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Abstract

Recent evidence has advanced our understanding of the function of sleep to include removal of 

neurotoxic protein aggregates via the glymphatic system. However, most research on the 

glymphatic system utilizes animal models, and the function of waste clearance processes in 

humans remains unclear. Understanding glymphatic function offers new insight into the 

development of neurodegenerative diseases that result from toxic protein inclusions, particularly 

those characterized by neuropathological sleep dysfunction, like Parkinson’s disease (PD). In PD, 

we propose that glymphatic flow may be compromised due to the combined neurotoxic effects of 

alpha-synuclein protein aggregates and deteriorated dopaminergic neurons that are linked to 

altered REM sleep, circadian rhythms, and clock gene dysfunction. This review highlights the 

importance of understanding the functional role of glymphatic system disturbance in 

neurodegenerative disorders and the subsequent clinical and neuropathological effects on disease 

progression. Future research initiatives utilizing noninvasive brain imaging methods in human 
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subjects with PD are warranted, as in vivo identification of functional biomarkers in glymphatic 

system functioning may improve clinical diagnosis and treatment of PD.
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1. Introduction

Sleep is a prominent feature of human behavior, comprising around one-fourth to one-third 

of our daily lives. While sleep is lauded as important for overall health, its specific function 

has generally been unclear. However, the recent discovery of the glymphatic system provides 

new insight into the role of sleep as a method for macroscopic waste clearance in the central 

nervous system. The glymphatic system operates naturally during sleep (Jessen et al., 2015) 

and promotes effective clearance of accumulated waste in the brain through the flow of 

interstitial and cerebrospinal fluid via perivascular pathways (Iliff et al., 2012). Recent 

evidence suggests that the glymphatic system also clears neurotoxic protein aggregations 

(e.g., amyloid-beta) that are implicated in the development of various neurodegenerative 

disorders (Kress et al., 2014; Tarasoff-Conway et al., 2015; Verheggen et al., 2018).

The discovery of the glymphatic system provides important implications for the 

consequences of comorbid sleep disturbances that accompany many medical, psychiatric, 

and neurological conditions. Among these is Parkinson’s disease (PD), the second most 

common neurodegenerative disorder, affecting approximately 3% of individuals over 75 

years of age (de Lau and Breteler, 2006; Tanner and Aston, 2000). Sleep disturbances are 

not only a common comorbidity in PD, but often precede the onset of classic motor 

symptoms (Barber and Dashtipour, 2012). REM-sleep behavior disorder (RBD) is especially 

prevalent in PD and leads to changes in cortical activity during sleep (Fantini et al., 2003), 

along with reduced sleep quality (Gjerstad et al., 2008). Furthermore, PD patients exhibit 

altered expression of clock genes, which regulate circadian rhythms (Breen et al., 2014; Cai 

et al., 2010). The amalgamation of sleep disturbances and circadian rhythm dysfunction in 

disorders such as PD can consequently disrupt the natural function of the glymphatic 

system.

Aggregated alpha-synuclein deposits, a protein believed to modulate synaptic 

neurotransmitter release and autophagic activity, underlie the neuropathology of PD (Bobela 

et al., 2015; Kalaitzakis et al., 2013; Stefanis, 2012). Similar to other proteins (e.g., amyloid-

beta in Alzheimer’s disease [AD]), abnormal levels of alpha-synuclein are common to 

several neurodegenerative diseases (e.g., Lewy body disease, multiple system atrophy), 

suggesting that aggregation of this protein is particularly neurotoxic and exacerbates 

neuronal degeneration (Taylor, 2002). Noxious alpha-synuclein accumulation also damages 

pathways (Fahn and Sulzer, 2004; Kovacs et al., 2008) associated with both motor (de Lau 

and Breteler, 2006; Suchowersky et al., 2006) and non-motor (Chung et al., 2017; 

Narayanan et al., 2013; Rinne et al., 2000) symptoms in PD. It is possible that 
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neuroprotective mechanisms such as the glymphatic system could organically abate the 

progression of PD pathology through the clearance of alpha-synuclein during sleep.

This review will discuss the clinical implications of the newly discovered glymphatic system 

and its relation to clock gene expression, alpha-synuclein accrual, and dopaminergic 

dysfunction in PD. We aim to establish a framework for understanding the mechanisms 

believed to underpin PD development by highlighting the relationship between 

neuropathological mechanisms and clinical presentation. We propose that glymphatic system 

disruption furthers the PD degenerative process via sleep-related dysfunction (e.g., RBD, 

disruption in clock gene expression). Understanding the role of sleep disturbances in the 

pathology of PD can provide significant implications for future research and clinical 

treatments.

2. Clinical and Neuropathological Profiles of Parkinson’s Disease

PD is characterized by a distinct cluster of clinical symptoms, including both motor and non-

motor impairments (Jankovic, 2008; Maetzler et al., 2009; Moustafa et al., 2016). Motor 

deficits primarily include bradykinesia, in combination with resting tremor, muscular 

rigidity, or postural instability (de Lau and Breteler, 2006; Jankovic, 2008; Siderowf and 

Stern, 2003), while non-motor symptoms commonly include cognitive dysfunction and sleep 

disturbances that can be present in all stages of the disease process. In fact, one 

observational cross-sectional study assessing the prevalence of non-motor symptoms in 545 

international patients with PD found that patients on average endorsed nine to twelve 

nonmotor symptoms, including cognitive dysfunction, depression, anxiety, sleep disorders, 

autonomic dysfunction, gastrointestinal problems, pain, and olfactory disturbances 

(Chaudhuri and Schapira, 2009; Martinez-Martin et al., 2007). Many of these non-motor 

symptoms manifest in early disease stages before the onset of hallmark motor symptoms 

(Aarsland et al., 2010; Janvin et al., 2003). Indeed, deterioration of the substantia nigra—the 

neural structure primarily implicated in the development of motor symptoms—does not 

occur until midway through the disease course (Braak et al., 2003; Hely et al., 2008, 2005).

Though the cardinal motor symptoms in PD are typified by dopaminergic loss within the 

nigrostriatal pathway, the depletion of dopamine within other pathways contributes to many 

of the comorbid symptoms that characterize PD (Gratwicke et al., 2015). One of the most 

common nonmotor symptoms in PD is RBD, a parasomnia characterized by a lack of muscle 

atonia that results in abnormal body movements during REM-sleep (Aygun et al., 2012; 

Barber and Dashtipour, 2012). Idiopathic RBD is considered a prodromal predictor of PD 

and other synucleinopathies (Iranzo et al., 2006), although increasing evidence implicates 

RBD as a part of the PD disease process (Boeve, 2013; Doppler et al., 2017; Iranzo et al., 

2006). In fact, the estimated risk of phenoconversion to a Lewy body disease—including PD

—after the diagnosis of idiopathic RBD increases with time, where 12% converted after 

three years, 20% after five years, 33% after seven years, and over 50% after ten years 

(Miyamoto and Miyamoto, 2018). Approximately 81% of individuals with idiopathic RBD 

will develop a synucleinopathic disease (i.e., dementia with Lewy bodies, PD, multiple 

system atrophy) within roughly 14 years (Schenck et al., 2013). Further, RBD appears to be 

exacerbated by dopaminergic dysfunction, particularly within the mesocortical and 

Sundaram et al. Page 3

Neurosci Biobehav Rev. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mesolimbic pathways (Fantini and Ferini-Strambi, 2007; Rye, 2004). Given that 

dopaminergic contributions promote alertness and wake-state activity (Isaac and Berridge, 

2003; Murillo-Rodríguez et al., 2009), it is perhaps unsurprising that converging evidence 

indicates that sleep dysfunction in PD results from the deterioration of dopaminergic 

neurons within similar pathways as RBD (Dauer and Przedborski, 2003; Dickson et al., 

2009; Grinberg et al., 2010; Jellinger, 2003; Kalaitzakis and Pearce, 2009; Thanvi et al., 

2003) and implicates co-occurring mechanisms in both syndromes (Kim et al., 2010).

While parasomnias and other sleep disturbances are generally common to neurodegenerative 

diseases (e.g., AD), RBD in particular appears to occur mainly in synucleinopathies (e.g., 

Lewy body disease, PD, and multiple system atrophy; Boeve et al., 2003). RBD can occur in 

tauopathic diseases, such as progressive supranuclear palsy, as well (Gagnon et al., 2006); 

however, the incidence is much lower among these disorders as compared to 

synucleinopathies (Compta et al., 2009; Gagnon et al., 2006), suggesting a specific 

contribution of alpha-synuclein accumulation in RBD. Furthering support for the 

relationship between alpha-synuclein pathology and RBD comes from a study by 

Kalaitzakis and colleagues (2013) examining neuroanatomical correlates of disturbed sleep 

in PD. Utilizing post-mortem brain tissue samples from PD patients, those with RBD or 

other sleep disturbances demonstrated increased alpha-synuclein burden in several 

brainstem, hypothalamic, and limbic structures as compared to those without sleep 

disturbances (Kalaitzakis et al., 2013). Indeed, RBD is associated with deterioration of lower 

brainstem nuclei, such as the pedunculopontine nucleus (Chaudhuri and Schapira, 2009), 

which projects to both the ventral tegmental area and the substantia nigra (Boeve et al., 

2007; French and Muthusamy, 2018) and subsequently influences dopaminergic projections 

that extend from both of these regions. Thus, deterioration of the pedunculopontine nucleus 

as part of the progression of PD would thereby exacerbate sleep dysfunction throughout the 

disease course.

Increasingly, the progression of alpha-synuclein pathology is also thought to be the primary 

source of cerebral dysfunction in PD (Ahlskog, 2007; Braak et al., 2003; Ferrer, 2011). 

Neural regions with high concentrations of dopaminergic projections—including the 

substantia nigra and, to a lesser extent, the ventral tegmental area—show increased 

vulnerability to alpha-synuclein accrual, suggesting characteristic dopaminergic pathway 

dysfunction in PD results from the accumulation of these protein inclusions (Alberico et al., 

2015; Fahn and Sulzer, 2004). To this end, a study of 27 post-mortem patients with 

synucleinopathic diseases found correlations between decreased dopamine levels in the 

striatum and increased alpha-synuclein burden in the substantia nigra (Kovacs et al.,2008), 

supporting the notion of alpha-synuclein toxicity to dopaminergic neurons. Interestingly, 

alpha-synuclein accumulates similarly within the context of healthy aging. Healthy aged 

individuals demonstrate up to 600% higher alpha-synuclein levels within the substantia nigra 

than younger adults (Chu and Kordower, 2007) and experience age-related declines of alpha-

synuclein in blood plasma levels (Koehler et al., 2015), bringing forth the question of PD as 

a manifestation of an accelerated aging process (Bobela et al., 2015; Reeve et al., 2014). 

However, differential processes between healthy aging and PD implicate that the alpha-

synuclein accrual and dopaminergic dysfunction are affected above and beyond what is 

expected of healthy aging. RBD serves as a prime example of this distinctive process, as 
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“idiopathic” RBD is now largely thought to represent a preclinical synucleinopathic disease 

(Boeve, 2013; Doppler et al., 2017; Iranzo et al., 2006). Despite age-related alpha-synuclein 

aggregation and subsequent deterioration of the substantia nigra, motor symptoms resulting 

from dopaminergic loss also appear to be confined to the pathological process of PD, with 

the onset of motor symptoms correlated with the percentage of dopaminergic loss. While 

conservative estimates suggest the occurrence of motor symptoms after a 50-70% loss of 

dopaminergic neurons (Cheng et al., 2010), other recent studies have demonstrated that 

motor symptoms can become apparent with dopaminergic neuronal loss as low as 29% 

(Greffard et al., 2006). Motor symptom severity is also associated with worsening sleep 

symptoms (Maetzler et al., 2009). These findings are especially relevant in the context of 

dopaminergic dysfunction and alpha-synuclein deposits occurring beyond the nigrostriatal 

system that defines classical PD motor symptoms and contributing to sleep-wake 

disturbances (Fantini and Ferini-Strambi, 2007).

Sleep disturbances and poorer sleep quality are also highly correlated with decreased 

cognitive performance in PD, particularly in predicting declines on tasks of attention and 

executive functioning (Stavitsky et al., 2012). The overlapping pathology between the 

development of cognitive impairments and RBD in PD implicates a common mechanism 

that likely results from advancing disease progression (Muslimović et al., 2009; Owen, 

2004; Verbaan et al., 2007; Wakamori et al., 2014), particularly dopaminergic reductions in 

corticostriatal projections (Albin et al., 1989) and greater Lewv body densities in frontal gyri 

associated with PD-specific cognitive decline (Mattila et al., 2000). The effects of reduced 

sleep quality additionally appear to be multiplicative on the neurodegenerative process in 

PD. For example, one study assessing cognitive functioning of PD patients with and without 

RBD found that only individuals with concomitant PD and RBD demonstrated significant 

cognitive impairment, suggesting RBD may be predictive of cognitive decline (Vendette et 

al., 2007). Beyond PD, sleep disturbances are implicated more broadly in development of 

other neurodegenerative disorders, such as AD (Bombois et al., 2010; Bonanni et al., 2005; 

Liguori et al., 2014; Lim et al., 2013; Osorio et al., 2015), highlighting a specific role for 

sleep in the maintenance of cognitive functioning.

3. Clock Gene Expression in Parkinson’s Disease

Central to understanding the process of sleep and sleep dysfunctions is the circadian 

expression of sleep-wake states. The suprachiasmatic nucleus of the anterior hypothalamus 

regulates rhythmic behaviors and physiological functions across the 24-hour day cycle, 

including sleep (Ono et al., 2018). At the core of these circadian patterns are clock genes, a 

series of genes whose expression is dependent upon the 24-hour day cycle (Hastings et al., 

2008; Kyriacou and Hastings, 2010). Several clock genes demonstrate altered expression in 

PD, including Bmal1 (Breen et al., 2014; Cai et al., 2010) and Bmal2, a functional paralog 

of Bmal1 (Ding et al., 2011; Shi et al., 2010). Irregular epigenetic regulation of the protein 

NPAS2, which indirectly influences the expression of Bmal1, has also been found (Lin et al., 

2012). Decreased Bmal1 expression reduces the production of the BMAL1 protein and 

causes alterations in the transcription and translation of Per and Cry genes, resulting in 

additional behavioral and circadian mechanistic interferences (Buhr and Takahashi, 2013; 

Bunger et al., 2000).
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Dopaminergic dysfunction appears to significantly contribute to circadian disruption, as 

dopaminergic transmission demonstrates circadian fluctuates. Clock genes are also most 

notably expressed in areas of the mesocortical and mesolimbic pathways (McClung, 2007), 

the same pathways implicated in the development of RBD (Fantini and Ferini-Strambi, 

2007; Rye, 2004). Altered timing of Bmal1 expression is influenced by dopamine, affecting 

the BMAL1:CLOCK protein heterodimer in patients with PD that regulates circadian-based 

processes (Cai et al., 2010). Further, CLOCK function in the ventral tegmental area plays a 

central role in regulating dopamine-modulated behavioral responses (Roybal et al., 2007) 

and exerts a modulatory effect on dopaminergic production (McClung et al., 2005). 

Evidence insinuates that the relationship between dopamine and clock genes works both 

ways, with clock genes modulating dopamine production (Albrecht, 2013; Chung et al., 

2014; McClung et al., 2005), and dopamine likewise influencing clock gene expression 

(Imbesi et al., 2009; Yujnovsky et al., 2006).

The considerable amount of interactions between the dopaminergic and circadian systems 

offers genuine evidence for a specific contribution of clock gene dysfunction to sleep 

disturbances that then perpetuate the development of PD. In support of this, Breen and 

colleagues (2014) expanded the current understanding of sleep disturbances and clock gene 

expression in PD using polysomnography studies and serum analysis to evaluate sleep 

quality and architecture, as well as peripheral clock gene expression, in patients with newly 

diagnosed PD. These patients experienced significant differences in sleep quality, including 

reduced REM sleep, compared to controls, which coincides with previous research on sleep 

in PD. However, the authors’ hallmark finding was the alteration in Bmal1 expression in this 

cohort compared to the pattern demonstrated by controls. Whereas controls experienced 

fluctuations in expression dependent on the time of day, Bmal1 expression in PD patients 

was relatively consistent across time. In a separate study, Bmal1 expression was also 

associated with PD symptom severity, as measured by the Unified Parkinson’s Disease 

Rating Scale (Cai et al., 2010). These results highlight the potential contribution of clock 

gene expression in relation to PD-specific sleep problems. Further, altered clock gene 

expression in PD can disturb the 24-hour day cycle with consequences to nighttime sleep, 

thus compromising glymphatic system functioning and thereby perpetuating disease 

progression.

Whether alpha-synuclein neurotoxicity additionally contributes to clock gene dysregulation 

in PD is still a matter of speculation. Insights into the role of alpha-synuclein and its 

relationship to circadian timing in general, however, offer initially compelling evidence in 

support of a contribution to PD pathology. Broadly, the peripheral role that alpha-synuclein 

plays in autophagic processes responsible for clearing cellular waste, including protein 

aggregates, that are also under circadian control (Bobela et al.,2015; Hastings and Goedert, 

2013; Panda et al., 2002; Winslow et al., 2010) implicates one avenue by which alpha-

synuclein is modulated by clock gene functioning. More directly, the expression of non-

pathological alpha-synuclein and synuclein-related proteins demonstrates a rhythmic pattern 

following the circadian cycle (Hastings and Goedert, 2013). Correspondingly, animal studies 

suggest a strong relationship between pathological alpha-synuclein accumulation and 

circadian disruptions. In support of this, one study explored the influence of mice expressing 

human alpha-synuclein on the circadian system and found overexpression of this alpha-
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synuclein reduced excitability of mouse suprachiasmatic nucleus neurons during daytime 

(Kudo et al., 2011). Furthermore, in an electroencephalogram (EEG)-based study, mice 

overexpressing human alpha-synuclein experienced more non-REM sleep, less REM sleep 

during quiescent periods, and a shift in EEG power spectra towards lower frequencies and 

decreased gamma power (McDowell et al., 2014)—all alterations that resemble the clinical 

presentation of humans with PD. While there is a dearth of human research examining 

associations between circadian disruptions and alpha-synuclein pathology, one pilot study 

discovered more frequent methylation changes on Per and Cry genes in individuals with 

dementia with Lewy bodies (Liu et al., 2008), offering a potential mechanism for clock gene 

disruption in the context of pathological alpha-synuclein accrual. Given the common 

processes underlying Lewy body diseases, which includes PD, PD with dementia, and 

dementia with Lewy bodies, this study offers encouraging results thus far for human PD 

research.

The relationship between circadian-mediated non-pathological alpha-synuclein expression 

and cellular autophagic processes highlights a specific role for alpha-synuclein in the aging 

process. Indeed, as discussed above, healthy aging is also hallmarked by alpha-synuclein-

related dopaminergic deterioration that may underlie age-related alterations in sleep 

(Crowley, 2011), Nevertheless, sleep disorders (e.g., RBD) appear to be predominately 

restricted to disease processes (Bombois et al., 2010) and suggest supplementary influences 

in the development of RBD and other sleep dysfunctions beyond age-related declines. 

Currently, the role of alpha-synuclein accumulation in circadian disruption and the initial 

development of sleep disturbances, both in healthy aging and neurodegenerative disease, is 

not well characterized and emphasizes the need for future examinations in these domains.

4. Glymphatic System and Neural Protective Functioning

Sleep is an integral facet for multiple protective brain functions, especially waste clearance. 

Recent evidence highlights the glymphatic system in particular as the primary source for 

clearing toxins from the brain via cerebrospinal fluid (CSF), an essential mechanism in 

restoring brain function in healthy individuals (Iliff et al., 2012). As interstitial space 

expands during sleep, the flow of both CSF and interstitial fluid (ISF) through the brain 

parenchyma clears the brain of naturally accumulating waste by flushing toxins and other 

gross particles (Iliff et al., 2012; Mendelsohn and Larrick, 2013).

The process of glymphatic system functioning during sleep is marked by doubling of the 

CSF clearance rate, alongside a 60% increase in the interstitial space in the brain during 

non-wake states as compared to wake states (Jessen et al., 2015; Xie et al., 2013). 

Interestingly, increased efficiency of the glymphatic system has not only been demonstrated 

in natural sleep but also during other sleep-like states (Xie et al., 2013). For example, EEG 

brain activity during general anesthesia appears markedly similar to activity patterns that 

occur across stages of both non-REM (Brown et al., 2010) and REM (Leslie et al., 2009) 

sleep. As a cautionary note, drug-induced sleep may not represent the same functional state 

as natural sleep despite similarities in some EEG states (Murphy et al., 2011). Nevertheless, 

based on these and other animal studies that reported enhanced glymphatic system activity 

during anesthesia (e.g., Benveniste et al., 2017; Gakuba et al., 2018; Ratner et al., 2017; von 
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Holstein-Rathlou et al., 2018; but see Gakuba et al., 2018), it is currently postulated that 

glymphatic operation is mediated by sleep-like brain activity more so than the act of sleep 

itself. This further implies that sleep factors, such as clock gene expression, do not directly 

impact glymphatic function but instead alter the amount of natural opportunities for 

glymphatic operation. Consequently, factors that cause disturbances in sleep architecture, 

such as those observed in sleep-wake disorders (e.g., RBD), may further promote 

glymphatic disruption.

Perivascular pathways, which are essential to the circulatory exchange of CSF and ISF, 

acutely affect flow and waste clearance of extracellular fluid in CSF volume transmission—a 

communication process for extracellular transmission of chemical signals (e.g., 

neurotransmitters) to achieve flow and interaction within the CNS (Agnati et al., 2005). 

Perivascular pathways are, in part, arbitrated by astrocytic endfeet expression in aquaporin-4 

(AQP4) channels that promote transmission of CSF flow out of the perivascular space and 

into the interstitial space (Iliff et al., 2012; Nedergaard, 2013; Tarasoff-Conway et al., 2015). 

There is some evidence that AQP4 channels imperatively help fluid to propagate a 

convective CSF-ISF flow. Arterial pulsations are primarily responsible for circulating this 

flow, allowing CSF to channel out of the perivascular spaces and connect with ISF to carry 

out accumulated waste products as it moves through the brain parenchyma (Iliff et al., 2013, 

2012; Mestre et al., 2018). However, AQP4 has also been found to be independent of 

glymphatic function (Smith et al., 2017). These discrepant findings may be a result of 

varying experimental designs diversely affecting solute transport (Brinker et al., 2014; 

Hladky and Barrand, 2014; Slynko and Nekhlopochin, 2018), Hence, further empirical 

analyses targeting the role of AQP4 in the glymphatic hypothesis, particularly in relation to 

differences between animal and human brain parenchyma, are warranted.

Notably, protein accruals such as amyloid-beta and tau aggregates are found within this 

interstitial space of the brain, accumulating in extracellular spaces (Clavaguera et al., 2009; 

Gómez-Ramos et al., 2006; Mendelsohn and Larrick, 2013; Meyer-Luehmann et al., 2003; 

Yamada et al., 2011). Though alpha-synuclein conformation change and accumulation were 

traditionally thought to occur in the neuron itself, recent evidence supports that alpha-

synuclein is excreted into extracellular spaces (Emmanouilidou et al., 2011) and may even 

be responsible for the transfer of alpha-synuclein aggregates between neurons (Hansen et al., 

2011). Thus, the neuropathological underpinnings of CSF-ISF flow in the pathogenesis of 

neurodegenerative disease processes (Mendelsohn and Larrick, 2013) is of high interest, 

given the accumulation of proteinaceous waste and pervasive metabolic fluctuations inherent 

to degenerative pathology.

Current research has utilized animal models to explore these pathological associations, 

particularly within the context of AD and the glymphatic system. AD is characterized by the 

accumulation of amyloid-beta protein and neurofibrillary tau tangles (Goedert et al., 2006; 

Irwin et al., 2013), both of which are associated with sleep disturbances (Cedernaes et al., 

2016; Ju et al., 2014; Peter-Derex et al., 2015). Patients with AD not only exhibit diminished 

total sleep time, but also experience loss of day-night variation and decreased periods of 

REM sleep compared with age-matched controls (Musiek et al., 2015), similar to the 

alterations in sleep architecture observed within synucleinopathies. Interestingly, a recent 
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study exploring glymphatic system clearance in mouse models of AD found that not only 

was glymphatic system transport suppressed within this disease, but suppression occurred 

prior to the extensive accumulation of amyloid-beta (Peng et al., 2016). Thus, while failure 

of the glymphatic system to clear amyloid-beta may exacerbate the pathological progression 

of AD (Kyrtsos and Baras, 2015; Tarasoff-Conway et al., 2015; Yulug et al., 2017), systemic 

dysfunction could also be an early biomarker of disease pathology.

While the connection between amyloid-beta accumulation and disruption of the foundational 

CSF-ISF dynamic implicates one mechanism of glymphatic system dysfunction (Jessen et 

al., 2015; Tarasoff-Conway et al., 2015), AQP4 channels that mediate glymphatic system 

flow (Iliff et al., 2012) appear to be an additional key mechanism in this process. Astrocytes 

and microglia produce proteases that aid in amyloid-beta degradation (Ries and Sastre, 

2016), with damaged glial cells reducing glymphatic clearance and potentiating amyloid-

beta burden. One recent study found that AQP4 depletion resulted in impaired clearance of 

amyloid-beta in AD mouse models and led to increased protein levels, despite consistent 

amyloid-beta expression (Xu et al., 2015). Just as amyloid-beta aggregations are linked to 

sleep-wake disturbances and glymphatic system dysfunction in AD, we argue that similar 

processes occur in PD.

In PD, the impact of dopaminergic deterioration may be crucial in the disruption of sleep 

and CSF-ISF flow in the glymphatic system, given the significant involvement of 

dopaminergic contributions to both the disease and waste clearance system (Gratwicke et al., 

2015; Jennings and Rusakov, 2016). AQP4 deficiency is a key factor in proliferating the 

sensitivity of dopaminergic neurons in PD mouse models administered 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP; Fan et al., 2008), a prodrug that induces 

simulated PD-related dopaminergic deterioration to the substantia nigra (Blesa and 

Przedborski, 2014). While AQP4 mediates CSF flow, dopamine and noradrenaline receptors 

appear to modulate the influx and outflow of ISF flow, which escalates volume transmission 

signaling (Fuxe et al., 2014). Dopamine and noradrenaline increases occur primarily during 

wake states (España et al., 2016; Isaac and Berridge, 2003; Murillo-Rodríguez et al., 2009), 

as does amplified extrasynaptic activity in both dopamine (via D1 and D2 receptors) and 

catecholamine volume transmission signaling (Fuxe et al., 2015). Dopamine volume 

transmission has specifically been linked to dopaminergic D1 and D2 receptors on glial cells 

(Fuxe et al., 2015; Jennings and Rusakov, 2016) and decreased catecholamine volume 

transmission signaling is also associated with greater interstitial volume resulting from 

natural sleep (Xie et al., 2013). Furthermore, dopamine has been shown to reduce the 

proliferation of striatal glial cells, as well as the expression of AQP4 within these cells 

(Küppers et al., 2008). Additionally. AQP4 deficiency has been associated with aggravated 

dopaminergic degeneration and, in particular, enhanced susceptibility to insult of the 

dopaminergic neurons between the substantia nigra and ventral tegmental area (Zhang et al., 

2016), Therefore, as dopaminergic neurons appear to modulate AQP4 function and AQP4 

deficiency can exacerbate dopaminergic neuronal loss, the amalgamation of both processes 

may be impairing glymphatic system functioning and subsequently result in suboptimal 

clearance of alpha-synuclein.
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It is important to note that while ineffective glymphatic system functioning in 

neurodegenerative diseases is linked to both dopaminergic dysfunction and protein 

accumulations, the directionality and degree to which these neuropathological dysfunctions 

occur and are affected within the glymphatic system remains unclear. Accordingly, the 

development and application of tools uncovering glymphatic system biomarkers would be of 

high clinical value. Glymphatic system biomarkers could allow for an early diagnosis of PD 

and inform treatment strategies by implementing sleep and glymphatic system-enhancing 

treatments to slow disease progression and provide interventions early in the course of the 

disease.

5. Methods for Examining Glymphatic System Functioning

In support of pathological links between CSF and PD pathology to measure glymphatic 

system functioning, one immunoassay study found a 13% decrease of alpha-synuclein in 

CSF in PD patients compared to healthy controls (Van Dijk et al., 2014). CSF alpha-

synuclein levels alone demonstrate only 71% sensitivity and 53% specificity as a biomarker 

for PD, although positive predictive value for a diagnosis of any synucleinopathy was 

approximately 91% (Mollenhauer et al., 2011). Recent evidence also supports lower CSF 

alpha-synuclein concentrations in PD as compared to AD patients, but similar concentrations 

among Lewy body diseases, indicating a relationship between glymphatic system 

functioning and alpha-synuclein pathology overall rather than providing an indicator of PD-

specific processes (Gao et al., 2015). Given the substantial overlap between 

synucleinopathies and low statistical utility of CSF biomarkers for PD expressly, 

examinations utilizing CSF alpha-synuclein levels in relation to sleep and glymphatic system 

activation as biomarkers for PD progression are warranted.

Further research into examining the CSF-ISF dynamics that underpin solute clearance 

mechanisms in the human brain is challenged by the limitations of current methods for 

successfully measuring glymphatic operation. Much of our understanding of how the 

glymphatic system operates—along with recent exploratory methods by which to measure it

—is derived from animal models, which have thus far offered valuable experimental insight. 

Although emphasis for future studies should be placed on transitioning from animal to 

human models to explore more reliable and valid measurements of glymphatic functioning, 

current animal studies offer some insight how these methods may be applied.

One initial technique using in vivo 2-photon microscopy and ex vivo fluorescence imaging 

of intracisternally-infused fluorescent CSF tracers in anesthetized mice evidenced the 

transport of tagged amyloid-beta peptides through perivascular pathways (Iliff et al., 2012). 

Interestingly, the AQP4-deficient mice demonstrated slowed CSF influx and a 70% 

reduction in interstitial solute clearance, with suppressed clearance of amyloid-beta. While 

promising, associated complications between fluorescent-based imaging and intracisternal 

administration of infusions (i.e., directly to the CSF) in humans (Keane, 1973) may prevent 

the clinical application of this approach. In contrast, a follow-up study by Iliff et al. (2013) 

utilized contrast-enhanced magnetic resonance imaging (MRI) to successfully visualize 

brain-wide subarachnoid CSF-ISF exchange in rat brains from intrathecal paramagnetic 

contrast agent administration (i.e., into the subarachnoid space to reach CSF). These results 
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evidence a more simplified method of analyzing similar functions in the human brain 

without the difficulties resulting from intracisternal administration. Likewise, time-

sequenced ex vivo fluorescence imaging using lumbar intrathecal administrations of CSF 

tracers demonstrated similar glymphatic pathway functions to intracisternal methods in rat 

brains, suggesting a promising approach in humans with neurodegenerative diseases (Yang 

et al., 2013). Interestingly, the presence of glymphatic function was also found when 

applying this approach to the human brain for the first time, highlighting the potential for 

intrathecal gadolinium contrast medium to study CSF-ISF flow in humans (Eide and 

Ringstad, 2015). Furthermore, perivascular spaces in healthy subjects show increased 

sensitivity to heavily T2-weighted 3D-FLAIR images obtained approximately four hours 

after using a gadolinium-based contrast agent, particularly within the basal ganglia 

(Naganawa et al., 2017).

While current evidence supports a mechanistic understanding of utilizing in vivo and ex vivo 

imaging to measure glymphatic functioning, the risks, reliability, and feasibility of utilizing 

these measures in a clinical setting should be further evaluated. Despite several limitations, 

advances in MRI sequences and modern image analysis algorithms that account for motion 

artifacts have been successfully applied in the clinical setting, e.g., for differential diagnostic 

purposes in PD (for a review, see Heim et al., 2017). Thus, future studies utilizing less 

invasive MRI techniques to explore neuropathological correlates of neurodegenerative 

diseases in the human glymphatic system are warranted, and we refer to other neuroimaging 

methods, such as diffusion tensor imaging (DTI), that offer promising outcomes. In 

particular, non-invasive techniques would allow testing of glymphatic function in the human 

brain and, in turn, its role in pathology. Accordingly, Komlosh and colleagues (2018) 

recently introduced a novel human MRI flow phantom, which combines regions that mimic 

CSF-filled ventricles and brain interstitial space. Their data indicate that under certain flow 

conditions high- and low-q space diffusion MRI and DTI acquisitions can be used to map 

interstitial glymphatic flows.

Similar diagnostic techniques in the form of MRI biomarkers, including CSF/free-water 

(FW) volume fraction or water diffusivity within the parenchyma, offer promising results for 

exploring human glymphatic system functioning. For example, Thomas et al. (2018) studied 

human glymphatic function using a dual compartment tensor model and found diurnal 

fluctuations in water diffusion were due to an increase in the volume fraction of CSF-like 

FW. With the intent of applying these techniques to humans with neurodegenerative 

conditions, Taoka and colleagues (2017) used DTI analysis along the perivascular space in 

human cases of AD. They found that lower diffusivity within the perivascular space 

suggestive of decreased glymphatic system functioning was associated with lower Mini-

Mental Status Exam scores. Another MR neuroimaging method using FW compensated DTI 

in combination with functional MRI (fMRI) found preliminary evidence for an association 

between lower FW fraction and decreased nighttime sleep in PD patients, which was 

subsequently correlated with frontal hypoactivation during procedural memory task 

performance (Müller-Oehring et al., 2018). Taken together, novel advances in noninvasive 

MR neuroimaging methods examining the circadian fluctuation of water diffusion in the 

brain may supplement standard MRI techniques to mechanistically elucidate the impact of 

the role of the human glymphatic system on PD pathology.
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While MRI-DTI techniques have shown potential in evaluating glymphatic function, one 

primary limitation of these methods is the possible contributions of other pulsation 

mechanisms (Purdon and Weisskoff, 1998) interfering with the arterial pulsation that propels 

CSF-ISF flow (Iliff et al., 2013). These added pulsations can subsequently induce motion in 

both structural (Poncelet et al., 1992) and functional (Beall and Lowe, 2014) neuroimaging 

and require difficult methodological corrections. One recent study monitored physiological 

pulsations in brain tissue using a novel multimodal ultra-fast magnetic resonance 

encephalography (MREG) technology to minimize aliasing and spin-history artifacts that 

may confound CSF-ISF flow determinations (Kiviniemi et al., 2016). The researchers found 

that non-invasive MREG brain scans have increased statistical power to examine CSF-ISF 

flow dynamics of glymphatic system activity in humans by distinctly separating cardiac, 

respiratory, and vasomotor pulsation patterns that co-exist within the glymphatic system, 

offering further promising avenues for the development of non-invasive MRI methods (and 

image preprocessing algorithms that correct for cardiac, respiratory, and vasomotor pulsation 

image artifacts similar to those used in functional MRI analyses), such as this to examine 

glymphatic functioning.

6. Conclusion and Future Directions

Sleep promotes neuroprotection in healthy individuals. A fundamental physiological process 

during sleep is the activation of the glymphatic system, which promotes the clearance of 

accumulated toxic metabolites during sleep through the flow of ISF and CSF (Iliff et al., 

2012) that can otherwise trigger irreversible neuronal injury (Xie et al., 2013).

Waste clearance systems that protect against toxic protein buildup appear to be disrupted in 

neuropathological diseases with altered sleep structure and dysregulated clock gene 

expressions, such as PD. This raises the question of whether, and to what degree, waste 

clearance systems are mechanistically altered due to sleep disturbances in neurodegenerative 

diseases. Thus, the co-occurrence of sleep disturbances, hallmark pathogenic alpha-

synuclein aggregates, and dopaminergic dysfunction in PD may be linked through 

glymphatic system dysfunction. Recent research provides compelling evidence that amyloid-

beta inclusions are removed via the glymphatic system (Tarasoff-Conway et al., 2015). 

These studies provide promising insight into the question of whether alpha-synuclein 

deposits, which are found in the same interstitial space of the brain as amyloid-beta, are 

similarly removed by the CSF during sleep to protect the brain from neurodegenerative 

decline. They also highlight the importance of understanding the role of glymphatic system 

dysfunction in PD, as sleep disturbances often precede motor symptoms that traditionally 

warrant the diagnosis of PD and are increasingly experienced throughout disease 

progression.

To our knowledge, research has not yet examined the degree to which the glymphatic system 

plays a role in counteracting the neurotoxic effects of PD pathology. Prior examinations of 

glymphatic system functioning and sleep have primarily utilized animal models (Iliff et al., 

2013), with animal studies examining glymphatic system functioning in AD offering 

promising insights. In particular, recent developments in non-invasive specific diffusion-

weighted MRI sequences assessing perivascular fluid movement could enable a more 
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detailed understanding of glymphatic function in the human brain (e.g., Komlosh et al., 

2018). The circadian clock likely plays a vital role in this context, given the general purpose 

of clock genes in managing and coordinating daily cycles in most, if not all, physiological 

and biochemical processes across the organism (Albrecht and Ripperger, 2018). Disruption 

of these mechanisms can lead to sleep disturbances and perpetuate protein accumulation, 

which subsequently initiates the development of neurodegenerative disorders (e.g., amyloid-

beta accumulation in AD, alpha-synuclein in PD; Verheggen et al., 2018).

In human studies, recent advances in noninvasive brain imaging methods may provide 

alternative means for accurately testing neural network function in relation to disease 

progression and protective factors of sleep, including identification of discrete in vivo 

imaging biomarkers of glymphatic system function. Current research utilizing DTI offers 

promising results as a way to measure both general and disease-specific human glymphatic 

function (Komlosh et al., 2018; Müller-Oehring, et al., 2018; Taoka et al., 2017; Thomas et 

al., 2018). Novel non-invasive neuroimaging avenues for glymphatic system research in 

humans would also benefit from adopting clinical measurements. For example, overnight 

polysomnography of sleep quality and REM and non-REM sleep disturbances could be 

employed together with measures of glymphatic system flow and related to neurofunctional 

abnormalities and disease progression. Recent evidence in animal models demonstrates that 

glymphatic flow in mice positively correlated with slow-wave sleep and lower heart rate 

(Hablitz et al., 2019). Coupled with recent findings that interruption of slow-wave sleep in 

humans is associated with profound increases in CSF beta-amyloid levels (Ju et al., 2017), 

one promising direction for future research may explore whether interventions focused on 

increasing slow delta wave stages have a protective effect on people at risk for 

synucleinopathy-related diseases. Furthermore, since dopaminergic function is intricately 

coupled with the circadian system, characterization of circadian system changes over the 

course of PD alongside imaging biomarkers of glymphatic operation may provide a new 

avenue for understanding the role of sleep in counteracting neurocognitive decline and 

slowing progression of symptoms in PD (Videnovic and Golombek, 2017).

Successful identification of biomarkers could be utilized towards improving clinical 

diagnostic techniques, monitoring disease progression, and providing tools for treatment 

response in neurodegenerative diseases. Likewise, interventions targeting sleep disturbances 

may also improve the efficiency of the glymphatic function and intrinsic neuroprotective 

functions in degenerative conditions. The combined properties of glymphatic system 

activity, clock genes, and sleep for neuroprotection could provide the basis for developing 

holistic clinical rehabilitation techniques that are conducive to the management of 

concurrent sleep disturbances, and age-related changes in PD disease pathology.
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Highlights:

• During sleep, glymphatic system (GS) activation clears toxins from the brain

• Striatal dopamine modulates clock gene expression and sleep-wake rhythm

• Dopaminergic dysfunction and alpha-synuclein aggregations characterize PD

• Disrupted sleep in PD may decrease metabolic clearance with alpha-synuclein 

buildup

• Non-invasive neuroimaging of the GS may improve diagnostic and 

interventional tools
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Figure 1. Neuroprotective mechanisms of sleep.
Midbrain dopamine neurons innervate corticolimbic and nigrostriatal systems involved in 

the control of sleep and wake states, including the SCN (circadian rhythm) (Monti and 

Monti, 2007) and striatal clock gene expression (Verwey et al., 2016) that promote healthy 

sleep. During sleep, glymphatic system activity is characterized by a 60% increase in the 

interstitial space and CSF flow (Jessen et al., 2015; Xie et al., 2013), and clearance of alpha-

synuclein, along with other protein accumulations, from the brain (Iliff et al., 2012). Non-

invasive free-water diffusion tensor imaging (FW-DTI) can be utilized in human subjects to 
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detect the percent of free water in the tissue during sleep and wake states (Thomas et al., 

2018).
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Figure 2. Proposed model of prodromal factors in the development of Parkinson’s disease.
A pathological model for understanding the neurodegenerative progression of PD has been 

proposed by Braak and colleagues (2003, 2004) based on post-mortem analysis of brain 

tissue samples. Briefly, stages 1 and 2 of their model are characterized by the early 

development of alpha-synuclein rich Lewy bodies within lower brainstem regions and the 

olfactory bulb and represent a “preclinical” phase of the disease. Stages 3 and 4 mark the 

onset of clinical symptoms in PD due to spreading pathology to several key mid- and 

forebrain regions largely implicated in PD. including the substantia nigra (SN) and 
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pedunculopontine nucleus (PPN), among others. Stages 5 and 6 are thought to represent the 

end stages of disease progression as Lewy bodies spread diffusely up through the cortex. We 

thus propose that the clinical and other biological manifestations of PD occur within the 

context of the Braak staging model. (1) As noted, alpha-synuclein accrual in prodromal PD 

occurs in dopaminergic-rich brainstem regions including the SN and PPN, the latter of 

which projects to both the ventral tegmental area (VTA) and the SN (Braak et al., 2003; 

French and Muthusamy, 2018). (2) Deterioration of the VTA leads to the disruption of 

mesolimbic and mesocortical dopaminergic pathways (Le Moal and Simon, 1991; Westerink 

and Kwint, 1996), which in turn (3) alter circadian functioning (McClung, 2007) and (4) 

promote disturbances in sleep through REM-sleep behavior disorder (RBD; Chaudhuri and 

Schapira, 2009; Fantini and Ferini-Strambi, 2007; Kalaitzakis et al., 2013; Rye, 2004). (5) 

Altered clock gene expression is highly implicated in the development of several forms of 

sleep disturbances, including RBD (Turek et al., 2001). (6) Concurrent deterioration of the 

SN leads to disruption of the nigrostriatal pathway via dopaminergic depletion, and (7) is 

implicated in RBD (Kim et al., 2010). (8) Altered clock gene expression decreases dopamine 

production (Albrecht, 2013), and reduced dopamine levels in turn blunt daily rhythms in 

clock gene expression (Cai et al., 2010). (9) We propose that disrupted sleep via RBD that is 

perpetuated by dysregulated clock gene expression, (10) along with dopaminergic 

dysfunction that promote effective waste clearance (Gratwicke et al., 2015; Jennings and 

Rusakov, 2016), reduces opportunities for glymphatic system functioning and (11) 

contributes to alpha-synuclein buildup in perivascular pathways, thereby exacerbating 

neurodegeneration and emerging disease symptoms (Musiek and Holtzman, 2016). 

Continued mechanistic disturbances in dopaminergic pathways, sleep, and glymphatic 

clearance of alpha-synuclein over time perpetuate the course of PD development, (12) 

leading to later clinical signs of PD, such as cognitive decline.
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