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The functions of the glymphatic system include clearance of the metabolic waste and modulation of the water transport in the brain, and it forms a brain-wide fluid network along with cerebrospinal fluid (CSF) and interstitial fluid (ISF). The glymphatic pathway consists of periarterial influx of CSF, astrocyte-mediated interchange between ISF and CSF supported by aquaporin-4 (AQP4) on the endfeet of astrocyte around the periarterioles, and perivenous efflux of CSF. Finally, CSF is absorbed by the arachnoid granules or flows into the cervical lymphatic vessels. There is growing evidence from animal experiments that the glymphatic system dysfunction is involved in many neurological disorders, such as Alzheimer’s disease, stroke, epilepsy, traumatic brain injury and meningitis. In this review, we summarize the latest progress on the glymphatic system and its driving factors, as well as changes in the glymphatic pathway in different neurological diseases. We significantly highlight the likely therapeutic approaches for glymphatic pathway in neurological diseases, and the importance of AQP4 and normal sleep architecture in this process.
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1. Introduction

One of the most main characteristics of the central nervous system (CNS) is lack of the lymphatic system that plays an essential role in immune defense and homeostasis maintenance in the human body. The brain blood barrier (BBB) could compensate the former by restricting pathogens and other macromolecules such as antibodies in circulation entering into CNS. The scholars discovered the existence of lymphatic-like structures in the brain and their connection with cervical lymphatic node in the 19th century. In the past few decades, the BBB and blood cerebrospinal fluid (CSF) barrier (BCSFB) are considered as the main defender to maintain the homeostasis and clear the metabolic waste of CNS, until the discovery of glymphatic system in rodent in 2012 (Iliff et al., 2012). The glymphatic system concept states that the CSF is a directed flow, so that elements in CSF move with a speed exceeding the limit imposed by simple diffusion (Valnes et al., 2020). Subsequent studies have observed that the glymphatic system is also present in the human brain (Eide and Ringstad, 2015; Ringstad et al., 2017). One of the main characteristics of glymphatic system is the increased flow of CSF tracers in the sleep state and under anesthetic (Benveniste et al., 2017; Hablitz et al., 2019). This partly explains why sleep disturbance generally precedes the onset of cognitive decline and worsens clinical symptoms (Bah et al., 2019; Wang and Holtzman, 2020). Increasing researches over the past decade have shown that the glymphatic system acts as a ‘lymphatic system’ in clearing the metabolic waste and modulating water transport in the brain, and the dysfunction of the glymphatic system is proved to be involved in various neurological diseases through animal experiments, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), epilepsy, stroke, traumatic brain injury (TBI), mood disorder and infectious or autoimmune disease in the CNS (Gaberel et al., 2014; Keir and Breen, 2020; Liu et al., 2021). Another clinical research showed that dysfunction of the glymphatic system might be associated with iron deposition in the normal aging brain (Zhou et al., 2020). Due to the BBB and BCSFB restrictions, many drugs do not show the same efficacy in the CNS as they do in the peripheral organs. In this review, we summarize recent research advances of the glymphatic system, including the anatomical structure and physiological function, driving factors and changes in the glymphatic system in neurological diseases, and the underlying therapeutic approaches. We also emphasize the role of aquaporin-4 (AQP4) and its changes in CNS disorders and relative potential treatment, and the importance of sleep architecture for glymphatic system function and neurological disease progress. Finally, we give our suggestions for future studies.



2. Structure and function of the glymphatic system


2.1. Structure of glymphatic system

In addition to the traditional circulating pathway of CSF, there is another flow mode of CSF circulation, the glymphatic system, which is a structurally distinct fluid transport system that takes advantage of the perivascular space created by the outermost wall of the blood vessel and the vascular endfeet of astrocytes (Iliff et al., 2012). Part of CSF from subarachnoid space flows into the brain along the perivascular spaces (PVS) of arteries and pervades into brain parenchyma along with the arterioles, capillaries and venule (Iliff et al., 2012). CSF in the PVS of arterioles or capillaries mixes with interstitial fluid (ISF) and drains metabolic waste from the brain along perivenous spaces. This process is mediated by AQP4 on the astrocyte endfeet facing the perivascular space, which has a polarized expression on astrocytes (Benveniste et al., 2019b; Keir and Breen, 2020; Figure 1). The waste-carrying CSF in the perivenous space then leaves the brain via the meningeal lymphatics and deep cervical lymphatic vasculature, as well as the cranial and spinal nerves (Aspelund et al., 2015; Louveau et al., 2015). From the axial point of view, the innermost layer is the outer wall of the vessels and the outermost layer is the end-feet of astrocytes expressing abundant AQP4, which forms a cavity as the PVS fulfilled with the CSF (Mathiisen et al., 2010).
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FIGURE 1
 The glymphatic pathway. CSF from the subarachnoid space flows into the periarterial space along with the major arteries on the brain surface. CSF in the periarterial space is driven into the parenchyma by the pulsation of the arteries as it branches into the arterioles and capillaries. CSF enters the parenchyma with the support of AQP4, which then it mixes with ISF and drains metabolic waste from the parenchyma along perivenous space. In addition to the arachnoid granules, CSF exit sites include the olfactory nerve, cranial nerves, spinal nerves and meningeal lymphatics. CSF in the fossa cranial anterior flows into the cervical lymph nodes along with the olfactory nerve through lymphatic vessels of the nasal mucosa. Cranial and spinal nerves, as well as the meningeal lymphatics have been proved to carry CSF toward the cervical lymph nodes. CSF, cerebrospinal fluid; AQP4, aquaporin-4; ISF, interstitial fluid.


Until the discovery of the glymphatic system in 2012, it was believed that the recycling of its own protein waste was the primary clearing route for the metabolites of the brain (Rubinsztein, 2006). Only a small number of proteins are known to be transported across the BBB and are considered to degraded by the classical protein way, including autophagy and ubiquitination (Ballabh et al., 2004; Thibaudeau et al., 2018).



2.2. Probable function of glymphatic system

CNS metabolic waste was previously thought to be cleared by cellular degradation and slow diffusion or active transport by the BBB (Tarasoff-Conway et al., 2015). Recent advances in the study of the glymphatic system through animal models have been remarkable with the development of in vivo imaging techniques. Iliff et al. (2012) used real-time two-photon imaging techniques to delineate a brain-wide fluid system that relies on polarized expression of AQP4 and is functionally similar to the peripheral lymphatic system, in which they named as glial-lymphatic or glymphatic system. Over the past decade, the glymphatic system has been suggested to have a significant effect on brain waste clearance and intracranial pressure balance maintenance. The currently great interest of the glymphatic system is that the glymphatic system has been proved to have crucial effect on protein clearance, such as amyloid β (Aβ), α-synuclein and other proteins, which are involved in the pathogenesis of AD, PD and other neurodegenerative diseases (Iliff et al., 2012; Jucker and Walker, 2013; Xu et al., 2015; Da Mesquita et al., 2018). Interchange between ISF and CSF promotes the clearance of metabolic waste in the brain (Louveau et al., 2017). Besides the waste clearance, the glymphatic system is involved in the modulation of intracranial pressure and the transport of excess interstitial fluid in the brain (Ringstad et al., 2017; Nedergaard and Goldman, 2020). Based on the high density of astrocyte-related lipoproteins and lipid transporters, the glymphatic system is also contributing to the lipid transport and glucose supply (Rangroo Thrane et al., 2013; Lundgaard et al., 2015). Recent work found that fluid stress opened N-methyl-D-aspartic acid (NMDA) receptors in astrocytes, increasing calcium current, suggesting that the glymphatic system might play a role in signal transduction (Plog and Nedergaard, 2018), which may a potential direction in future research.



2.3. Relations among glymphatic system, the BBB, and meningeal lymphatic system

The role of cervical lymph nodes in the CSF flow has been observed in the 19th century. Researchers found that there are paravascular pathways in experimental hydrocephalus that go beyond the classical CSF pathway. At the same time, cervical lymph nodes and pia mater were also found to be involved in CSF reflux (Zhang et al., 1990). In the recent years, Aspelund et al. (2015) described the structure and function of the meningeal lymph system in 2015. They found a network of lymphatic vessels in the dura mater that drain CSF from the adjacent subarachnoid space and brain ISF via the glymphatic system (Aspelund et al., 2015). Finally, these lymph vessels transported fluid to the deep cervical lymph nodes via foramina at the base of the skull (Aspelund et al., 2015). A growing body of evidence has revealed that meningeal lymphatics have key effects on metabolite clearance, immune surveillance, and glymphatic flow out of the brain (Alves de Lima et al., 2020; Ding et al., 2021; Graham and Mellinghoff, 2021). Surgical ligation of the cervical lymphatic vessels prevented the flow of tracers into the deep cervical lymph nodes and the accumulation of tracers in the meningeal lymphatic vessels. In the capillary cross section, the BBB is composed of endothelial cells, pericytes, basement membrane and astrocytes from the inside to the outside (Lv et al., 2021). The structural anatomy of BBB and the glymphatic system partially overlaps, but how they interact is unclear in detail. Astrocytes participate in both the BBB function and glymphatic flow. Previous clinical study has demonstrated that enlarged PVS in the basal ganglia is associated with a higher BBB leakage rate, supporting the possibility that the dysfunction of glymphatic flow is a risk factor for BBB disruption (Li et al., 2019).

In summary, the BBB is a restricted structure between the parenchyma and circulating blood, which regulates the entry of blood nutrients into the brain, defends brain tissue from toxic components of the blood, participates in the metabolic efflux of the CNS. The glymphatic pathway is a convective system in which CSF originates in the arachnoid space, passes through the parenchyma and finally ends at the deep cervical lymph nodes. The most remarkable function of the glymphatic system that has yet been accepted is the clearance of metabolic waste in the brain. Meningeal lymphatics are primarily found in the dura mater and are one of the efflux pathways of the glymphatic system.



2.4. Expression of AQP4 in glymphatic system

AQP4 is the most highly expressed AQP in the mammalian brain. Except the supraoptic nucleus and the subfornical organ, which AQP4 is uniformly expressed in the astrocyte membrane. In the other domain of the brain, AQP4 is highly concentrated in astrocytic endfeet enwrapping the cerebral blood vessels (Nielsen et al., 1997; MacAulay, 2021). An early quantitative immunogold analysis on retinal macroglia indicated that glial endfeet contain a 10-fold higher density of AQP4 than non-endfeet membranes (Nagelhus et al., 1998). One study, through a survey of 123 healthy participants, showed that the AQP4-gene harbored an 8-SNP haplotype associated with AQP4 expression. The AQP4-haplotype is associated with a distinct modulation of slow waves in non-rapid eye movement stage (NREM) and also with a modulation of subjective and objective responses to prolonged wakefulness (Rainey-Smith et al., 2018; Ulv Larsen et al., 2020). Burfeind et al. (2017) found that none of the five AQP4 SNPs were associated with rates of AD diagnosis, age at onset of dementia, histology of AD pathology, but they were associated with the cognitive decline progression in AD patients. The majority of AQP4 functions depend on the polarized expression. Another study demonstrated that perivascular AQP4 localization was significantly associated with AD status independent of age (Zeppenfeld et al., 2017), suggesting that not only the quantity but also the localization is necessary to maintain the function of the glymphatic system. AQP4 plays an essential role in brain water transport and waste clearance (Figure 1).




3. Driving factors of the glymphatic system

The fluid transport and waste clearance of the glymphatic system is affected by several factors (Plog and Nedergaard, 2018). It is commonly believed that the sleep–wake cycle may affect the glymphatic activity. Intact sleep architecture, which consists of NREM and rapid eye movement stage (REM), is the premise for the glymphatic activity. Based on the electroencephalographic (EEG) characteristics, NREM is classified as NREM 1 ~ NREM 3, which NREM 1 sleep is light, and NREM 3 sleep is the deepest sleep stage and is characterized by slow-wave (delta wave) EEG activity. During NREM3, the resistance to glymphatic flow is reduced. The velocity of glymphatic flow is strongly related to the depth stage of sleep. Glymphatic flow is highest during NREM 3 and decreases as sleep depth decreases (Figure 2). After sleep deprivation, subsequent NREM sleep was both longer and deeper than normal, and increased slow waves in the EEG were detected during recovery sleep (Hablitz et al., 2019; Nedergaard and Goldman, 2020). One human study provided in vivo evidence that one night of total sleep deprivation impaired clearance of the tracer from the human parenchyma. The results provide that the impaired of cerebral molecular clearance in the sleep-deprived group was not compensated by subsequent sleep over the next few days (Eide et al., 2021). Previous human study has shown that CSF influx increases at NREM 3, when nutrients and blood flow to the brain are reduced (Fultz et al., 2019). A recent study has shown that in mice, independent of the light–dark cycle, there is an increasing in glymphatic influx and clearance of small tracers from the brain during the day compared to the night, corresponding to a day-night variation in AQP4 localization (Hablitz et al., 2020). Another example illustrating the importance of normal sleep architecture for glymphatic function is the anti-anxiety and anti-insomnia medication, benzodiazepines, which reduce the stage of slow-wave activity during sleep (Lancel, 1999). Epidemiologic studies have revealed that there is an association between a higher exposure to benzodiazepines and dementia (Gomm et al., 2016; Tapiainen et al., 2018). This corresponds to the tendency between glymphatic clearance and sleep- wake cycles. This leads in a new direction to the desired replacement of benzodiazepines by new drugs with enhanced slow-wave activity to reduce the occurrence of dementia.
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FIGURE 2
 Changes in sleep architecture and glymphatic flow in young and old individuals. Sleep architecture changes with age, which is reflected by a decrease in sleep depth and an increase in waking frequency. One of the most significant causes of decreased glymphatic flow in older people is a change in sleep architecture, with lighter sleep depths and interrupted sleep stages. This figure shows the variation trend of the variability of the glymphatic clearing function between older and younger age groups. The green broken line and yellow broken line represent the sleep architecture and glymphatic flow speed of the young and the old, respectively. The area under the curve (AUC) reflects the accumulative waste removal of glymphatic system in the brain during sleep. As one gets older, the curve moves down and the AUC gets smaller, which means that the metabolic waste clearance of the brain decreases. This figure may also reflect the effect of pulsation on the function of the glymphatic system with age by replacing the sleep depth on the left axis with pulsation.


Glymphatic movement is also linked to the arterial pulsation and heart rate. A previous study of mice models showed that internal carotid artery ligation slowed the rate of perivascular CSF-ISF exchange, while dobutamine, an inotropic adrenergic agonist, increased the heart rate and the rate of paravascular CSF-ISF exchange (Iliff et al., 2013). It is well known that cardiovascular diseases could affect sleep quality. Previous studies have found that glymphatic function is suppressed in hypertensive rats (Mortensen et al., 2019; Xue et al., 2020). The ejection pressure of blood from the left ventricle is partially absorbed by the elastic arteries, causing the pulsations consistent with the cardiac cycles. Pulsations in the large arteries continuously transmit pressure waves along the major vessels. When the artery continues into the CSF-filled subarachnoid space, part of the ejection pressure is converted into kinetic energy of the CSF convection (Figure 1), thereby driving CSF into the parenchyma along the periarterial spaces (Iliff et al., 2012; Nedergaard and Goldman, 2020). Cardiovascular diseases associated with reduced cardiac output and arterial compliance, including congestive heart failure, atrial dysrhythmias, and hypertension, are thought to disrupt glymphatic function. Humberto et al. found that the pulsation of the arterial wall matched that the CSF flow rhythm, suggesting that arterial wall motion was the domain driving mechanism, via a process known as perivascular pumping. Increasing blood pressure does not alter the diameter of the artery, but changes the pulsations of the arterial walls, and thus reducing the net flow in the PVS (Mestre et al., 2018). All these findings demonstrate that arterial pulsation is a key driver of glymphatic flow.

Respiratory-related pulsatile cycles are another driving factor of glymphatic flow. Centripetal venous fluid flow, which increases with respiratory rhythm, may augment the venous space and drive glymphatic outflow (Kiviniemi et al., 2016). Body posture also affects the glymphatic flow, and the authors found that waste removal was most efficient at lateral position in the mice model (Lee et al., 2015).

Most of the driving factors discussed above are related to another force of the glymphatic flow, the aging. Sleep duration and depth, arterial pulsation and the respiratory pulsation cycles, all of these functions decline with age. As with many other disorders, glymphatic function reduced with aging. Compared with the young, clearance of intraparenchymally injected Aβ was impaired by 40% in the old mice. CSF-ISF exchange decreases with 27% reduction of intracortical arterioles and loss of polarized expression of AQP4 along the penetrating arteries (Kress et al., 2014). We speculated that the glymphatic flow declines with aging as many other disorders, leading to the accumulation of metabolic waste, which causes the occlusion in the glymphatic pathway and further deteriorates the glymphatic flow.



4. Changes of glymphatic system in different neurological disease

Previous studies have indicated that glymphatic flow and clearance activity decrease with aging and participate in a broad spectrum of diseases, especially those associated with sleep disturbance and neurological disorders with cognitive decline (Nedergaard and Goldman, 2020). In addition, it is involved in the pathology of other neurological diseases, such as epilepsy, and immune dysfunction. The glymphatic system participates in the process of a general and non-selective clearance route of toxic metabolites, and targeting glymphatic system fluid transport may contain novel therapeutic pathways for neurological disorders such as AD, PD, depression, epilepsy, cerebrovascular disease, infection and inflammation in the CNS (Xia et al., 2017; Liu et al., 2021; Zhang et al., 2021; Generoso et al., 2022).


4.1. Chronic neurological disorders

The dysfunction of the glymphatic system involved in animal models of chronic neurological diseases is primarily due to a decline in the clearance of waste proteins in the brain. Over the last decade, a growing number of studies have revealed the relation between AD and glymphatic dysfunction. Pathologically AD is characterized by the accumulation of Aβ plaques and neurofibrillary tangles of hyperphosphorylated protein tau (Xuan et al., 2022). Aβ, which plays a physiological role in synaptic regulation and neuronal survival, is degraded and cleared via multiple pathways, including phagocytosis, degradation, and drainage into the circulation through the BBB and glymphatic system (Zuroff et al., 2017; Reeves et al., 2020). Although the 75% drainage of Aβ depends on BBB transportation, recent studies have revealed that glymphatic flow plays a crucial part in the pathological process of AD. Pre-clinic research suggests that glymphatic pathway is a substantial factor in the clearance of Aβ (Iliff et al., 2012; Xu et al., 2015). In a mouse model of AD study, glymphatic failure significantly preceded Aβ deposits, which may be an early biomarker of AD (Peng et al., 2016). Recent mice study presented that CSF-ISF exchange and AQP4 polarization were impaired in tauopathy, the authors found that the use of TGN-020, a novel AQP4 inhibitor, could dramatically impair glymphatic CSF-ISF exchange and accelerate tau protein deposition in a mouse model. It demonstrated that AQP4 is not only plays a central role in the glymphatic system, but is also a novel target for the treatment of AD and other neurodegenerative diseases (Harrison et al., 2020). Previous radiological study of glymphatic system on AD patients found that the water diffusivity along perivascular spaces is positively correlated with mini mental state examinations (MMSE) score, which indicating that the glymphatic dysfunction is associated with AD severity (Taoka et al., 2017). Recent clinical study showed that the concentration of AQP4 in CSF was higher in neurodegenerative diseases compared with the subjects not affected by neurodegenerative diseases and AQP4 was positively corelated with total tau levels in CSF (Arighi et al., 2022). All discussed above predict that AQP4 may be a crucial factor in neurodegenerative disease in the future.

Age-related decline in CSF production, AQP4 polarization decreasing in astrocyte endfeet and Aβ aggregation all impede glymphatic flow and disturb waste clearance in the brain. The reduced clearance efficiency of the glymphatic system accelerates the plaque formation, which creates a vicious cycle in the progression of AD and deteriorates the exchange efficiency of CSF and ISF, as well as BBB transport (Peng et al., 2016; Xuan et al., 2022). One of the hallmarks of AD is disrupted sleep. One study in mice suggested that the glymphatic clearance of Aβ was double during sleep compared with the awake state (Xie et al., 2013). Another study in human revealed that sleep deprivation led to increasing Aβ level in parenchyma and interruption of NREM results in elevated CSF Aβ levels (Ju et al., 2017), which is consistent with the relation between sleep depth and the velocity of glymphatic flow. Additionally, amyloid plaques could accelerate cerebral amyloid angiopathy (CAA), and CAA promotes arteriosclerosis and reduces arterial pulsation, which further inhibits the clearance efficiency of glymphatic function (Weller et al., 1998; Peng et al., 2016).

Cerebral small vessel disease (CSVD), mainly featured as enlarged perivascular spaces and white matter hyperintensities, is a common instigator of dementia in the aging population. The pathological changes of CSVD are also presented as multiple atherosclerosis of the arteries, capillaries, and venules and cerebral amyloid angiopathy. The present research demonstrates that the glymphatic system plays a key role in the initiation and progression of SVD, and that both hypertension and diabetes participate in this process (Benveniste and Nedergaard, 2022).

Previous study on human has demonstrated that the cognitive decline is associated with the expression of AQP4 and the sleep–wake cycle (Ulv Larsen et al., 2020). The authors found that AQP4-haplotype is associated with NREM slow wave activity, which is strongest during the early sleep phase and is mirrored by changes in sleepiness and response times during extended wakefulness. Further studies have found that patients with various AQP4 SNPs show varying levels of cognitive decline after diagnosis of AD, and the polarized localization of AQP4 in astrocytes is disrupted with AD but preserved in older people with intact cognitive function (Burfeind et al., 2017; Zeppenfeld et al., 2017). The deletion of AQP4 accelerated amyloid plaque formation but did not modify the related proteins involved in synthesis or degradation of Aβ, suggesting that deletion of AQP4 leads to reduction clearance of Aβ in the brain (Xu et al., 2015). These studies suggest that regulation of AQP4 could be a clue to treatment of AD in the future. Glymphatic dysfunction also has been shown to be involved in other neurodegenerative disease, such as amyotrophic lateral sclerosis (Hirose et al., 2021), Huntington disease (Wu et al., 2020), idiopathic normal pressure hydrocephalus (Bae et al., 2021), and multiple sclerosis (Fournier et al., 2019).

The identification of glymphatic function has been presented for only a decade, and a growing number of studies have shown that glymphatic dysfunction is participated in the occurrence of various diseases. More studies could focus on both the pathogenic mechanisms and therapeutic function of the glymphatic system in neurological disease in the future.



4.2. Acute neurological disorders

Glymphatic flow has been elucidated to be involved in the pathophysiology of many acute neurological diseases, especially stroke. Stroke, classified as ischemic and hemorrhagic stroke, is the second leading cause of death and the third leading cause of disability in the world (Feigin et al., 2017; Campbell et al., 2019).

Subarachnoid hemorrhage (SAH) is a typical example to illustrate the changes of glymphatic flow in the course of stroke. Following SAH, blood components, particularly fibrin and fibrinogen, flow into the subarachnoid space from the ruptured vessel and then into the PVS along with the CSF. The inflow of blood components increases the formed elements and viscosity of the CSF, which leads to occlusion of the PVS and dysfunction of the glymphatic system. The occlusion of the PVS reduces CSF influx and ISF clearance, ultimately worsening cerebral ischemia and edema (Goulay et al., 2017). A recent study of mice SAH model, established by injecting autologous blood into the cisterna magna, showed a decrease in the influx of fluorescent tracer into the parenchyma and drainage to the deep cervical lymph nodes. Moreover, SAH impairs the polarization of AQP4 in the astrocytes and induces the accumulation of tau protein and immune cells in a study of mice models (Pu et al., 2019). In a non-human primates model study of SAH, researchers found that the parenchymal CSF circulation was severely impaired by SAH, as described in the glymphatic system of rodents. They suggested that the impaired glymphatic flow was associated with the delayed cerebral ischemia, which is a severe complication of SAH (Goulay et al., 2017). Interestingly, in a rodent stroke model, the authors reported that glymphatic dysfunction after SAH could be improved by intracerebroventricular injection of tissue-type plasminogen activators (Gaberel et al., 2014), which may be a novel target for improving the delayed cerebral ischemia complications of SAH.

Intracerebral hemorrhage (ICH) is another subtype stroke generally accompanied with hypertension or diabetes. Studies about the relation between ICH and glymphatic function is limited. Most studies have focused on the role of dilated PVS in ICH. A study involving 1678 participants displayed that dilated PVS was an independent risk factor for ICH (Duperron et al., 2019). In addition, dilated basal ganglia PVS has been found to be a novel risk factor for oral anticoagulants associated with ICH (Best et al., 2020), and dilated PVS is thought to be associated with ICH recurrence (Raposo and Viswanathan, 2020). Several studies have showed that reduction in AQP4 expression may alleviate cerebral edema and astrocyte injury following ICH (Chen et al., 2020; Zhang et al., 2020). However, other studies have presented otherwise about AQP4 in ICH. Tang et al. found that AQP4 deletion exacerbated neurological deficits, including cerebral edema formation, BBB damage, and neuronal apoptosis (Tang et al., 2010). AQP4 knock-out led to larger hematoma volume and more severe BBB disruption in another study (Chu et al., 2020), and in a study of mice ICH model, the researchers found that AQP4 deletion increased apoptosis following ICH via the modulation of cytokines, especially TNF-α and IL-1β (Chu et al., 2014). It is unclear how the glymphatic system is involved in ICH pathology and what the role AQP4 plays in the ICH development, positive or negative? Further studies are needed to clarify the mechanisms of the glymphatic system in ICH and how AQP4 acts on the pathological factor of ICH.

Acute ischemic stroke affects millions of people each year. Findings from the previous studies suggest that the glymphatic system is involved in the process of post-stroke cerebral edema. Acute ischemic stroke impaired CSF inflow at 3 h after occlusion of the middle cerebral artery and recovery 24 h after spontaneous arterial recanalization (Gaberel et al., 2014). In another study, the authors found that the extracellular fluid in liquefactive necrosis was toxic to cortical and hippocampal neurons for at least 7 weeks following a stroke. Toxic molecules in the liquefactive necrosis may leak through the glial scar and be cleared by a combination of glymphatic flow and microglial endocytosis, and they believed that the mechanism of post-stroke neurodegeneration was that the glial scar could not protect normal brain tissue from the leakage of toxic molecules in the liquefactive necrosis (Zbesko et al., 2018). But there is no consensus on how glymphatic function changes, and what role the glymphatic system plays in the course of acute ischemic stroke. A recent mice model study revealed that diffuse ischemia drives CSF influx into the PVS, which is the primary cause of immediate edema after acute ischemic stroke (Mestre et al., 2020). CSF influx drives acute ischemic tissue swelling, a pathogenic process triggered by ischemia spreading depolarization with subsequent vasoconstriction. They showed that the spreading edema depends on AQP4 expression (Mestre et al., 2020).

Traumatic brain injury (TBI) is defined as an alteration in brain function, or additional evidence of brain pathology caused by an external force (Menon et al., 2010). In mice models, TBI impaired glymphatic function and disrupted polarized localization of AQP4. Glymphatic flow was reduced by ~60% and persisted for at least 1 month after TBI (Iliff et al., 2014). A recent study on mice has shown that the polarized expression of AQP4 on astrocytes was reversed after 1-12 h TBI. During this period, the abundance of AQP4 on the astrocytic membrane increased, but the polarized position of AQP4 on the astrocytic endfeet decreased. After 12 h, the polarized position of AQP4 was reduced, presenting a shift from the endfeet membrane to the cytomembrane (Lu et al., 2020). The importance of polarized expression of AQP4 for glymphatic flow is verified again. Additional animal studies have shown that genetic knockout of AQP4 exacerbates glymphatic dysfunction and promotes the development of neurofibrillary plaque and neurodegeneration after TBI by reducing the clearance of tau protein, glial fibrillary acidic protein, S100B, and neuron-specific enolase (Plog et al., 2015; Piantino et al., 2022).

The glymphatic system affects the outcome of TBI mainly through two mechanisms. First, the loss of polarized location of AQP4 after TBI suppresses waste clearance and glymphatic flow movement, which leads to increased intracranial pressure and may be related to postconcussive headaches. Second, previous studies have revealed that sleep disturbances are observed in 30–70% of patients with TBI (Collen et al., 2012; Ouellet et al., 2015). As discussed in the front section, sleep disturbance impairs the glymphatic function and results in the accumulation of metabolic waste in the parenchyma, which may be associated with post-traumatic dementia (Piantino et al., 2022). Modulation of sleep and drugs targeting to AQP4 may be new therapeutic strategies for TBI in the future.

In addition to stroke and TBI, glymphatic dysfunction is also involved in more acute neurological diseases. A study on mice found that cerebral edema after status epilepticus may lead to glymphatic dysfunction, which may be an important factor in the p-tau aggregation and the onset of neurocognitive impairment after status epilepticus. The authors also demonstrated a temporary increase in AQP4 expression and depolarization of AQP4 after a state of status epilepticus (Liu et al., 2021). Dysfunctional glymphatic system is also observed in pneumococcal meningitis. A recent study of mice models presents that pneumococcal meningitis results in glymphatic dysfunction. The authors demonstrated that accumulation of bacterial components in the CSF is associated with the disruption of the AQP4 due to a detachment of the astrocyte endfeet from the BBB vascular cells, but not the altered AQP4 expression (Generoso et al., 2022). Another study also emphasized the glymphatic system is a potential key player in bacterial meningitis (Oggioni and Koedel, 2022). Interestingly, glymphatic system dysfunction also participates in cluster headache (Kim et al., 2022). More and more studies have emphasized the importance of glymphatic function in different neurological diseases. As a widely distributed clearance system in the brain, the glymphatic system may affect many neurological disorders, providing a new direction for future study on disease mechanisms and treatments.




5. Drug delivery barriers and potential approaches

Drug concentrations in the CNS are markedly lower than those in the systemic circulation due to the restriction of biological barriers, including BBB and arachnoid barriers. The concentration of therapeutic antibodies in CSF under intravenous treatment is only 0.01–0.1% of that in the systemic circulation (St-Amour et al., 2013). Compared with the dose of anti-Aβ antibodies directly injected into the brain, intravenous dose is 1,000 times to reverse cognitive impairments similarly (Banks et al., 2007). Due to the frequent side effects of intraventricular injection, such as bleeding and CNS infection, the most commonly used administration to avoid the BBB is the lumbar intrathecal route, which closely corresponds to the intracisternal injection in animal studies of glymphatic system (Lohela et al., 2022). With the development of nanomaterials technology, implantable intrathecal nanoparticle drug delivery systems for the treatment of CNS diseases are on the rise (Bottros and Christo, 2014; Fowler et al., 2020). The continuous nanorelease system avoids the damage caused by repeated intrathecal injections, leading to a more effective and less painful treatment method for CNS disorders. It has been successfully used in the treatment of spasticity with baclofen, which is the only FDA-approved GABAb agonist for the potential treatment of spasticity (Kent et al., 2020).



6. Therapeutic targets of glymphatic system for neurological disease

As discussed above, the glymphatic system is involved in many neurological diseases due to its clearing function, fluid transport and wide distribution. Therefore, one or more of the major functional components of the glymphatic system would be a pharmacological target for the treatment of neurological diseases. In this section, we discuss several potential therapeutic targets of the glymphatic system for the treatment of neurological diseases.


6.1. Modulation of sleep architecture

Slow-wave activity in the EEG is consistent with deep NREM, which is the optimal stage for glymphatic flow to clear metabolic waste. Previous study has shown a positive correlation between glymphatic influx and cortical delta power in EEG recordings and a negative correlation between beta power and heart rate (Hablitz et al., 2019). Subsequently, it was shown that slow oscillating neural activity precedes coupled waves of blood and CSF flow in the brain (Fultz et al., 2019). Natural sleep or anesthesia are associated with a 60% increase in the interstitial space, resulting in a striking increase in convective exchange of CSF with ISF, which increased the rate of Aβ clearance during sleep (Xie et al., 2013). The effect of anesthesia on the glymphatic system is an appropriate example to illustrate how sleep architecture changes glymphatic flow. Different choices of anesthetics agent result in different rates of glymphatic CSF influx and efflux (Benveniste et al., 2017; Hablitz et al., 2019; Benveniste et al., 2019a). Dexmedetomidine, a selective α2-adrengergic agonist routinely used for sedation and commonly with markedly extensive slow-wave activity in EEG, could elevate the MRI contrast agent clearance rate in rat (Benveniste et al., 2017). Compared to isoflurane-only, the combined administration of dexmedetomidine and isoflurane clearly promotes CSF influx and has been shown to correlate directly with delta power in EEG (Hablitz et al., 2019). In addition, changing the sleep architecture is not the only mechanism by which anesthetics promote glymphatic flow. Preclinical studies have shown that anesthetic at high concentrations may induce cerebral vasoconstriction, which leads to enlarged perivascular spaces and promotes CSF influx into the brain (Ganjoo et al., 1998). Therefore, we speculate that targeting to the sleep architecture modulation would be a novel therapeutic modality not only for the neurodegenerative disease but also beneficial for stroke, TBI and other diseases.



6.2. Modulation of AQP4

As one of the most important constituent elements of the glymphatic system, AQP4 is a potential therapeutic target for many neurological diseases. Both genetic modification and pharmacological inhibition of AQP4 expression have been shown to reduce brain edema and improve outcomes of ischemic stroke through animal experiments (Yao et al., 2015; Pirici et al., 2017). TGN-073, an AQP4 facilitator, has been shown to promote ISF circulation within the BBB (Huber et al., 2018). Consistent with this, overexpression of AQP4 in mice has been shown to accelerate edema and poor prognosis after water intoxication (Yang et al., 2008).

Although AQP4 is an important potential target for neurological diseases, there are still many points that must be considered. The first is that AQP4 is also expressed outside of the CNS, in the sarcolemma of skeletal muscle, the inner medullary collecting duct of the kidney, the parietal cells of the stomach, and the epithelium of the exocrine gland (Frigeri et al., 1995; Verkman et al., 2017). Therefore, targeting AQP4 on astrocytes while avoiding binding to peripheral AQP4 must be considered to avoid side effects. In addition to the difficulties of crossing BBB in CNS drug delivery, off-target binding is another common occurrence. The second is that AQP4 has two main isoforms, a longer M1 isoform and a shorter M23 isoform, which form two distinct tetramers, a homotetramer consisting of all M1 or M23 isoforms, and a hetero-tetramers consisting of a mixture of M1 and M23 (Verkman et al., 2017). Drug specificity to different tetramers is another point to consider.



6.3. Modulation of CSF flow in perivascular space

CSF from the subarachnoid space flows into the parenchyma via the PVS, providing a mode of drug delivery. A previous study demonstrated that the influx of tracers from the subarachnoid space into the brain parenchyma depends on molecular weight. They found that as the molecular weight decreased, more tracers entered the brain parenchyma (Iliff et al., 2012). The FITC-d2000 (size as 2000 kD) was confined in the perivascular space. TR-D3 (size as 3kD) was more widely distributed than FITC-d2000, which is mainly entered into PVS. The lower-molecular weight A594 (size as 759D) moved quickly into parenchyma and only a bit constricted in the PVS. Pizzo et al. (2018) found that solute entry into the brain is consistent with diffusive transport and exhibits a clear solute size dependence, and co-injection of mannitol significantly increasing the speed of IgG flow into PVS in a dose-dependent manner. They found that single-domain antibodies (lower molecular weight as ~16.8 kD) could easier enter into PVS compared with IgG (higher molecular weight as ~150 kD). Another way of regulating the PVS flow is the regulation of arterial pulsations and cardiac cycles. Enlarged PVS was a predisposing factor for degenerative impairment and was observed to be dilated in hypertension by MRI. Glymphatic transport is compromised in both chronic hypertension and AngII-induced acute hypertension on mice models, which is probably due to decrease of the arterial pulsation and dilated PVS (Mortensen et al., 2019). The association between glymphatic flow and hypertension may in part explain the association between vascular pathology and AD (Mortensen et al., 2019). Systemic administration of dobutamine, an adrenergic agonist, has been proven to increase the rate of perivascular CSF-ISF exchange via enhancing arterial pulsation and cardiac contractility (Iliff et al., 2013). It is also explained that cardiac failure potentially reduced glymphatic flow exchange and accelerated cognition decline. Epidemiological study also showed that patients with cardiovascular diseases (such as heart failure, hypertension and atrial fibrillation) have a higher risk of AD (Cermakova et al., 2015). Conventional opinion in cardiac insufficiency patients at high risk for AD has attributed it to hypoperfusion of the brain, but with more research on glymphatic function, weakened vascular pulsation is a new pathological mechanism. Therefore, the regulation of pulsations and cardiac cycles is a new perspective for the treatment of neurological diseases. Increasing plasma osmolarity transiently is another effective way to promote glymphatic flow without affecting consciousness (Plog et al., 2018). However, it is often accompanied by pontine myeloysis syndrome (Lohela et al., 2022).



6.4. Other strategies

Adrenergic drugs are another way to improve glymphatic flow. Acute focal ischemia induces cortical spreading depolarization, which is featured as an increase in extracellular K+ and a suppression of neural activity. Systemic administration of adrenergic receptor antagonism before or after ischemic stroke in mice models accelerates the normalization of extracellular K+, promotes recovery of neural activity, reduces infarct volume, conserves AQP4 polarized expression on astrocytes (Monai et al., 2019). The authors suggested that adrenergic inhibitors promoted the exchange between CSF and ISF, accelerated extracellular K+ clearance, and are a potential treatment for stroke (Monai et al., 2019). A retrospective cohort study suggested that the β-blockers as highly BBB permeable drugs reduce the risk of AD compared with low permeability drugs in the process of hypertension treatment (Beaman et al., 2022). They hypothesized that β-blockers slowed down the development of AD due to improving metabolic waste clearance in the brain (Beaman et al., 2022). Activation of β-receptors reduces extracellular space volume and expands astrocytic processes (Sherpa et al., 2016). The administration of adrenergic receptors drugs modulated not only the ISF-CSF exchange and astrocyte, but also the cardiac cycle and arteriole pulsation, and further researches are needed to prove the systemic function of β-blockers in glymphatic pathway. In addition to those presented above, there are several non-pharmacological interventions could promote the CSF flow to ISF, including body gestures, exercise, and excess intake of polyunsaturated fatty acids (Lee et al., 2015; von Holstein-Rathlou et al., 2018; Liu et al., 2020). High alcohol intake reduces CSF influx, but low doses of alcohol promote glymphatic function, and vagus nerve stimulation enhanced CSF entry into the brain (Lundgaard et al., 2018; Cheng et al., 2020).




7. Discussion

Due to the difficulties of CNS drug delivery into brain, the severity of CNS disease, and the increasing incidence of neurodegenerative diseases in aging populations, a growing number of researchers are paying significant attention to the CSF/ISF exchange and the transport of metabolic wastes in the CNS. The main role of CSF in the CNS was considered to be as a buffer system until the discovery of the glymphatic system. Over the past decade, the glymphatic system has been shown to be involved in the pathophysiological processes such as metabolic waste clearance, water transport, and intracranial pressure modulation in the CNS. The discovery of the glymphatic system provides a deeper understanding mechanism of CNS diseases. At the same time, the glymphatic system supplies a new direction for the treatment of neurological diseases. We have elaborately discussed the changes in the glymphatic system in neurological diseases and potential targets for treatments. There are still a few concerns. Firstly, the pia mater and endfeet-PVS are permeable to small molecules and restricted to large molecules, which necessitates the selection of the correct molecular size of the drug in studies of glymphatic drug delivery. Secondly, based on the characteristics of the glymphatic system, we speculate that drug treatment for CNS diseases focused on nighttime (natural sleep stage) or sedation is more efficient than the traditional daytime dosing, because the glymphatic system is in a strong flow state in natural sleep stage and sedation or use drugs with longer half-lives during the day. Finally, intrathecal and intraventricular injections have not been widely used in clinical practice, due to the risk of invasions and probable infection. With the development of nanomedicine technology, the clinical application of these two therapeutic approaches will be greatly promoted. We propose that the glymphatic pathway provides a novel high-efficiency drug delivery pathway for CNS diseases.



Author contributions

YG conceived and prepared the manuscript. KL revised the manuscript and the figures. JZ helped to conceive and reviewed the manuscript. All authors read and approved the final manuscript.



Funding

This work was supported by the project of The First Hospital of Jilin University, Changchun, Jilin, China.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Alves de Lima, K., Rustenhoven, J., and Kipnis, J. (2020). Meningeal immunity and its function in maintenance of the central nervous system in health and disease. Annu. Rev. Immunol. 38, 597–620. doi: 10.1146/annurev-immunol-102319-103410 

 Arighi, A., Arcaro, M., Fumagalli, G. G., Carandini, T., Pietroboni, A. M., Sacchi, L., et al. (2022). Aquaporin-4 cerebrospinal fluid levels are higher in neurodegenerative dementia: looking at glymphatic system dysregulation. Alzheimers Res. Ther. 14:135. doi: 10.1186/s13195-022-01077-6

 Aspelund, A., Antila, S., Proulx, S. T., Karlsen, T. V., Karaman, S., Detmar, M., et al. (2015). A dural lymphatic vascular system that drains brain interstitial fluid and macromolecules. J. Exp. Med. 212, 991–999. doi: 10.1084/jem.20142290 

 Bae, Y. J., Choi, B. S., Kim, J. M., Choi, J. H., Cho, S. J., and Kim, J. H. (2021). Altered glymphatic system in idiopathic normal pressure hydrocephalus. Parkinsonism Relat. Disord. 82, 56–60. doi: 10.1016/j.parkreldis.2020.11.009 

 Bah, T. M., Goodman, J., and Iliff, J. J. (2019). Sleep as a therapeutic target in the aging brain. Neurotherapeutics 16, 554–568. doi: 10.1007/s13311-019-00769-6 

 Ballabh, P., Braun, A., and Nedergaard, M. (2004). The blood-brain barrier: an overview: structure, regulation, and clinical implications. Neurobiol. Dis. 16, 1–13. doi: 10.1016/j.nbd.2003.12.016

 Banks, W. A., Farr, S. A., Morley, J. E., Wolf, K. M., Geylis, V., and Steinitz, M. (2007). Anti-amyloid beta protein antibody passage across the blood-brain barrier in the SAMP8 mouse model of Alzheimer's disease: an age-related selective uptake with reversal of learning impairment. Exp. Neurol. 206, 248–256. doi: 10.1016/j.expneurol.2007.05.005 

 Beaman, E. E., Bonde, A. N., Ulv Larsen, S. M., Ozenne, B., Lohela, T. J., Nedergaard, M., et al. (2022). Blood-brain barrier permeable β-blockers linked to lower risk of Alzheimer's disease in hypertension. Brain J. Neurol. 146, 1141–1151. doi: 10.1093/brain/awac076

 Benveniste, H., Heerdt, P. M., Fontes, M., Rothman, D. L., and Volkow, N. D. (2019a). Glymphatic system function in relation to anesthesia and sleep states. Anesth. Analg. 128, 747–758. doi: 10.1213/ane.0000000000004069

 Benveniste, H., Lee, H., Ding, F., Sun, Q., Al-Bizri, E., Makaryus, R., et al. (2017). Anesthesia with dexmedetomidine and low-dose isoflurane increases solute transport via the glymphatic pathway in rat brain when compared with high-dose isoflurane. Anesthesiology 127, 976–988. doi: 10.1097/aln.0000000000001888 

 Benveniste, H., Liu, X., Koundal, S., Sanggaard, S., Lee, H., and Wardlaw, J. (2019b). The glymphatic system and waste clearance with brain aging: a review. Gerontology 65, 106–119. doi: 10.1159/000490349 

 Benveniste, H., and Nedergaard, M. (2022). Cerebral small vessel disease: a glymphopathy? Curr. Opin. Neurobiol. 72, 15–21. doi: 10.1016/j.conb.2021.07.006 

 Best, J. G., Barbato, C., Ambler, G., Du, H., Banerjee, G., Wilson, D., et al. (2020). Association of enlarged perivascular spaces and anticoagulant-related intracranial hemorrhage. Neurology 95, e2192–e2199. doi: 10.1212/wnl.0000000000010788 

 Bottros, M. M., and Christo, P. J. (2014). Current perspectives on intrathecal drug delivery. J. Pain Res. 7, 615–626. doi: 10.2147/jpr.s37591 

 Burfeind, K. G., Murchison, C. F., Westaway, S. K., Simon, M. J., Erten-Lyons, D., Kaye, J. A., et al. (2017). The effects of noncoding aquaporin-4 single-nucleotide polymorphisms on cognition and functional progression of Alzheimer's disease. Alzheimer’s Dementia 3, 348–359. doi: 10.1016/j.trci.2017.05.001 

 Campbell, B. C. V., De Silva, D. A., Macleod, M. R., Coutts, S. B., Schwamm, L. H., Davis, S. M., et al. (2019). Ischaemic stroke. Nat. Rev. Dis. Primers. 5:70. doi: 10.1038/s41572-019-0118-8

 Cermakova, P., Eriksdotter, M., Lund, L. H., Winblad, B., Religa, P., and Religa, D. (2015). Heart failure and Alzheimer’s disease. J. Intern. Med. 277, 406–425. doi: 10.1111/joim.12287 

 Chen, X., Deng, S., Lei, Q., He, Q., Ren, Y., Zhang, Y., et al. (2020). miR-7-5p affects brain edema after intracerebral hemorrhage and its possible mechanism. Front. Cell Dev. Biol. 8:598020. doi: 10.3389/fcell.2020.598020 

 Cheng, K. P., Brodnick, S. K., Blanz, S. L., Zeng, W., Kegel, J., Pisaniello, J. A., et al. (2020). Clinically-derived vagus nerve stimulation enhances cerebrospinal fluid penetrance. Brain Stimul. 13, 1024–1030. doi: 10.1016/j.brs.2020.03.012 

 Chu, H., Gao, Z., Huang, C., Dong, J., Tang, Y., and Dong, Q. (2020). Relationship between hematoma expansion induced by hypertension and hyperglycemia and blood-brain barrier disruption in mice and its possible mechanism: role of aquaporin-4 and connexin43. Neurosci. Bull. 36, 1369–1380. doi: 10.1007/s12264-020-00540-4 

 Chu, H., Xiang, J., Wu, P., Su, J., Ding, H., Tang, Y., et al. (2014). The role of aquaporin 4 in apoptosis after intracerebral hemorrhage. J. Neuroinflammation 11:184. doi: 10.1186/s12974-014-0184-5 

 Collen, J., Orr, N., Lettieri, C. J., Carter, K., and Holley, A. B. (2012). Sleep disturbances among soldiers with combat-related traumatic brain injury. Chest 142, 622–630. doi: 10.1378/chest.11-1603 

 Da Mesquita, S., Louveau, A., Vaccari, A., Smirnov, I., Cornelison, R. C., Kingsmore, K. M., et al. (2018). Functional aspects of meningeal lymphatics in ageing and Alzheimer's disease. Nature 560, 185–191. doi: 10.1038/s41586-018-0368-8 

 Ding, X. B., Wang, X. X., Xia, D. H., Liu, H., Tian, H. Y., Fu, Y., et al. (2021). Impaired meningeal lymphatic drainage in patients with idiopathic Parkinson's disease. Nat. Med. 27, 411–418. doi: 10.1038/s41591-020-01198-1 

 Duperron, M. G., Tzourio, C., Schilling, S., Zhu, Y. C., Soumaré, A., Mazoyer, B., et al. (2019). High dilated perivascular space burden: a new MRI marker for risk of intracerebral hemorrhage. Neurobiol. Aging 84, 158–165. doi: 10.1016/j.neurobiolaging.2019.08.031 

 Eide, P. K., and Ringstad, G. (2015). MRI with intrathecal MRI gadolinium contrast medium administration: a possible method to assess glymphatic function in human brain. Acta Radiol. Open 4:205846011560963. doi: 10.1177/2058460115609635 

 Eide, P. K., Vinje, V., Pripp, A. H., Mardal, K. A., and Ringstad, G. (2021). Sleep deprivation impairs molecular clearance from the human brain. Brain J. Neurol. 144, 863–874. doi: 10.1093/brain/awaa443 

 Feigin, V. L., Norrving, B., and Mensah, G. A. (2017). Global burden of stroke. Circ. Res. 120, 439–448. doi: 10.1161/circresaha.116.308413

 Fournier, A. P., Gauberti, M., Quenault, A., Vivien, D., Macrez, R., and Docagne, F. (2019). Reduced spinal cord parenchymal cerebrospinal fluid circulation in experimental autoimmune encephalomyelitis. J. Cereb. Blood Flow Metab. 39, 1258–1265. doi: 10.1177/0271678x18754732 

 Fowler, M. J., Cotter, J. D., Knight, B. E., Sevick-Muraca, E. M., Sandberg, D. I., and Sirianni, R. W. (2020). Intrathecal drug delivery in the era of nanomedicine. Adv. Drug Deliv. Rev. 165-166, 77–95. doi: 10.1016/j.addr.2020.02.006 

 Frigeri, A., Gropper, M. A., Umenishi, F., Kawashima, M., Brown, D., and Verkman, A. S. (1995). Localization of MIWC and GLIP water channel homologs in neuromuscular, epithelial and glandular tissues. J. Cell Sci. 108, 2993–3002. doi: 10.1242/jcs.108.9.2993 

 Fultz, N. E., Bonmassar, G., Setsompop, K., Stickgold, R. A., Rosen, B. R., Polimeni, J. R., et al. (2019). Coupled electrophysiological, hemodynamic, and cerebrospinal fluid oscillations in human sleep. Science 366, 628–631. doi: 10.1126/science.aax5440 

 Gaberel, T., Gakuba, C., Goulay, R., Martinez De Lizarrondo, S., Hanouz, J. L., Emery, E., et al. (2014). Impaired glymphatic perfusion after strokes revealed by contrast-enhanced MRI: a new target for fibrinolysis? Stroke 45, 3092–3096. doi: 10.1161/strokeaha.114.006617 

 Ganjoo, P., Farber, N. E., Hudetz, A., Smith, J. J., Samso, E., Kampine, J. P., et al. (1998). In vivo effects of dexmedetomidine on laser-Doppler flow and pial arteriolar diameter. Anesthesiology 88, 429–439. doi: 10.1097/00000542-199802000-00022 

 Generoso, J. S., Thorsdottir, S., Collodel, A., Dominguini, D., Santo, R. R. E., Petronilho, F., et al. (2022). Dysfunctional glymphatic system with disrupted aquaporin 4 expression pattern on astrocytes causes bacterial product accumulation in the CSF during pneumococcal meningitis. mBio 13:e0188622. doi: 10.1128/mbio.01886-22 

 Gomm, W., von Holt, K., Thomé, F., Broich, K., Maier, W., Weckbecker, K., et al. (2016). Regular benzodiazepine and Z-substance use and risk of dementia: an analysis of German claims data. J. Alzheimer’s Disease 54, 801–808. doi: 10.3233/jad-151006 

 Goulay, R., Flament, J., Gauberti, M., Naveau, M., Pasquet, N., Gakuba, C., et al. (2017). Subarachnoid hemorrhage severely impairs brain parenchymal cerebrospinal fluid circulation in nonhuman primate. Stroke 48, 2301–2305. doi: 10.1161/strokeaha.117.017014 

 Graham, M. S., and Mellinghoff, I. K. (2021). Meningeal lymphatics prime tumor immunity in glioblastoma. Cancer Cell 39, 304–306. doi: 10.1016/j.ccell.2021.02.012 

 Hablitz, L. M., Plá, V., Giannetto, M., Vinitsky, H. S., Stæger, F. F., Metcalfe, T., et al. (2020). Circadian control of brain glymphatic and lymphatic fluid flow. Nat. Commun. 11:4411. doi: 10.1038/s41467-020-18115-2 

 Hablitz, L. M., Vinitsky, H. S., Sun, Q., Stæger, F. F., Sigurdsson, B., Mortensen, K. N., et al. (2019). Increased glymphatic influx is correlated with high EEG delta power and low heart rate in mice under anesthesia. Sci. Adv. 5:eaav5447. doi: 10.1126/sciadv.aav5447 

 Harrison, I. F., Ismail, O., Machhada, A., Colgan, N., Ohene, Y., Nahavandi, P., et al. (2020). Impaired glymphatic function and clearance of tau in an Alzheimer's disease model. Brain J. Neurol. 143, 2576–2593. doi: 10.1093/brain/awaa179 

 Hirose, M., Asano, M., Watanabe-Matsumoto, S., Yamanaka, K., Abe, Y., Yasui, M., et al. (2021). Stagnation of glymphatic interstitial fluid flow and delay in waste clearance in the SOD1-G93A mouse model of ALS. Neurosci. Res. 171, 74–82. doi: 10.1016/j.neures.2020.10.006 

 Huber, V. J., Igarashi, H., Ueki, S., Kwee, I. L., and Nakada, T. (2018). Aquaporin-4 facilitator TGN-073 promotes interstitial fluid circulation within the blood-brain barrier: [17O]H2O JJVCPE MRI study. Neuroreport 29, 697–703. doi: 10.1097/wnr.0000000000000990 

 Iliff, J. J., Chen, M. J., Plog, B. A., Zeppenfeld, D. M., Soltero, M., Yang, L., et al. (2014). Impairment of glymphatic pathway function promotes tau pathology after traumatic brain injury. J. Neurosci. Off. J. Soc. Neurosci. 34, 16180–16193. doi: 10.1523/jneurosci.3020-14.2014 

 Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., et al. (2012). A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β. Sci. Transl. Med. 4:147ra111. doi: 10.1126/scitranslmed.3003748 

 Iliff, J. J., Wang, M., Zeppenfeld, D. M., Venkataraman, A., Plog, B. A., Liao, Y., et al. (2013). Cerebral arterial pulsation drives paravascular CSF-interstitial fluid exchange in the murine brain. J. Neurosci. Off. J. Soc. Neurosci. 33, 18190–18199. doi: 10.1523/jneurosci.1592-13.2013 

 Ju, Y. S., Ooms, S. J., Sutphen, C., Macauley, S. L., Zangrilli, M. A., Jerome, G., et al. (2017). Slow wave sleep disruption increases cerebrospinal fluid amyloid-β levels. Brain J. Neurol. 140, 2104–2111. doi: 10.1093/brain/awx148 

 Jucker, M., and Walker, L. C. (2013). Self-propagation of pathogenic protein aggregates in neurodegenerative diseases. Nature 501, 45–51. doi: 10.1038/nature12481 

 Keir, L. H. M., and Breen, D. P. (2020). New awakenings: current understanding of sleep dysfunction and its treatment in Parkinson's disease. J. Neurol. 267, 288–294. doi: 10.1007/s00415-019-09651-z 

 Kent, C. N., Park, C., and Lindsley, C. W. (2020). Classics in chemical neuroscience: baclofen. ACS Chem. Neurosci. 11, 1740–1755. doi: 10.1021/acschemneuro.0c00254 

 Kim, J., Lee, D. A., Lee, H. J., Park, B. S., Ko, J., Park, S. H., et al. (2022). Glymphatic system dysfunction in patients with cluster headache. Brain Behav. 12:e2631. doi: 10.1002/brb3.2631 

 Kiviniemi, V., Wang, X., Korhonen, V., Keinänen, T., Tuovinen, T., Autio, J., et al. (2016). Ultra-fast magnetic resonance encephalography of physiological brain activity - Glymphatic pulsation mechanisms? J. Cereb. Blood Flow Metab. 36, 1033–1045. doi: 10.1177/0271678x15622047 

 Kress, B. T., Iliff, J. J., Xia, M., Wang, M., Wei, H. S., Zeppenfeld, D., et al. (2014). Impairment of paravascular clearance pathways in the aging brain. Ann. Neurol. 76, 845–861. doi: 10.1002/ana.24271 

 Lancel, M. (1999). Role of GABAA receptors in the regulation of sleep: initial sleep responses to peripherally administered modulators and agonists. Sleep 22, 33–42. doi: 10.1093/sleep/22.1.33 

 Lee, H., Xie, L., Yu, M., Kang, H., Feng, T., Deane, R., et al. (2015). The effect of body posture on brain glymphatic transport. J. Neurosci. Off. J. Soc. Neurosci. 35, 11034–11044. doi: 10.1523/jneurosci.1625-15.2015 

 Li, Y., Li, M., Yang, L., Qin, W., Yang, S., Yuan, J., et al. (2019). The relationship between blood-brain barrier permeability and enlarged perivascular spaces: a cross-sectional study. Clin. Interv. Aging 14, 871–878. doi: 10.2147/cia.s204269 

 Liu, X., Hao, J., Yao, E., Cao, J., Zheng, X., Yao, D., et al. (2020). Polyunsaturated fatty acid supplement alleviates depression-incident cognitive dysfunction by protecting the cerebrovascular and glymphatic systems. Brain Behav. Immun. 89, 357–370. doi: 10.1016/j.bbi.2020.07.022 

 Liu, K., Zhu, J., Chang, Y., Lin, Z., Shi, Z., Li, X., et al. (2021). Attenuation of cerebral edema facilitates recovery of glymphatic system function after status epilepticus. JCI Insight 6:e151835. doi: 10.1172/jci.insight.151835 

 Lohela, T. J., Lilius, T. O., and Nedergaard, M. (2022). The glymphatic system: implications for drugs for central nervous system diseases. Nat. Rev. Drug Discov. 21, 763–779. doi: 10.1038/s41573-022-00500-9 

 Louveau, A., Plog, B. A., Antila, S., Alitalo, K., Nedergaard, M., and Kipnis, J. (2017). Understanding the functions and relationships of the glymphatic system and meningeal lymphatics. J. Clin. Invest. 127, 3210–3219. doi: 10.1172/jci90603 

 Louveau, A., Smirnov, I., Keyes, T. J., Eccles, J. D., Rouhani, S. J., Peske, J. D., et al. (2015). Structural and functional features of central nervous system lymphatic vessels. Nature 523, 337–341. doi: 10.1038/nature14432 

 Lu, H., Zhan, Y., Ai, L., Chen, H., and Chen, J. (2020). AQP4-siRNA alleviates traumatic brain edema by altering post-traumatic AQP4 polarity reversal in TBI rats. J. Clin. Neurosci. 81, 113–119. doi: 10.1016/j.jocn.2020.09.015

 Lundgaard, I., Li, B., Xie, L., Kang, H., Sanggaard, S., Haswell, J. D., et al. (2015). Direct neuronal glucose uptake heralds activity-dependent increases in cerebral metabolism. Nat. Commun. 6:6807. doi: 10.1038/ncomms7807 

 Lundgaard, I., Wang, W., Eberhardt, A., Vinitsky, H. S., Reeves, B. C., Peng, S., et al. (2018). Beneficial effects of low alcohol exposure, but adverse effects of high alcohol intake on glymphatic function. Sci. Rep. 8:2246. doi: 10.1038/s41598-018-20424-y 

 Lv, T., Zhao, B., Hu, Q., and Zhang, X. (2021). The glymphatic system: a novel therapeutic target for stroke treatment. Front. Aging Neurosci. 13:689098. doi: 10.3389/fnagi.2021.689098 

 MacAulay, N. (2021). Molecular mechanisms of brain water transport. Nat. Rev. Neurosci. 22, 326–344. doi: 10.1038/s41583-021-00454-8

 Mathiisen, T. M., Lehre, K. P., Danbolt, N. C., and Ottersen, O. P. (2010). The perivascular astroglial sheath provides a complete covering of the brain microvessels: an electron microscopic 3D reconstruction. Glia 58, 1094–1103. doi: 10.1002/glia.20990

 Menon, D. K., Schwab, K., Wright, D. W., and Maas, A. I. (2010). Position statement: definition of traumatic brain injury. Arch. Phys. Med. Rehabil. 91, 1637–1640. doi: 10.1016/j.apmr.2010.05.017

 Mestre, H., Du, T., Sweeney, A. M., Liu, G., Samson, A. J., Peng, W., et al. (2020). Cerebrospinal fluid influx drives acute ischemic tissue swelling. Science 367:eaax7171. doi: 10.1126/science.aax7171 

 Mestre, H., Tithof, J., Du, T., Song, W., Peng, W., Sweeney, A. M., et al. (2018). Flow of cerebrospinal fluid is driven by arterial pulsations and is reduced in hypertension. Nat. Commun. 9:4878. doi: 10.1038/s41467-018-07318-3 

 Monai, H., Wang, X., Yahagi, K., Lou, N., Mestre, H., Xu, Q., et al. (2019). Adrenergic receptor antagonism induces neuroprotection and facilitates recovery from acute ischemic stroke. Proc. Natl. Acad. Sci. U. S. A. 116, 11010–11019. doi: 10.1073/pnas.1817347116 

 Mortensen, K. N., Sanggaard, S., Mestre, H., Lee, H., Kostrikov, S., Xavier, A. L. R., et al. (2019). Impaired glymphatic transport in spontaneously hypertensive rats. J. Neurosci. Off. J. Soc. Neurosci. 39, 6365–6377. doi: 10.1523/jneurosci.1974-18.2019 

 Nagelhus, E. A., Veruki, M. L., Torp, R., Haug, F. M., Laake, J. H., Nielsen, S., et al. (1998). Aquaporin-4 water channel protein in the rat retina and optic nerve: polarized expression in Müller cells and fibrous astrocytes. J. Neurosci. Off. J. Soc. Neurosci. 18, 2506–2519. doi: 10.1523/jneurosci.18-07-02506.1998 

 Nedergaard, M., and Goldman, S. A. (2020). Glymphatic failure as a final common pathway to dementia. Science 370, 50–56. doi: 10.1126/science.abb8739 

 Nielsen, S., Nagelhus, E. A., Amiry-Moghaddam, M., Bourque, C., Agre, P., and Ottersen, O. P. (1997). Specialized membrane domains for water transport in glial cells: high-resolution immunogold cytochemistry of aquaporin-4 in rat brain. J. Neurosci. Off. J. Soc. Neurosci. 17, 171–180. doi: 10.1523/jneurosci.17-01-00171.1997 

 Oggioni, M. R., and Koedel, U. (2022). The glymphatic system: a potential key player in bacterial meningitis. mBio 13:e0235022. doi: 10.1128/mbio.02350-22

 Ouellet, M. C., Beaulieu-Bonneau, S., and Morin, C. M. (2015). Sleep-wake disturbances after traumatic brain injury. Lancet Neurol. 14, 746–757. doi: 10.1016/s1474-4422(15)00068-x

 Peng, W., Achariyar, T. M., Li, B., Liao, Y., Mestre, H., Hitomi, E., et al. (2016). Suppression of glymphatic fluid transport in a mouse model of Alzheimer’s disease. Neurobiol. Dis. 93, 215–225. doi: 10.1016/j.nbd.2016.05.015 

 Piantino, J. A., Iliff, J. J., and Lim, M. M. (2022). The bidirectional link between sleep disturbances and traumatic brain injury symptoms: a role for glymphatic dysfunction? Biol. Psychiatry 91, 478–487. doi: 10.1016/j.biopsych.2021.06.025 

 Pirici, I., Balsanu, T. A., Bogdan, C., Margaritescu, C., Divan, T., Vitalie, V., et al. (2017). Inhibition of aquaporin-4 improves the outcome of ischaemic stroke and modulates brain paravascular drainage pathways. Int. J. Mol. Sci. 19:46. doi: 10.3390/ijms19010046 

 Pizzo, M. E., Wolak, D. J., Kumar, N. N., Brunette, E., Brunnquell, C. L., Hannocks, M. J., et al. (2018). Intrathecal antibody distribution in the rat brain: surface diffusion, perivascular transport and osmotic enhancement of delivery. J. Physiol. 596, 445–475. doi: 10.1113/jp275105 

 Plog, B. A., Dashnaw, M. L., Hitomi, E., Peng, W., Liao, Y., Lou, N., et al. (2015). Biomarkers of traumatic injury are transported from brain to blood via the glymphatic system. J. Neurosci. Off. J. Soc. Neurosci. 35, 518–526. doi: 10.1523/jneurosci.3742-14.2015 

 Plog, B. A., Mestre, H., Olveda, G. E., Sweeney, A. M., Kenney, H. M., Cove, A., et al. (2018). Transcranial optical imaging reveals a pathway for optimizing the delivery of immunotherapeutics to the brain. JCI Insight 3:e126138. doi: 10.1172/jci.insight.126138 

 Plog, B. A., and Nedergaard, M. (2018). The glymphatic system in central nervous system health and disease: past, present, and future. Annu. Rev. Pathol. 13, 379–394. doi: 10.1146/annurev-pathol-051217-111018 

 Pu, T., Zou, W., Feng, W., Zhang, Y., Wang, L., Wang, H., et al. (2019). Persistent malfunction of glymphatic and meningeal lymphatic drainage in a mouse model of subarachnoid hemorrhage. Exp. Neurobiol. 28, 104–118. doi: 10.5607/en.2019.28.1.104 

 Rainey-Smith, S. R., Mazzucchelli, G. N., Villemagne, V. L., Brown, B. M., Porter, T., Weinborn, M., et al. (2018). Genetic variation in aquaporin-4 moderates the relationship between sleep and brain Aβ-amyloid burden. Transl. Psychiatry 8:47. doi: 10.1038/s41398-018-0094-x 

 Rangroo Thrane, V., Thrane, A. S., Plog, B. A., Thiyagarajan, M., Iliff, J. J., Deane, R., et al. (2013). Paravascular microcirculation facilitates rapid lipid transport and astrocyte signaling in the brain. Sci. Rep. 3:2582. doi: 10.1038/srep02582 

 Raposo, N., and Viswanathan, A. (2020). MRI-visible enlarged perivascular spaces: beyond microbleeds to predict intracerebral hemorrhage. Neurology 95, 709–710. doi: 10.1212/wnl.0000000000010790 

 Reeves, B. C., Karimy, J. K., Kundishora, A. J., Mestre, H., Cerci, H. M., Matouk, C., et al. (2020). Glymphatic system impairment in Alzheimer’s disease and idiopathic normal pressure hydrocephalus. Trends Mol. Med. 26, 285–295. doi: 10.1016/j.molmed.2019.11.008 

 Ringstad, G., Vatnehol, S. A. S., and Eide, P. K. (2017). Glymphatic MRI in idiopathic normal pressure hydrocephalus. Brain J. Neurol. 140, 2691–2705. doi: 10.1093/brain/awx191 

 Rubinsztein, D. C. (2006). The roles of intracellular protein-degradation pathways in neurodegeneration. Nature 443, 780–786. doi: 10.1038/nature05291

 Sherpa, A. D., Xiao, F., Joseph, N., Aoki, C., and Hrabetova, S. (2016). Activation of β-adrenergic receptors in rat visual cortex expands astrocytic processes and reduces extracellular space volume. Synapse 70, 307–316. doi: 10.1002/syn.21908

 St-Amour, I., Paré, I., Alata, W., Coulombe, K., Ringuette-Goulet, C., Drouin-Ouellet, J., et al. (2013). Brain bioavailability of human intravenous immunoglobulin and its transport through the murine blood-brain barrier. J. Cereb. Blood Flow Metab. 33, 1983–1992. doi: 10.1038/jcbfm.2013.160 

 Tang, Y., Wu, P., Su, J., Xiang, J., Cai, D., and Dong, Q. (2010). Effects of aquaporin-4 on edema formation following intracerebral hemorrhage. Exp. Neurol. 223, 485–495. doi: 10.1016/j.expneurol.2010.01.015 

 Taoka, T., Masutani, Y., Kawai, H., Nakane, T., Matsuoka, K., Yasuno, F., et al. (2017). Evaluation of glymphatic system activity with the diffusion MR technique: diffusion tensor image analysis along the perivascular space (DTI-ALPS) in Alzheimer’s disease cases. Jpn. J. Radiol. 35, 172–178. doi: 10.1007/s11604-017-0617-z 

 Tapiainen, V., Taipale, H., Tanskanen, A., Tiihonen, J., Hartikainen, S., and Tolppanen, A. M. (2018). The risk of Alzheimer’s disease associated with benzodiazepines and related drugs: a nested case-control study. Acta Psychiatr. Scand. 138, 91–100. doi: 10.1111/acps.12909 

 Tarasoff-Conway, J. M., Carare, R. O., Osorio, R. S., Glodzik, L., Butler, T., Fieremans, E., et al. (2015). Clearance systems in the brain-implications for Alzheimer disease. Nat. Rev. Neurol. 11, 457–470. doi: 10.1038/nrneurol.2015.119 

 Thibaudeau, T. A., Anderson, R. T., and Smith, D. M. (2018). A common mechanism of proteasome impairment by neurodegenerative disease-associated oligomers. Nat. Commun. 9:1097. doi: 10.1038/s41467-018-03509-0 

 Ulv Larsen, S. M., Landolt, H. P., Berger, W., Nedergaard, M., Knudsen, G. M., and Holst, S. C. (2020). Haplotype of the astrocytic water channel AQP4 is associated with slow wave energy regulation in human NREM sleep. PLoS Biol. 18:e3000623. doi: 10.1371/journal.pbio.3000623 

 Valnes, L. M., Mitusch, S. K., Ringstad, G., Eide, P. K., Funke, S. W., and Mardal, K. A. (2020). Apparent diffusion coefficient estimates based on 24 hours tracer movement support glymphatic transport in human cerebral cortex. Sci. Rep. 10:9176. doi: 10.1038/s41598-020-66042-5 

 Verkman, A. S., Smith, A. J., Phuan, P. W., Tradtrantip, L., and Anderson, M. O. (2017). The aquaporin-4 water channel as a potential drug target in neurological disorders. Expert Opin. Ther. Targets 21, 1161–1170. doi: 10.1080/14728222.2017.1398236 

 von Holstein-Rathlou, S., Petersen, N. C., and Nedergaard, M. (2018). Voluntary running enhances glymphatic influx in awake behaving, young mice. Neurosci. Lett. 662, 253–258. doi: 10.1016/j.neulet.2017.10.035 

 Wang, C., and Holtzman, D. M. (2020). Bidirectional relationship between sleep and Alzheimer’s disease: role of amyloid, tau, and other factors. Neuropsychopharmacology 45, 104–120. doi: 10.1038/s41386-019-0478-5 

 Weller, R. O., Massey, A., Newman, T. A., Hutchings, M., Kuo, Y. M., and Roher, A. E. (1998). Cerebral amyloid angiopathy: amyloid beta accumulates in putative interstitial fluid drainage pathways in Alzheimer's disease. Am. J. Pathol. 153, 725–733. doi: 10.1016/s0002-9440(10)65616-7 

 Wu, T. T., Su, F. J., Feng, Y. Q., Liu, B., Li, M. Y., Liang, F. Y., et al. (2020). Mesenchymal stem cells alleviate AQP-4-dependent glymphatic dysfunction and improve brain distribution of antisense oligonucleotides in BACHD mice. Stem Cells 38, 218–230. doi: 10.1002/stem.3103 

 Xia, M., Yang, L., Sun, G., Qi, S., and Li, B. (2017). Mechanism of depression as a risk factor in the development of Alzheimer's disease: the function of AQP4 and the glymphatic system. Psychopharmacology 234, 365–379. doi: 10.1007/s00213-016-4473-9 

 Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., et al. (2013). Sleep drives metabolite clearance from the adult brain. Science 342, 373–377. doi: 10.1126/science.1241224 

 Xu, Z., Xiao, N., Chen, Y., Huang, H., Marshall, C., Gao, J., et al. (2015). Deletion of aquaporin-4 in APP/PS1 mice exacerbates brain Aβ accumulation and memory deficits. Mol. Neurodegener. 10:58. doi: 10.1186/s13024-015-0056-1 

 Xuan, X., Zhou, G., Chen, C., Shao, A., Zhou, Y., Li, X., et al. (2022). Glymphatic system: emerging therapeutic target for neurological diseases. Oxidative Med. Cell. Longev. 2022, 6189170–6189114. doi: 10.1155/2022/6189170 

 Xue, Y., Liu, N., Zhang, M., Ren, X., Tang, J., and Fu, J. (2020). Concomitant enlargement of perivascular spaces and decrease in glymphatic transport in an animal model of cerebral small vessel disease. Brain Res. Bull. 161, 78–83. doi: 10.1016/j.brainresbull.2020.04.008 

 Yang, B., Zador, Z., and Verkman, A. S. (2008). Glial cell aquaporin-4 overexpression in transgenic mice accelerates cytotoxic brain swelling. J. Biol. Chem. 283, 15280–15286. doi: 10.1074/jbc.M801425200 

 Yao, X., Derugin, N., Manley, G. T., and Verkman, A. S. (2015). Reduced brain edema and infarct volume in aquaporin-4 deficient mice after transient focal cerebral ischemia. Neurosci. Lett. 584, 368–372. doi: 10.1016/j.neulet.2014.10.040 

 Zbesko, J. C., Nguyen, T. V., Yang, T., Frye, J. B., Hussain, O., Hayes, M., et al. (2018). Glial scars are permeable to the neurotoxic environment of chronic stroke infarcts. Neurobiol. Dis. 112, 63–78. doi: 10.1016/j.nbd.2018.01.007 

 Zeppenfeld, D. M., Simon, M., Haswell, J. D., D'Abreo, D., Murchison, C., Quinn, J. F., et al. (2017). Association of perivascular localization of aquaporin-4 with cognition and Alzheimer disease in aging brains. JAMA Neurol. 74, 91–99. doi: 10.1001/jamaneurol.2016.4370 

 Zhang, E. T., Inman, C. B., and Weller, R. O. (1990). Interrelationships of the pia mater and the perivascular (Virchow-Robin) spaces in the human cerebrum. J. Anat. 170, 111–123.

 Zhang, H., Wang, Y., Lian, L., Zhang, C., and He, Z. (2020). Glycine-histidine-lysine (GHK) alleviates astrocytes injury of intracerebral hemorrhage via the Akt/miR-146a-3p/AQP4 pathway. Front. Neurosci. 14:576389. doi: 10.3389/fnins.2020.576389 

 Zhang, Y., Zhang, R., Ye, Y., Wang, S., Jiaerken, Y., Hong, H., et al. (2021). The influence of demographics and vascular risk factors on glymphatic function measured by diffusion along perivascular space. Front. Aging Neurosci. 13:693787. doi: 10.3389/fnagi.2021.693787 

 Zhou, W., Shen, B., Shen, W. Q., Chen, H., Zheng, Y. F., and Fei, J. J. (2020). Dysfunction of the glymphatic system might be related to Iron deposition in the normal aging brain. Front. Aging Neurosci. 12:559603. doi: 10.3389/fnagi.2020.559603 

 Zuroff, L., Daley, D., Black, K. L., and Koronyo-Hamaoui, M. (2017). Clearance of cerebral Aβ in Alzheimer’s disease: reassessing the role of microglia and monocytes. Cell. Mol. Life Sci. 74, 2167–2201. doi: 10.1007/s00018-017-2463-7 


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Glymphatic system: an emerging therapeutic approach for neurological disorders



		1. Introduction



		2. Structure and function of the glymphatic system



		2.1. Structure of glymphatic system



		2.2. Probable function of glymphatic system



		2.3. Relations among glymphatic system, the BBB, and meningeal lymphatic system



		2.4. Expression of AQP4 in glymphatic system









		3. Driving factors of the glymphatic system



		4. Changes of glymphatic system in different neurological disease



		4.1. Chronic neurological disorders



		4.2. Acute neurological disorders









		5. Drug delivery barriers and potential approaches



		6. Therapeutic targets of glymphatic system for neurological disease



		6.1. Modulation of sleep architecture



		6.2. Modulation of AQP4



		6.3. Modulation of CSF flow in perivascular space



		6.4. Other strategies









		7. Discussion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnmol-16-1138769-g001.jpg
Periarterial CSF influx

AQP4 on astrocyte endfeet

—Perivenous space

— Metabolic waste

Perivenous ISF efflux





OPS/images/fnmol-16-1138769-g002.jpg
NREM3

NREM2

NREM1

Awake

Sleep hours

=
©

Glymphatic flow

Low





OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

Glymphatic system: an emerging
therapeutic approach for
neurological disorders












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Molecular Neuroscience






