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Abstract 

The glymphatic system is a perivascular network through which cerebrospinal 

fluid (CSF) enters the brain parenchyma along periarterial spaces, exchanges with 

interstitial fluid, and exits along perivenous pathways, facilitating clearance of 

metabolic waste products including amyloid-beta and tau. This bulk fluid 

exchange depends on astrocytic aquaporin-4 (AQP4) water channels 

concentrated at perivascular end-feet, arterial pulsatility, and is substantially 
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enhanced during sleep. Downstream, meningeal lymphatic vessels provide an 

additional route for clearance of macromolecules and immune cells from the 

central nervous system. Glymphatic function declines with aging, loss of AQP4 

polarization, and disruption of normal sleep architecture, and impaired clearance 

has been implicated in Alzheimer's disease, traumatic brain injury, idiopathic 

normal pressure hydrocephalus, and cerebral small-vessel disease. This review 

summarizes the structural and physiological basis of the glymphatic system, 

mechanisms underlying its dysfunction, its relevance to major neurological 

disorders, and emerging therapeutic and diagnostic approaches targeting cerebral 

waste clearance. 
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Introduction 

1. Structure and Physiological Basis of the Glymphatic System 

The glymphatic system describes a glia-dependent perivascular pathway that 

facilitates the exchange of cerebrospinal fluid and interstitial fluid throughout the 

brain parenchyma (Iliff et al., 2012). Cerebrospinal fluid produced by the choroid 

plexus enters the brain along periarterial spaces formed between the outer wall of 

penetrating arteries and surrounding astrocytic end-feet. These end-feet densely 

express the water channel aquaporin-4 (AQP4), polarized toward the perivascular 

surface, which facilitates rapid bulk transfer of fluid from the periarterial space 

into the brain interstitium (Iliff et al., 2012; Mestre, Mori, & Nedergaard, 2020). 

Once within the parenchyma, cerebrospinal fluid mixes with interstitial fluid and 

solutes, including metabolic waste products, before draining along perivenous 

spaces toward the subarachnoid space. From there, cerebrospinal fluid and 

cleared solutes can be absorbed into recently characterized meningeal lymphatic 

vessels lining the dural sinuses, which drain to cervical lymph nodes and 

represent a direct anatomical connection between the central nervous system and 

the peripheral immune system (Louveau et al., 2015; Aspelund et al., 2015). 

Together, the periarterial influx route, parenchymal interstitial exchange, 

perivenous efflux route, and meningeal lymphatic drainage constitute an 
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integrated clearance system for the brain, which lacks a conventional lymphatic 

network of its own. 

 

2. CSF-Interstitial Fluid Exchange and Sleep-Dependent Clearance 

Glymphatic fluid transport is driven primarily by the pulsatility of cerebral 

arteries, which generates periarterial pumping that propels cerebrospinal fluid 

along the perivascular space, and by the osmotic and hydrostatic gradients 

established by AQP4-mediated water flux (Mestre et al., 2020). Notably, 

glymphatic clearance is markedly state-dependent, being substantially more 

efficient during sleep and under anesthesia than during wakefulness. Using two-

photon imaging and tracer studies in mice, Xie and colleagues demonstrated that 

natural sleep and anesthesia were associated with a sixty percent increase in 

interstitial space volume, resulting in a corresponding increase in convective 

exchange of cerebrospinal fluid with interstitial fluid and more efficient clearance 

of amyloid-beta compared with the awake state (Xie et al., 2013). These findings 

suggest that one of the physiological functions of sleep may be to facilitate 

clearance of metabolic byproducts, including potentially neurotoxic proteins, that 

accumulate during wakeful neuronal activity. Body posture has also been shown 

to influence glymphatic efficiency, with clearance more effective in the lateral 

position compared with the prone or supine positions in animal studies, raising 

questions regarding the potential clinical relevance of sleep position and sleep 

quality to cerebral waste clearance in humans. 

 

3. Mechanisms of Glymphatic Dysfunction 

Glymphatic function declines progressively with normal aging, associated with 

reduced arterial pulsatility, loss of polarized AQP4 localization at astrocytic end-

feet, and a corresponding decrease in cerebrospinal fluid influx and solute 

clearance (Kress et al., 2014). Reactive astrogliosis, a common response to injury 

and chronic neurological disease, is frequently accompanied by redistribution of 

AQP4 away from the perivascular end-foot membrane toward the soma and 

processes of the astrocyte, a phenomenon referred to as AQP4 depolarization or 

mislocalization, which substantially reduces the efficiency of perivascular water 

and solute exchange (Mestre et al., 2020). Disruption of normal sleep 

architecture, including reduced slow-wave sleep, has similarly been associated 
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with impaired clearance in experimental models, consistent with the sleep-

dependence of glymphatic transport described above. Cerebrovascular 

dysfunction, including reduced arterial compliance and impaired neurovascular 

coupling, further compromises the periarterial pumping mechanism that drives 

glymphatic flow. Additionally, meningeal lymphatic vessels themselves undergo 

structural and functional decline with aging, reducing downstream drainage 

capacity even when perivascular influx and efflux remain partially intact (Da 

Mesquita et al., 2018). These converging mechanisms, astrocytic, vascular, sleep-

related, and lymphatic, can act synergistically to produce progressive glymphatic 

failure. 

 

4. Glymphatic Dysfunction Across Neurological Disorders 

In Alzheimer's disease, impaired glymphatic clearance has been proposed as a 

contributor to extracellular accumulation of amyloid-beta and tau. Experimental 

models of amyloid pathology demonstrate suppressed glymphatic transport prior 

to substantial plaque accumulation, and loss of perivascular AQP4 polarization 

correlates with amyloid burden in human postmortem tissue (Peng et al., 2016). 

This relationship suggests a potential feedback loop in which impaired clearance 

promotes protein accumulation, while accumulated protein aggregates further 

disrupt astrocytic and vascular function. In traumatic brain injury, mechanical 

disruption of perivascular architecture and reactive astrogliosis acutely impair 

glymphatic transport, and experimental models demonstrate that this impairment 

promotes accumulation and phosphorylation of tau protein in the post-traumatic 

period, potentially contributing to the long-term risk of chronic traumatic 

encephalopathy and post-traumatic neurodegeneration (Iliff et al., 2014). In 

idiopathic normal pressure hydrocephalus, intrathecal contrast-enhanced MRI 

studies have directly visualized delayed and reduced glymphatic enhancement, 

providing in vivo evidence of impaired cerebrospinal fluid-interstitial fluid 

exchange in this disorder and establishing glymphatic imaging as a potential 

diagnostic and prognostic tool (Ringstad, Vatnehol, & Eide, 2017). Cerebral 

small-vessel disease, characterized by chronic injury to small perforating arteries, 

has similarly been associated with enlarged perivascular spaces on neuroimaging, 

considered a radiological marker of impaired glymphatic and perivascular 
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clearance, which correlates with white matter hyperintensity burden and 

cognitive decline (Wardlaw, Smith, & Dichgans, 2019). 

 

5. Therapeutic Perspectives and Future Directions 

Given the sleep-dependence of glymphatic clearance, optimization of sleep 

quality and architecture represents a non-invasive strategy of potential relevance 

to neurodegenerative disease prevention, although direct clinical evidence linking 

sleep intervention to altered disease trajectory remains limited. Pharmacological 

approaches under investigation include agents that promote slow-wave sleep and 

modulation of noradrenergic tone, since reduced locus coeruleus noradrenergic 

signaling during sleep has been proposed as a mechanism permitting interstitial 

space expansion and enhanced glymphatic flow. Restoration of AQP4 

polarization represents another target, though specific pharmacological 

modulators remain largely preclinical. Advances in non-invasive glymphatic 

imaging, including diffusion tensor image analysis along the perivascular space 

(DTI-ALPS) and intrathecal or intravenous contrast-enhanced MRI protocols, are 

enabling assessment of glymphatic function in living patients and may allow 

glymphatic status to be used as a biomarker for early neurodegenerative change 

or a monitoring tool for treatment response (Ringstad et al., 2017). Management 

of vascular risk factors that impair arterial pulsatility and compliance may 

indirectly preserve glymphatic function, and CSF diversion procedures in normal 

pressure hydrocephalus can be understood, in part, as directly addressing 

impaired glymphatic outflow. Continued characterization of meningeal lymphatic 

biology, including their potential modulation through vascular endothelial growth 

factor-C signaling, may open additional therapeutic avenues aimed at enhancing 

downstream clearance capacity (Da Mesquita et al., 2018). 

 

Conclusion 

The glymphatic system provides an integrated pathway for cerebrospinal fluid-

interstitial fluid exchange and clearance of metabolic waste products from the 

brain, dependent on astrocytic AQP4 water channels, arterial pulsatility, sleep-

related interstitial space expansion, and downstream meningeal lymphatic 

drainage. Progressive decline in glymphatic efficiency with aging, AQP4 

mislocalization, disrupted sleep, and vascular dysfunction has been implicated in 
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the pathogenesis of Alzheimer's disease, traumatic brain injury, normal pressure 

hydrocephalus, and cerebral small-vessel disease. Recognition of impaired waste 

clearance as an active contributor to neurological disease, rather than merely a 

downstream consequence, has broadened the therapeutic and diagnostic focus of 

neurodegenerative disease research beyond protein aggregation alone. Continued 

development of non-invasive glymphatic imaging and interventions targeting 

sleep, vascular function, and perivascular biology may offer new opportunities 

for early detection and prevention of neurodegenerative disease. 
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