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Abstract  

Sleep is essential for maintaining brain health and supporting many physiological processes, 

including memory consolidation and metabolic regulation. Recent research has highlighted the 

importance of the glymphatic system, a brain-wide clearance pathway responsible for removing 

metabolic waste from neural tissue. This system allows cerebrospinal fluid (CSF) to circulate through 

perivascular spaces and exchange with interstitial fluid, helping eliminate toxic substances such as β-

amyloid and tau proteins. Evidence suggests that glymphatic activity is significantly enhanced during 

sleep, particularly during slow-wave sleep, when the exchange between CSF and interstitial fluid 

increases and waste removal becomes more efficient. Sleep deprivation, however, disrupts these 

processes. Reduced sleep has been associated with decreased CSF flow, impaired waste clearance, 

and increased accumulation of neurotoxic proteins. Experimental studies in animals and clinical 

studies in humans demonstrate that both acute and chronic sleep deprivation can negatively affect 

glymphatic function and may contribute to the development of neurodegenerative diseases such as 
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Alzheimer’s disease. This review examines the structure and function of the glymphatic system, the 

role of sleep in regulating brain waste clearance, and the mechanisms through which sleep deprivation 

impairs these processes. It also discusses current experimental evidence and potential therapeutic 

strategies aimed at improving sleep and protecting brain health. 
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Introduction  

Sleep is a fundamental biological process that plays a critical role in maintaining physical and 

cognitive health. It supports memory consolidation, metabolic regulation, immune function, and 

overall brain homeostasis. During sleep—especially slow-wave sleep—the brain undergoes 

restorative processes that cannot occur efficiently during wakefulness, and insufficient sleep is 

associated with cognitive impairment and higher long-term health risks. [10] 

A major breakthrough in understanding brain maintenance mechanisms came with the discovery of 

the glymphatic system, a brain-wide network responsible for clearing metabolic waste. Unlike other 

organs, the brain lacks a conventional lymphatic system and instead relies on CSF circulation and 

perivascular pathways to remove waste through venous and lymphatic routes. [6][7] 

Efficient brain waste clearance is crucial for neurological health. Metabolic byproducts such as β-

amyloid and tau proteins are continuously produced during normal neuronal activity, and their 

accumulation is strongly linked with neurodegenerative processes, especially Alzheimer’s disease. 

Therefore, maintaining effective clearance pathways is essential for preserving brain function. [8] 

Recent research has established a strong link between sleep and glymphatic function. During sleep, 

particularly slow-wave sleep, the efficiency of CSF–interstitial fluid exchange increases, enhancing 

waste removal; in contrast, wakefulness is associated with reduced glymphatic activity, indicating 

that sleep provides an optimal physiological state for brain “cleaning.” [10][5] 

However, sleep deprivation has become increasingly common due to prolonged screen exposure, 

academic/occupational demands, and irregular sleep schedules. This trend is concerning because even 

a single night of sleep loss has been shown to impair clearance-related markers and increase β-

amyloid accumulation in the human brain. [9] 

The aim of this paper is to review the effects of sleep deprivation on the glymphatic system and 

analyze the underlying causative agents and mechanisms. The paper first describes the anatomy and 

physiology of the glymphatic system, then explains sleep-dependent regulation, explores the effects 

of sleep deprivation, reviews mechanistic pathways, summarizes experimental and clinical evidence, 

and discusses neurological implications and therapeutic strategies. [8][5] 

 

Anatomy and Physiology of the Glymphatic System 

The glymphatic system is a brain-wide perivascular transport network that enables cerebrospinal fluid 

(CSF) to circulate through brain tissue and supports the clearance of metabolic waste. It follows a 
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structured pathway: CSF enters along peri-arterial spaces, exchanges with interstitial fluid (ISF) 

within the parenchyma, and exits through peri-venous pathways toward systemic drainage. [6] 

 

 
Figure 1. Lohela, T. J., Lilius, T. O., & Nedergaard, M. (2022). The glymphatic system: 

implications for drugs for central nervous system diseases. Nature Reviews Drug Discovery, 

21(10), 763–779. https://doi.org/10.1038/s41573-022-00500-9 

 

The process begins with CSF influx along arteries, largely influenced by vascular pulsatility and 

pressure gradients. Once CSF reaches the brain parenchyma, it mixes with ISF and collects solutes 

from interstitial spaces. The fluid then moves toward peri-venous routes and drains through 

meningeal lymphatic vessels and cervical lymph nodes, completing the clearance pathway. [8] 

Astrocytes play a central role in this system. Their endfeet surround cerebral blood vessels and form 

a critical interface between vascular structures and brain tissue, regulating fluid exchange and 

maintaining the integrity of perivascular spaces. Efficient glymphatic transport depends strongly on 

astrocyte function. [7] 

Aquaporin-4 (AQP4) water channels are highly expressed in astrocytic endfeet and facilitate the 

movement of water between CSF and ISF compartments. These channels enable rapid CSF–ISF 

exchange and significantly contribute to solute transport and waste removal, meaning that 

dysfunction or altered localization of AQP4 can disrupt clearance efficiency. [6] 

Importantly, not only AQP4 expression but also AQP4 polarization—its localization at perivascular 

endfeet—appears essential for optimal glymphatic function. Loss of polarization has been associated 

with impaired clearance and is often discussed in relation to aging and neurological disorders. [5] 

Perivascular spaces (Virchow–Robin spaces) are fluid-filled channels surrounding cerebral vessels 

and serve as key conduits for CSF inflow and outflow. They provide the structural pathways 

supporting glymphatic transport, connecting arterial inflow routes to venous drainage routes. [8] 

The size and integrity of these spaces are important for maintaining efficient fluid dynamics. 

Structural changes such as enlargement or obstruction can impair glymphatic circulation and are often 
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observed in aging and disease contexts, suggesting a link between perivascular health and clearance 

capacity. [8] 

 

Functions of the Glymphatic System 

One of the primary functions of the glymphatic system is metabolic waste removal. It contributes to 

the clearance of neurotoxic proteins such as β-amyloid and tau, which are continuously produced 

during neuronal activity. Efficient clearance prevents their accumulation and aggregation, key 

pathological features in neurodegenerative disease. [6][10] 

In addition to waste clearance, the glymphatic system supports fluid balance and homeostasis in the 

brain. By regulating CSF–ISF exchange, it helps maintain ionic composition, distributes nutrients and 

signaling molecules, and stabilizes the neural environment needed for normal neuronal function. [1] 

 

Sleep and Glymphatic Activity 

Sleep plays a critical role in regulating glymphatic function. Under healthy conditions, glymphatic 

activity increases during sleep compared to wakefulness, supporting the view that sleep is an essential 

phase for brain maintenance and metabolic waste removal. [10] 

A key mechanism for this sleep-related enhancement is the expansion of interstitial space during 

sleep, which reduces resistance to fluid movement and allows CSF to circulate more effectively 

through brain tissue. This increased CSF–ISF exchange improves removal of metabolites such as β-

amyloid. [10] 

Neurochemical regulation also contributes. Norepinephrine, which is high during wakefulness, 

decreases during sleep. This reduction is associated with a more permissive environment for fluid 

movement by lowering cellular and extracellular resistance, thereby supporting glymphatic transport. 

[5] 

Slow-wave sleep (deep NREM sleep) appears particularly important. During this stage, neuronal 

activity becomes synchronized into slow oscillations, which are linked to changes in cerebral blood 

flow and CSF movement, producing physiological conditions that favor waste clearance. [10] 

CSF dynamics change strongly during sleep. Human neuroimaging demonstrates that CSF inflow 

increases during sleep and becomes synchronized with neural and hemodynamic oscillations, 

especially at low frequencies (~0.05 Hz), suggesting a coordinated “pumping” mechanism that 

supports fluid transport. [4] 

Overall, sleep represents the optimal physiological state for glymphatic function: brain activity shifts 

away from intensive information processing and toward fluid transport, metabolic maintenance, and 

waste clearance. [5][10] 

 

Effects of Sleep Deprivation 

Sleep deprivation negatively impacts glymphatic function by disrupting the physiological processes 

necessary for efficient CSF flow. Without sleep, coordinated neurovascular dynamics are reduced, 

which decreases CSF influx and weakens CSF–ISF exchange. Animal tracer studies support that even 

short sleep loss reduces tracer movement along perivascular pathways and suppresses glymphatic 

transport. [6][10] 
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As a consequence, sleep deprivation impairs waste clearance and causes prolonged retention of 

solutes in the brain. Human intrathecal tracer imaging demonstrates that even one night of total sleep 

deprivation can slow clearance from brain tissue, and this effect may persist beyond an immediate 

recovery period. [2] 

 
Figure 2. The correlation between the amount of beta-amyloid and the amout of sleep. 

 

One major outcome of impaired clearance is the accumulation of toxic proteins such as β-amyloid 

and tau. These proteins are produced during neuronal activity and normally cleared during sleep; 

sleep deprivation increases their retention, adding to neurotoxic burden and increasing disease risk 

over time. [9][8] 

Sleep deprivation also triggers broader changes in brain physiology that worsen glymphatic 

impairment. These include reduced slow vasomotion (which contributes to driving fluid movement), 

elevated norepinephrine (which increases resistance to fluid flow), and inflammatory responses that 

disrupt astrocyte function and the neurovascular unit, including AQP4 polarization. [5][8] 

The effects of sleep deprivation can be divided into acute and chronic patterns. Acute deprivation 

(e.g., one night) causes measurable but potentially partially reversible reductions in clearance, while 

chronic deprivation or fragmentation can promote more persistent vascular and glial alterations, 

worsening glymphatic performance and raising risk for cognitive decline and neurodegeneration. 

[2][5] 

 

Causative Agents and Mechanisms 

Sleep deprivation impairs glymphatic function through interacting molecular, physiological, cellular, 

and external factors that reduce CSF circulation, increase resistance to interstitial transport, and 

weaken clearance efficiency. [5][8] 
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At the molecular level, AQP4 channels are central to CSF–ISF exchange. Sleep loss is associated 

with altered AQP4 polarization, reducing perivascular localization and increasing resistance to water 

transport. Norepinephrine also plays a major mechanistic role: elevated norepinephrine during 

wakefulness restricts interstitial space and suppresses glymphatic exchange. [5][10] 

Physiologically, glymphatic flow depends on vascular drivers such as slow vasomotion, cardiac 

pulsatility, and respiratory oscillations. Sleep disruption can reduce slow vasomotion and alter these 

rhythmic drivers, weakening the forces needed to propel CSF through perivascular pathways. [4][5] 

At the cellular level, astrocytes maintain perivascular structure and regulate AQP4 distribution; 

chronic sleep loss can lead to astrocytic remodeling and impaired neurovascular coupling. Sleep 

deprivation is also associated with neuroinflammation, including microglial activation and cytokine 

release, which can disrupt vascular function and worsen clearance efficiency. External contributors 

such as stress, excessive screen exposure (circadian disruption), and sleep disorders (insomnia, 

obstructive sleep apnea) reduce slow-wave sleep and fragment sleep architecture, indirectly limiting 

the physiological conditions required for efficient glymphatic activity. [3][5] 

 

Experimental and Clinical Evidence 

Animal research provides the most direct evidence through tracer-based experiments in which 

fluorescent/radiolabeled tracers are introduced into CSF and tracked through brain compartments. 

These studies consistently show increased glymphatic transport during sleep and reduced transport 

during wakefulness. [6][10] 

Sleep deprivation models in animals further confirm impaired tracer distribution, reduced CSF–ISF 

exchange, and suppressed transport efficiency. Chronic sleep disruption models also show reduced 

fluid-driving dynamics and cognitive impairment, supporting long-term consequences. [5] 

Human studies support similar conclusions using advanced imaging and biomarkers. Intrathecal 

tracer MRI provides evidence that sleep deprivation impairs molecular clearance in the human brain. 

PET studies demonstrate increased amyloid signal after sleep loss, and biomarker studies suggest 

altered Aβ and tau dynamics consistent with reduced clearance and/or increased production during 

extended wakefulness. [2][9][8] 

A key controversy is whether sleep enhances true net “clearance” (elimination out of the brain) or 

mainly increases mixing/redistribution within brain compartments. Different tracer properties, 

delivery methods, and operational definitions contribute to inconsistent findings, making 

standardization of measurement a major research priority. [8][5] 

 

Neurological Implications 

Impaired glymphatic function due to sleep deprivation has important implications for 

neurodegeneration and cognitive health. The proposed pathway is: sleep loss → reduced clearance 

→ neurotoxic accumulation → neuronal dysfunction and disease progression. [8][5] 

In Alzheimer’s disease, β-amyloid plaques and tau tangles accumulate when clearance is insufficient. 

Sleep deprivation can increase amyloid burden even after a single night, and chronic disruption may 

worsen protein aggregation and disease risk. [9][8] 

In Parkinson’s disease, protein aggregation (especially α-synuclein) is central. While glymphatic 

clearance of α-synuclein is still under investigation, impaired clearance pathways and the presence of 
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sleep disturbance in Parkinson’s suggest a potentially reinforcing relationship between sleep loss and 

disease progression. [8] 

More broadly, sleep deprivation contributes to cognitive decline by allowing metabolic waste 

accumulation that disrupts synaptic function and neuronal communication. Chronic sleep disruption 

is associated with long-term impairment in memory, attention, and executive function. [5] 

 

Therapeutic Strategies 

Because sleep supports glymphatic function, improving sleep quality is a practical strategy for 

maintaining clearance mechanisms and reducing neurological risk. Approaches include behavioral, 

lifestyle, pharmacological, and emerging molecular-targeted strategies. [3][5] 

Cognitive Behavioral Therapy for Insomnia (CBT-I) is a first-line, evidence-based treatment for 

chronic insomnia. It improves sleep architecture by targeting maladaptive behaviors and cognitive 

patterns, supporting long-term improvements without medication dependence. [3] 

Lifestyle approaches such as regular exercise, consistent sleep schedules, reduced evening screen 

exposure, and stress management can improve sleep quality and stabilize circadian rhythms, 

indirectly supporting glymphatic activity and neurovascular health. [5] 

Pharmacological options may help when behavioral strategies are insufficient; however, not all sleep-

inducing drugs improve glymphatic function because some alter sleep architecture or suppress 

necessary neurophysiological dynamics. Certain anesthesia/sedation states have been associated with 

altered glymphatic activity, indicating that sleep-like physiology matters more than sedation alone. 

[1] 

Future therapeutic directions include targeting AQP4 polarization, improving neurovascular 

coupling, and supporting meningeal lymphatic drainage. These approaches aim to restore core 

biological mechanisms underlying clearance, potentially offering protective strategies in high-risk 

populations. [5][8] 
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