnolence and nocturnal
stridor are frequently reported in MSA [52, 53, 108].

Perhaps unsurprisingly given its prevalence, there are
only a few studies that investigated links between orexin lev-
els and disease severity, mostly with negative findings [52,
53]. In a small retrospective study conducted in the Nether-
lands, Abdo and colleagues reported that CSF orexin levels
did not differ between MSA patient group (mean = 343 pg/
mL) and controls (mean = 339 pg/mL) [52], although no
sleep measurements were included. In keeping, Martinez-
Rodriguez and colleagues reported normal CSF orexin level
(>200 pg/mL) in MSA patients with significant sleep issues,
suggesting that orexin levels may not be a sensitive bio-
marker for detecting sleep disorders in MSA [53].

The lack of clear findings is somewhat surprising given
that loss of approximately 70% of orexin-producing neu-
rons in the posterior hypothalamic regions has been reported
[109]. Again, methodologic differences, small sample sizes
and lack of standardisation of CSF sampling protocols (ven-
tricular vs spinal) have been argued to underlie some of these
findings, or lack of them [95].

Discussion

We have critically reviewed the contemporary literature that
investigates the orexinergic system and sleep disturbances
in alpha-synucleinopathies. Our findings overwhelmingly
highlight scarcity of studies that investigated the association
of orexin and sleep in alpha-synucleinopathies, and further
emphasise the lack of systematic and standardised methodo-
logical research protocols. Nonetheless, for iRBD and PD
patients certain pattern appears to be emerging, that of an
initial (compensatory) adaptive increase in orexin produc-
tion, with subsequent reduction in CSF orexin levels, linked
to later stages, or to more severe PD. Given that distinct
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alpha-synucleinopathies differ in their spatio-temporal evo-
lution and cellular localisation, this may explain why to date,
no such pattern has been reported for MSA patients [52, 53].

In striking opposition to human data, the potential role
for orexin as a therapeutical intervention in alleviating sleep
disturbances and other symptoms of alpha-synucleinopa-
thies has been supported by many preclinical studies. For
instance, the neuroprotective role of orexin-A on dopamin-
ergic neurons and BDNF levels in the substantia nigra has
been reported [110-115]. Nonetheless, its translational and
clinical role in alpha-synucleinopathy patients is yet to be
fully understood.

Also, numerous studies have reported sex-specific differ-
ences in demographics, biomarkers, and clinical features in
alpha-synucleinopathies [116—-118]. Coincidentally, orexin
has multiple endocrine effects, including its role in the regula-
tion of central and peripheral signals for metabolic homeosta-
sis [32]. More specifically, orexin have been reported to inhibit
the release of prolactin and growth hormone with a modula-
tory effect on the release of luteinizing hormone [28, 32].
Orexin also controls the hypothalamic-pituitary axis (HPA)
through OX2R receptor through stimulating adrenocortico-
tropin (ACTH) and corticosteroid secretions via activation of
cortico-trophin-releasing hormones and vasopressin [32, 119].
Notwithstanding these findings, none of the reviewed studies
accounted for possible sex differences and thus, its possible
theoretical interplay in alpha-synucleinopathy presentations
and illness trajectories similarly remains unclear [28, 32].

Moreover, several limitations across the 17 studies that
were critically assessed affected our ability to draw definitive
conclusions. These limitations included small sample sizes,
methodological inconsistencies, and potential biases in data
collection and reporting. For instance, the variability in study
designs and the lack of rigorous phenotyping in regards to a
specific subtype, disease severity, possible role of medica-
tions, sleep issues/disorders and cognitive symptoms, in some
cases further compromised the reliability and generalizabil-
ity of the findings. Consequently, while the assessed studies
provide valuable insights, their limitations necessitate cau-
tious interpretation of the results. Hence, to obtain a more
integrative and coherent framework of the role of orexinergic
pathway in sleep disturbances in alpha-synucleinopathies,
future studies should systematically account for (1) a specific
subtype of alpha-synucleinopathies (i.e., PD with or without
dementia), (2) specific sleep phenotype (i.e., sleep attacks,
hypersomnolence), (3) disease progression, rate, and severity
(i.e., early versus late onset), (4) the standardised collection
protocol for orexin measurements, (5) circadian effect, e.g.
consistency in the time of orexin measurement, (6) considera-
tion of medications (i.e., dopaminergic treatments) and finally
(7) direct quantification of sex hormones and their relation to
orexin and sleep disturbances severity.

Conclusions

Taken together, the body of work to date suggests an impor-
tant, if complex and multidimensional, relationship between
the dysregulation of the orexinergic pathway and the emer-
gence of sleep disturbances in alpha-synucleinopathies. More-
over, it is possible that this interplay differentially impacts
different alpha-synucleinopathies and their phenotypes, with
no clear relationship so far being shown for the MSA.
Scarcity of studies and significant methodologic limita-
tions in the current body of work disallow meaningful con-
clusion regarding the underlying pathomechanisms. Thus,
we propose, sufficiently powered, large, longitudinal multi-
centre studies of carefully phenotyped cohorts should be
undertaken to obtain a more comprehensive account of the
role of orexinergic pathway in sleep and other non-motor
symptoms of alpha-synucleinopathies. With the new ago-
nist and orexin receptor antagonists emerging [120], this
is the perfect timing to explore therapeutic applications in
treatment strategies that might be effective for treating both
motor and non-motor symptoms in alpha-synucleinopathies.
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