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Abstract

:

The intricate mechanisms governing brain health and function have long been subjects of extensive investigation. Recent research has shed light on two pivotal systems, the glymphatic system and the endocannabinoid system, and their profound role within the central nervous system. The glymphatic system is a recently discovered waste clearance system within the brain that facilitates the efficient removal of toxic waste products and metabolites from the central nervous system. It relies on the unique properties of the brain’s extracellular space and is primarily driven by cerebrospinal fluid and glial cells. Conversely, the endocannabinoid system, a multifaceted signaling network, is intricately involved in diverse physiological processes and has been associated with modulating synaptic plasticity, nociception, affective states, appetite regulation, and immune responses. This scientific review delves into the intricate interconnections between these two systems, exploring their combined influence on brain health and disease. By elucidating the synergistic effects of glymphatic function and endocannabinoid signaling, this review aims to deepen our understanding of their implications for neurological disorders, immune responses, and cognitive well-being.
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1. Introduction


The intricate and dynamic nature of the central nervous system (CNS) involves a multitude of regulatory systems that contribute to its structural integrity, functional balance, and resilience against pathological insults. Among these, the Glymphatic System (GS) and the Endocannabinoid System (ECS) have emerged as crucial players, each exerting profound influences on neurological processes. The GS, a relatively recent addition to our understanding of CNS physiology, functions as a waste clearance mechanism, facilitating the removal of metabolites and potentially neurotoxic substances. In parallel, the ECS, a complex signaling network, modulates neurotransmission, immune responses, and inflammatory processes throughout the brain.



As research progresses, an intriguing intersection between the GS and the ECS has become increasingly apparent, suggesting a sophisticated interplay that extends beyond their functions. This scientific review seeks to comprehensively explore the intricate relationship between the GS and the ECS, investigating how their coordination may impact the broader landscape of brain health and disease. By unraveling the molecular and cellular dialogues between these systems, we aim to elucidate their collective influence on key aspects such as neuroinflammation, blood-brain barrier regulation, and overall CNS homeostasis.



Understanding the nuanced interactions between the GS and the ECS holds substantial promise for uncovering novel therapeutic avenues and refining our approach to managing neurological disorders. This review provides a comprehensive overview of the current state of knowledge regarding the interplay between the GS and the ECS, offering insights into potential mechanisms, implications for neurological diseases, and avenues for future research.




2. The Glymphatic System


The brain is a highly metabolically active organ that generates substantial waste products that require efficient clearance mechanisms. The GS, initially described by Iliff et al. in 2012, represents a novel waste clearance pathway within the CNS [1]. It involves the exchange of cerebrospinal fluid (CSF) and interstitial fluid (ISF) facilitated by a complex network of interconnected structures within the brain (Figure 1). Key anatomical components include the perivascular spaces surrounding arteries and veins, aquaporin-4 (AQP4) channels on astrocytic endfeet, and the meningeal lymphatic vessels. The perivascular spaces serve as conduits for the convective flow of CSF, while astrocytic AQP4 channels regulate the influx and efflux of fluids [2,3] (Figure 1, inset A). In addition, the recently discovered meningeal lymphatic vessels provide a route for waste clearance from the CNS to the peripheral lymphatic system [4,5].



The GS operates through a combination of convective bulk flow and diffusion along concentration gradients. CSF enters the brain parenchyma through the perivascular spaces, exchanging waste products with the ISF. This dynamic process facilitates the efficient clearance of metabolic waste, including β-amyloid (Aβ), tau proteins, neurotransmitters, and other solutes from the brain. The GS also participates in the regulation of ion and neurotransmitter balance, nutrient delivery, and the modulation of neural activity [2,3,4,5].



The GS is subject to dynamic regulation by various factors. Sleep plays a crucial role in modulating glymphatic function, with increased glymphatic activity occurring during non-rapid eye movement stage 3 (NREM 3). Arousal level, blood-brain barrier (BBB) permeability, and neurotransmitters such as norepinephrine, adenosine, and gamma-aminobutyric acid (GABA) influence glymphatic clearance efficiency. The GS is also influenced by vascular pulsatility, glial cell activity, and the glymphatic-lymphatic interaction [6,7,8].



Impairments in glymphatic function have been implicated in several neurological disorders. Accumulation of Aβ and tau proteins, as well as other metabolic waste, due to compromised glymphatic clearance mechanisms, is thought to contribute to the pathogenesis and progression of Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), multiple sclerosis (MS), among others [9].



Nowadays, it is feasible to evaluate glymphatic function using Diffusion Tensor Imaging (DTI). This is a magnetic resonance imaging (MRI) technique that measures the diffusion of water molecules in tissues. It is commonly used to investigate the microstructure of white matter tracts in the brain by assessing the directionality of water diffusion. By using specialized imaging protocols to study water diffusion and structural characteristics around blood vessels, it is possible to independently measure diffusion within the perivascular spaces of the medullary arteries and veins apart from diffusion along the larger white matter fibers. An assessment methodology known as Diffusion Tensor Imaging along the Perivascular Space (DTI-ALPS) is used to assess GS activity.



With the DTI-ALPS technique, the diffusion capacity within the perivascular space in the white matter on the outer aspect of the lateral ventricle’s body is assessed as a ratio concerning the diffusion capacity within the perivascular space and that in a direction perpendicular to the principal flow direction of the white matter fibers (referred to as the ALPS index) [5,10,11,12,13,14,15,16,17,18,19,20].



Accurately modeling the GS has the potential to yield valuable novel insights into GS dynamics and pathways, ultimately enabling the creation of quantitative maps that can be used for disease diagnosis, monitoring, and prognosis [18,20,21,22,23,24].




3. The Blood-Brain Barrier


The BBB is a specialized barrier formed by endothelial cells in brain capillaries. It serves as a physical and functional barrier, tightly regulating the exchange of substances between the blood and the brain.



The unique characteristics of the brain endothelium enable a critical limitation through the absence of fenestrations and the presence of tight junctions between cells. The architectural composition of the BBB consists of endothelial cells that line the microvessels of the brain, capillary basement membranes, and specialized structures known as end-feet, which extend from astrocytes to the basement membrane [17,25].



The selective permeability of the BBB is ensured by intercellular tight junctions that connect brain microvascular endothelial cells. The blood vessels of the BBB are lined with endothelial cells, which are tightly interconnected through tight junctions. Surrounding the basement membrane, astrocyte endfeet and pericytes contribute to the structural support of the BBB (Figure 1, inset A). The main function of tight junctions is to restrict the paracellular pathway for the diffusion of hydrophilic solutes, thereby allowing for the control of chemical substances present in the circulatory system that can access the brain [26,27].



These features of brain vessels regulate the exchange of molecules and cells between the circulation and the CNS. Additionally, they play crucial roles in preventing the loss of essential substances by controlling transcellular movements of water, ions, oxygen, carbon dioxide, and glucose, all of which are necessary for cerebral cellular metabolism. Consequently, disorders affecting the BBB can disrupt ion regulation and disturb homeostasis, leading to impaired brain function [27,28].



Given that glymphatic dysfunction can lead to the accumulation of waste products in the brain and contribute to the genesis of neurodegenerative diseases [29], the integrity and functionality of the BBB are crucial for the clearance of these waste products from the brain parenchyma. Moreover, the BBB also controls the entry of nutrients and oxygen into the brain, providing essential energy substrates for neuronal function and maintenance. On the other hand, the GS, by facilitating the exchange of CSF and ISF, ensures the efficient distribution of these nutrients and oxygen to different regions of the brain. Disruptions in either the GS or the BBB can lead to inadequate nutrient supply and subsequent neuronal dysfunction [24,25,28].



In addition, both the GS and the BBB contribute to the regulation of the brain’s immune response. Dysfunction in either system can lead to increased inflammation and impaired clearance of inflammatory molecules, which can negatively impact brain health. Research suggests that an interplay between the GS and the BBB is crucial for the efficient clearance of immune cells and inflammatory mediators from the brain [30,31].



The relationship between the GS and the BBB is vital for maintaining brain homeostasis. Their coordination ensures the efficient removal of waste products, proper nutrient supply, and regulation of the immune response [24,32].




4. The Endocannabinoid System


The ECS is a complex signaling network present throughout the body. The ECS was first discovered through research on the pharmacological effects of cannabis-derived compounds. It is now recognized as a crucial regulatory system involved in maintaining homeostasis throughout the body. The ECS comprises endogenous cannabinoids (endocannabinoids), cannabinoid receptors (CB1R and CB2R), and enzymes responsible for endocannabinoid synthesis and degradation [33,34].



The two primary endocannabinoids are anandamide (AEA) and 2-arachidonoylglycerol (2-AG), whereas enzymes involved in endocannabinoid metabolism include fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), which are responsible for the degradation of AEA and 2-AG, respectively [35,36].



Unlike conventional neurotransmitters, endocannabinoids are not stored in vesicles but are synthesized by neurons on demand, utilizing lipid components of the cell membrane. These endocannabinoids function as retrograde messengers, transmitting intercellular signals from postsynaptic neurons back to presynaptic terminals, where they inhibit the release of neurotransmitters (Figure 1, inset A) [35,36,37].



Initially, their pharmacological properties were thought to be similar, with the assumption that these molecules could be interchangeably and indistinguishably involved in regulating synaptic functions, synaptic plasticity, and behavioral aspects such as learning, memory, reward, addiction, antinociception, and anxiety. However, emerging evidence suggests that AEA and 2-AG possess distinct pharmacological properties, contribute to different forms of synaptic plasticity, and participate in diverse behavioral functions [33,37,38,39].



Apart from endocannabinoids, phytocannabinoids constitute a diverse array of compounds with the capacity to activate cannabinoid receptors. Cannabidiol (CBD) and tetrahydrocannabinol (THC) stand as the most extensively studied phytocannabinoids originating from the cannabis plant. They display an extensive spectrum of therapeutic potential, attracting substantial attention due to their interactions with the body’s endocannabinoid receptors. In addition to CBD and THC, alternative phytocannabinoids, like cannabigerol (CBG) and cannabinol (CBN), also engage cannabinoid receptors. These interactions incite a myriad of physiological responses, influencing processes such as nociception, immune modulation, and inflammatory regulation, among others [33,34,35,36,37].



These endogenous and exogenous cannabinoids bind to and activate cannabinoid receptors, predominantly CB1R and CB2R, which are widely distributed throughout the body. The human body possesses specific binding sites for cannabinoids that are distributed across the surfaces of various cells. These receptors are part of the extensive family of G protein-coupled receptors (GPCRs), which encompasses the majority of commonly found receptors. GPCRs are membrane receptors composed of seven transmembrane domains (7TM), featuring an extracellular amino-terminal and an intracellular carbonyl terminal [36,37].



Upon ligand binding, the activated cannabinoid receptors interact with and activate specific G proteins located inside the cell. CB1R predominantly activates Gαi/o proteins, while CB2R can couple with Gαi/o, as well as Gαs proteins.



The activated G proteins dissociate into their subunits, leading to the modulation of intracellular signaling pathways. In the case of CB1R, Gαi/o inhibits the production of cyclic adenosine monophosphate (cAMP) and reduces calcium ion influx into neurons, thereby modulating neurotransmitter release. CB2R activation can also inhibit cAMP production but stimulates other signaling pathways involved in immune responses and inflammation, like the MAP kinase phosphatase 3 (MKP3) pathway. The primary function of cannabinoid receptors is to regulate the release of other chemical messengers. CB1R modulates the release of specific neurotransmitters, thereby protecting the CNS from excessive stimulation or inhibition caused by other neurotransmitters. On the other hand, CB2R primarily plays a peripheral role via immunomodulatory activities, primarily modulating the release of cytokines, protein molecules responsible for regulating immune function, and inflammatory responses [36] (Figure 1, inset B). Consequently, cannabinoids may impact neurodegenerative diseases through their neuro- and immunomodulatory effects [40].



Cannabinoid receptors exhibit distinct tissue distributions and signaling mechanisms. Among them, CB1Rs are highly abundant and widely distributed within the brain. They are primarily located on neurons in the CNS. In the brain, CB1Rs are particularly prominent in regions associated with motor coordination and movement (e.g., cerebellum, basal ganglia, striatum, substantia nigra), attention, and complex cognitive functions like judgment (e.g., cerebral cortex), learning, memory, and emotions (e.g., amygdala, hippocampus). CB1Rs are also present, albeit to a lesser extent, in select organs and peripheral tissues, including endocrine glands, salivary glands, leukocytes, spleen, heart, and parts of the reproductive, urinary, and gastrointestinal systems. In addition, the activation of CB1R in astrocytes, whether prompted by endogenous or exogenous cannabinoids, initiates intracellular signaling resulting in an elevation of cytosolic calcium. This, in consequence, prompts the release of glutamate from astrocytes (Figure 1, inset B). The released glutamate then activates extra-synaptic NMDA receptors in neurons located at a considerable distance, giving rise to depolarizing currents termed slow inward currents (SICs). Various investigations have demonstrated the involvement of SICs in neuronal synchronization [37].



The distribution of CB1R suggests that endocannabinoids play a physiological role in the regulation of movement and sensory perception, as well as in processes related to learning, memory, and emotional states such as pleasure and aggression. In contrast to CB1Rs, CB2Rs are primarily expressed in immune cells and tissues, such as leukocytes, spleen, tonsils, bone marrow, and to a lesser extent, in the pancreas. Recent findings have also identified CB2Rs in the CNS, specifically on glial and microglial cells, where they induce a reduction of pro-inflammatory factors and microglial migration via MKP-3 (Figure 1, inset B) [37,41].



The expression of CB1R and CB2R in microglia is contingent upon their activation state and phenotype. Activated microglia in brain tissue express CB2R; however, the specific neuropathology influencing their activation results in varying phenotypes and levels of CB2R expression. Activation of microglial CB2R through cannabinoids plays a regulatory role in their immune-related functions. For instance, CB2R activation enhances microglial cell proliferation and migration, concurrently decreasing the release of harmful factors like TNFα and free radicals. Given the myriad of tissues and cells that express cannabinoid receptors, the ECS plays a vital role in various physiological processes, including pain modulation, immune function, inflammation, appetite regulation, metabolism, neuronal plasticity, and stress responses. It also acts as a homeostatic regulator, maintaining balance within the body [36,37,38,39,40,41].



Dysregulation of the ECS has been implicated in numerous health conditions. Alterations in endocannabinoid signaling have been associated with chronic pain, inflammatory disorders, neurodegenerative diseases, metabolic disorders, mood disorders, and addiction [40,41].




5. The Endocannabinoid System and the Blood-Brain Barrier


Inflammation within the CNS is one of the main mechanisms involved in the development of neurological conditions. This process is initiated as a complex cascade triggered by inflammatory signals arising from infection, injury, or neurodegenerative processes, and it involves the orchestrated migration of leukocytes, such as neutrophils and monocytes, from the bloodstream through BBB to the site of inflammation. Upon reaching the BBB, leukocytes engage in a series of steps, including initial rolling and subsequent firm adhesion to endothelial cells, followed by transmigration through the BBB and into the CNS tissue. Within the CNS tissue, these migrating leukocytes interact with local immune cells, particularly microglia, resulting in the activation of an immune response. This immune response entails the release of pro-inflammatory cytokines, chemokines, and other mediators, aiming to eliminate the source of inflammation. The interplay between circulating leukocytes and resident immune cells can amplify the immune response, leading to an intensified inflammatory process [30,31]. A balanced resolution of inflammation is crucial to prevent tissue damage and neurodegenerative disorders [42]. Inflammatory conditions and neurodegenerative diseases disrupt the BBB, leading to increased permeability and compromised brain function.



The ECS may exert regulatory effects on the BBB, potentially contributing to the maintenance of barrier integrity under pathological conditions. Consequently, there has been a growing interest in cannabinoids for their anti-inflammatory and immunomodulatory properties, as well as their capacity to modulate endothelial and epithelial barriers, making them promising candidates for improving cognitive deficits by protecting the BBB.



The ECS components have been identified in the cells of the BBB, including endothelial cells and astrocytes. CB1Rs are primarily located on the luminal side of the BBB endothelium. Expression of CB1R has been observed in astrocytes, microglial cells, and pericytes. CB2Rs, on the other hand, are located on the abluminal side of the BBB (Figure 1, inset A). Activation of CB1R in astrocytes regulates their metabolic activities. For instance, when CB1R on astrocytes is activated, it enhances the rates of both glucose oxidation and ketogenesis, two processes crucial for supplying energy to the brain. Taking into consideration the capacity of astrocytic CB1R to oversee energy metabolism and facilitate neuron-glia interactions, one could conjecture their potential pathological significance. Considering the pivotal role of perivascular astrocytes in delivering energy from the blood to neurons in an activity-dependent fashion, it is plausible that astrocytic CB1R plays a role in regulating the energy supply to neurons [43,44].



Building on the influence of cannabinoid receptor activation on endothelial cell responses, further insights emerge from investigations into cannabinoid modulation. Through the use of an experimental model for multiple sclerosis known as Theiler’s murine encephalomyelitis virus-induced demyelinating disease, researchers have demonstrated that CBD can modify the detrimental effects of this condition by reducing the infiltration of leukocytes from the systemic circulation. This effect is achieved through down-regulating the expression of chemokines such as C-C motif chemokine ligand 2 (CCL2) and C-C motif chemokine ligand 5 (CCL5), interleukin-1 β, and VCAM-1 [45]. This suggests that the ECS mitigates the observed BBB alterations in these conditions by preventing inflammation in endothelial cells. The authors also found that CBD can prevent cellular margination and reduce the expression of adhesion molecules and chemotaxis in laboratory models of inflammation.



In a similar study, CBD administration enhanced the integrity and permeability of the BBB and diminished the protein levels of proinflammatory cytokines (TNFα and IL-1β). Additionally, it substantially elevated the expression of tight junction proteins (claudin-5 and occludin) [46].



Related research has yielded further insights into the potential of cannabinoids in managing neuroinflammatory processes. CB2R activation has been shown to decrease the induction of intercellular adhesion molecule-1 (ICAM-1) and VCAM-1 surface expression and increase the amount of tight junction proteins in human brain microvascular endothelial cells exposed to various proinflammatory mediators [47]. In addition, CB2R activation has also been shown to attenuate BBB damage and neurodegeneration in a murine model of traumatic brain injury through the modulation of macrophage/microglia cell response [48].



The ECS demonstrates immunomodulatory properties that could potentially impact immune responses within the brain, particularly pertinent in the context of neuroinflammatory processes commonly associated with diverse neurological disorders. This interaction gains significance due to its potential consequences for maintaining the integrity of the BBB. Moreover, the ECS’s engagement in neuroprotective functions may indirectly influence BBB performance by counteracting oxidative stress and inflammatory processes, recognized contributors to BBB impairment. In this manner, the ECS might contribute to sustaining BBB integrity and bolstering overall cerebral well-being. Furthermore, the ECS exhibits implications in the intricate phenomenon of neurovascular coupling, governing the intricate interplay between neuronal activity and blood flow regulation that holds pivotal importance in ensuring appropriate perfusion during heightened neural demands. Perturbations in cerebral blood flow can wield effects on BBB permeability, implicating the ECS in the potential coordination of neuronal activity, blood flow dynamics, and BBB functionality [49].




6. A Note about Sleep, the Glymphatic System, and Endocannabinoids


Endocannabinoids show circadian fluctuations in healthy humans assessed by measurement of plasma AEA and 2-AG levels, with the highest AEA plasma levels occurring upon waking and the lowest just before sleep onset [33,34,35,36,37]. Direct activation of CB1R augmented NREM3 (a phase in which the GS and AQP4 are most active) by stabilizing and increasing the duration of individual bouts, while blockade of CB1R using antagonist AM281 fragmented NREM3.



Also, the observation that CSF clearance within the brain parenchyma is compromised in mice lacking AQP4 underscores the potentially pivotal role of AQP4 in orchestrating CSF homeostasis. Additionally, the absence of AQP4 erases the diurnal variation in glymphatic drainage rates [50].



Notably, the perturbation of the glymphatic drainage, as evidenced by sleep deprivation, correlates with heightened Aβ accumulation, increased levels of ISF tau and CSF tau and α-synuclein in human subjects [51,52,53,54]. This underlines the potential of circadian rhythm disturbances as risk factors in neurodegenerative disorders and emphasizes the importance of the inward flow of CSF through AQP4 channels which occurs during NREM sleep, as reduced expression of AQP4 has been documented both in patient populations and animal models of neurodegenerative diseases.



In addition, sleep deprivation activates nuclear factor-kappa B (NF-κB), a transcription factor that plays a central role in regulating immune and inflammatory responses, resulting in an increased production of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNFα). Also, oxidative stress caused by sleep deprivation is characterized by an imbalance between the production of reactive oxygen species (ROS) and the body’s ability to neutralize them. Oxidative stress can trigger more inflammation. Lastly, sleep deprivation can lead to the activation of microglia and increase the expression of adhesion molecules on endothelial cells, facilitating the recruitment of immune cells to the CNS and promoting neuroinflammation [55,56].




7. Potential Interactions between the GS, the BBB, and the ECS


Alteration of GS drainage function and disruption of BBB integrity might contribute to the impediment of effective clearance mechanisms for toxic proteins (waste products) in the context of neurodegenerative conditions.



The ECS is undoubtedly a central regulatory force in the functioning of both the GS and the BBB, with these systems in turn exerting reciprocal influences on endocannabinoid signaling. This interwoven relationship underscores the interconnected nature of the ECS, GS, and BBB, collectively serving as integral components in the maintenance of brain equilibrium and the orchestration of neuroinflammatory processes.



Neuroinflammation plays a central role in the context of neurodegenerative disorders. Activation of the ECS offers the potential to ameliorate neuroinflammation by attenuating the release of pro-inflammatory agents, dampening glial activation, and stimulating anti-inflammatory cascades. Furthermore, the ECS exerts regulatory influence over the GS, impacting essential components governing waste elimination and the dynamics of ISF.



Cannabinoids, encompassing endocannabinoids and phytocannabinoids, may function as signaling molecules within the GS, orchestrating fluid dynamics and waste clearance processes. For example, the activation of CB1R might confer protection against excitotoxicity and the initiation of reparative mechanisms following neuronal damage, while CB2R activation could potentially influence the expansion and contraction of perivascular spaces, thereby facilitating the elimination of metabolic waste through the glymphatic pathway [57] (Figure 2). Similarly, these receptors could influence the expression and stability of tight junction proteins, consequently regulating BBB permeability. Perturbation of the ECS may precipitate dysfunction in both the BBB and GS, culminating in neuroinflammatory processes [49]. The GS’s proficiency in waste removal and the elimination of inflammatory mediators could potentially mitigate neuroinflammation, indirectly influencing the ECS by cultivating a conducive milieu for its optimal operation.



Furthermore, both the GS and the BBB likely partake in the reciprocal modulation of endocannabinoid signaling in the brain. The GS’s efficient waste removal and ISF dynamics might significantly affect the availability and clearance of endocannabinoids within the cerebral milieu. By facilitating the removal of surplus endocannabinoids, the GS may contribute to upholding an appropriate endocannabinoid tone, thereby preventing aberrant signaling and the emergence of possible neuroinflammation. Concurrently, the BBB operates as a selective barricade for the transportation of cannabinoids, managing their entry into and exit from the brain.



Perturbations in BBB permeability and transport mechanisms could potentially alter the availability and duration of cannabinoid signaling within the cerebral realm.



Scientific evidence has effectively showcased the potential of cannabinoids, both endogenous and exogenous in origin (derived from cannabis or synthesized), in mitigating symptomatic manifestations associated with diverse neurodegenerative ailments encompassing MS, HD, PD, AD, and ALS. This influence may stem from their effects on the GS, facilitating the clearance of neurotoxic substances and protein aggregates, regulating neuroinflammatory responses, and upholding cerebral equilibrium (Figure 2). Increased expression of cannabinoid receptors, particularly CB2R, has been noted in human brain tissues afflicted by ALS, MS, and AD. The interplay between the BBB and potential shifts in the expression of cannabinoid receptors within cerebral endothelium has been the subject of investigation.



These insights collectively suggest that a compromised or dysregulated ECS could potentially contribute to the symptomatology observed in these conditions through direct modulation of the GS and the BBB.



In the subsequent segments, we will explore potential interactions between the ECS and the GS, delving into their ramifications for cerebral well-being and their relevance within the context of neurodegenerative diseases.



7.1. Alzheimer’s Disease


AD is the most prevalent form of dementia, a debilitating neurodegenerative disorder that primarily affects individuals over the age of 65. The etiology of AD involves a combination of genetic and idiopathic factors, leading to significant neuronal atrophy in the cerebral cortex, hippocampus, and glutamatergic neurons. This results in the extracellular accumulation of Aβ protein in plaques and the formation of intracellular hyperphosphorylated Tau protein tangles, leading to neurodegeneration [58].



In AD, the deposition of Aβ plaques and tau protein aggregates hampers the proper functioning of the GS. This leads to reduced waste clearance and the accumulation of toxic proteins, contributing to neuroinflammation and neuronal damage. The compromised GS may also contribute to the spread of pathological proteins in a prion-like manner, further propagating disease pathology [58].



Modifications in the expression and operational efficacy of CB1R have been documented in the cerebral tissues of individuals afflicted with AD and in experimental models mimicking AD. Intriguingly, a congruent decline in CB1R levels has been identified in the brains of both patients with AD and AD animal models during the advanced stages of the condition. This contrasts with the augmented CB1R expression observed during the asymptomatic phases [59,60,61].



The neuroprotective mechanism of the ECS involves diverse pathways. Activation of CB1R, responsible for modulating the release of excitatory neurotransmitters from presynaptic neurons, offers protection against excitotoxicity and promotes neurogenesis. In parallel, the activation of CB2R diminishes oxidative stress and curtails neuroinflammation by suppressing microglial activation and regulating the production of inflammatory mediators.



Emerging research suggests that the ECS’s positive impact on mitigating Aβ brain accumulation might be attributed to an augmented transport of Aβ out of the brain [62]. This effect seems to stem from an increased expression of the low-density lipoprotein receptor-related protein 1 (LRP1), which is known to participate in the transport of Aβ from the brain to the blood. These investigations suggest that the ECS plays a part in eliminating Aβ from the brain to the periphery, potentially elucidating its influence on Aβ brain accumulation and the pathophysiology of AD [63,64].



The facilitation of Aβ transit across the BBB through the ECS, aligns with the GS’s ability to modulate the exchange of CSF and ISF, influencing waste elimination pathways. It is conceivable that the cannabinoid-induced enhancement of Aβ clearance from the brain to the periphery, in collaboration with the GS, aids in maintaining a balanced Aβ homeostasis. The GS’s proficiency in the removal of solutes and waste products, potentially including Aβ, could synergistically augment the effects of the ECS, thereby contributing to the alleviation of Aβ burden and potentially impacting AD progression [65].




7.2. Multiple Sclerosis


The etiology of MS is intricate and encompasses a convergence of genetic, environmental, and immunologic components that culminate in immune-mediated impairment of the CNS. The prevailing hypothesis posits MS as an autoimmune disorder wherein the immune system erroneously targets the myelin sheath enveloping nerve fibers within the CNS. This demyelination perturbs neural signal propagation, resulting in an array of neurological manifestations.



Central to MS pathogenesis is the perceived pivotal involvement of immune cells, notably T cells. Susceptible individuals, genetically predisposed, can encounter environmental triggers like viral infections, precipitating the activation of autoreactive T cells. These T cells traverse the blood-brain barrier and infiltrate the CNS, where they misconstrue myelin proteins as antigens, inciting an immune reaction [66]. This immune response activates immune cells, including macrophages and microglia, which discharge pro-inflammatory cytokines, chemokines, and other agents fostering inflammation and detriment to myelin and nerve cells. This inflammatory cascade can give rise to demyelinated plaques and axonal loss, the elongated projections of nerve cells accountable for transmitting electrical impulses [66,67].



Subsequently, the CNS endeavors to effect repair and remyelination, albeit often incomplete, potentially resulting in the formation of scar tissue (gliosis). The recurring cycles of inflammation, demyelination, and repair attempts contribute to the distinctive relapsing-remitting MS pattern, wherein symptoms exacerbate during relapses and partially alleviate during remissions [67].



As the condition progresses, for some patients, the extent of inflammation and damage may broaden, fostering the emergence of secondary progressive MS characterized by gradual symptom exacerbation and escalating disability.



While the primary mechanisms of MS focus on immune-mediated damage and demyelination, the GS’s potential implications cannot be overlooked. The GS, responsible for the clearance of interstitial waste products from the CNS, could intersect with the immune responses observed in MS. Inflammation and immune cell infiltration, hallmarks of MS, might impact glymphatic function, potentially influencing the removal of toxic molecules and immune mediators from the CNS environment. Conversely, compromised glymphatic function due to factors like disrupted AQP4 channels or altered interstitial fluid dynamics could affect waste clearance and contribute to the build-up of neuroinflammatory agents. The GS’s dysfunction may also affect the clearance of immune cells, inflammatory molecules, and myelin debris from the CNS. This impaired clearance can perpetuate chronic inflammation and neurodegeneration, contributing to the progression of the disease.



In addition to the multifaceted interactions within the realm of MS pathogenesis, exploring the potential involvement of the ECS adds another layer of complexity and intrigue.



Activation of cannabinoid receptors has been found to have immunomodulatory and anti-inflammatory effects in experimental models of MS. The endocannabinoids themselves have been shown to exert neuroprotective and anti-inflammatory actions, potentially limiting the damage caused by the immune response in MS. Synthetic cannabinoid agonists like HU210 or WIN 55212-2 have been found to protect oligodendrocytes from apoptosis-induced by trophic factor deprivation, acting on both CB1R and CB2R. These agonists also suppress the production of inflammatory molecules, including IL-1β, TNFα, and NO, by astrocytes and microglial cells. Additionally, they enhance the release of anti-inflammatory cytokines such as IL-4, IL-10, IL-6, and interleukin-1 receptor antagonists (IL-1ra) [68].



Cannabinoid administration offers a potential strategy to halt the progression of MS by targeting both the GS and the ECS. By activating cannabinoid receptors, cannabinoids could promote anti-inflammatory responses and enhance waste clearance through the GS. They might attenuate the activation of immune cells that contribute to neuroinflammation and demyelination, while also facilitating the removal of neurotoxic substances through the glymphatic pathway. This dual action could collectively alleviate the inflammatory burden on the CNS and potentially slow down disease progression [69,70].




7.3. Huntington’s Disease


HD is an autosomal dominant inherited neurodegenerative disorder characterized by involuntary choreiform movements, cognitive impairment, metabolic abnormalities, and a relentlessly progressive course culminating in death 10–25 years after onset. The genetic basis of HD is the expansion of a CAG trinucleotide repeated within the Huntingtin (HTT) gene, resulting in the production of HTT protein containing an expanded glutamine tract. This altered peptide is resistant to normal cellular processes of protein turnover and “aggregates” or “inclusions” of the aberrant protein accumulate within neurons in HD brain regions.



Compelling evidence underscores the association between HD and the ECS. One of the earliest neurochemical changes in HD involves the depletion of CB1R binding in the basal ganglia [71,72]. In post-mortem HD brains, binding investigations have elucidated a specific and substantial reduction in CB receptor presence, notably within the substantia nigra [73]. Furthermore, animal models replicating HD conditions have revealed impairment in the ECS, evident through diminished CB1R expression and altered endocannabinoid tissue concentrations [74,75]. These observations suggest a potential correlation between lowered CB1R expression and the severity or progression of the disease. In addition, CB2Rs present in the striatum increase prior to symptom onset [76].



An in-depth exploration of the intricate relationship between HD and the ECS will reveal more intriguing insights. Analysis of lymphocyte preparations of patients with HD revealed that AEA levels were six-fold higher than those of control patients [77]. This noteworthy phenomenon can be attributed to the inhibition of FAAH function, a key enzyme responsible for AEA metabolism. This particular alteration within the ECS offers a unique perspective into the underlying molecular intricacies of HD, hinting at the potential impact of endocannabinoid signaling on the disease’s pathophysiology. The heightened AEA levels could potentially contribute to the modulation of various cellular processes and neuroinflammatory responses that are intricately tied to the progression of HD.



The dysregulation of the ECS in HD may impact various disease-related processes, including neuroinflammation, excitotoxicity, and oxidative stress. Modulation of the ECS through cannabinoid receptor agonists or inhibitors of endocannabinoid breakdown enzymes has shown potential therapeutic effects in preclinical models of HD, such as reducing neuroinflammation and improving motor function. Dysfunction in the GS could potentially contribute to the accumulation of mutant huntingtin protein and exacerbate neuronal damage in Huntington’s disease.




7.4. Parkinson’s Disease


PD is a neurodegenerative disorder of the CNS characterized by the degeneration of dopaminergic neurons in the substantia nigra. This leads to insufficient production and action of dopamine, resulting in decreased stimulation of the motor cortex by the basal ganglia. The disease is characterized by primary symptoms such as muscle rigidity, tremors, and bradykinesia (slowing of physical movements), as well as secondary symptoms including cognitive dysfunction and subtle language problems [78].



The neuromodulatory effects of the ECS are closely linked to the dopaminergic system, and there exists a reciprocal regulation between these systems. This is evident in the co-localization of CB1 and D1/D2-like receptors in striatal neurons and their complex signaling interactions [79]. For instance, studies have shown that AEA can reduce dopamine release in striatal slice cultures but increase it in the nucleus accumbens in vivo [80,81]. Additionally, activation of D2 receptors has been found to elevate AEA levels in the basal ganglia [82]. It is noteworthy to mention that only a few studies have investigated the levels of endocannabinoids in PD patients, revealing that AEA levels in their cerebrospinal fluid were more than twice that of controls [83,84].



Cannabinoid receptor expression and endocannabinoid dysregulation may contribute to the underlying neuroinflammatory processes, oxidative stress, and neuronal dysfunction associated with the disease, as CB2R agonism exerts neuroprotective effects by decreasing inflammation and microglia activity, inhibiting the release of pro-inflammatory cytokines, and promoting the release of anti-inflammatory cytokines, as well as increasing glutamate uptake [85,86].



Similarly, in PD, α-synuclein aggregates and Lewy bodies can impede glymphatic flow, impairing the removal of waste products and exacerbating neuroinflammation [85]. Additionally, patients with PD, especially those in the later PD stages, have a significantly lower APLS score than early-stage PD, essential tremor patients, and healthy patients [87,88]. The involvement of the GS PD is still being explored, and its specific role in the disease remains to be fully elucidated. Dysfunction in the GS could potentially contribute to the accumulation of toxic proteins, impaired waste clearance, and exacerbation of neuroinflammatory processes observed in PD.




7.5. Amyotrophic Lateral Sclerosis


ALS is primarily characterized by the degeneration of motor neurons in the cortex, brainstem, and spinal cord [89,90]. The underlying etiopathological mechanisms primarily involve neuroinflammation, driven by excitotoxicity and oxidative damage to motor neurons.



The BBB plays a significant role in the pathophysiology of ALS because there are specialized interfaces that control de flow of nutrients and ions into the CNS and the removal of waste and other substances. Furthermore, this barrier serves to separate the brain, spinal cord tissue, and CSF from potentially harmful blood-borne elements found in the circulation, such as peripheral leukocytes, red blood cells, and plasma proteins. In cases of ALS, there is a compromise in the integrity of the BBB and BSCB, as supported by data from human studies. This disruption is evident through the leakage of blood components like immunoglobulin G (IgG), fibrin, thrombin, and the constituents of red blood cells, hemoglobin, and hemosiderin, into the brain and spinal cord tissue [49,91,92].



Experimental evidence in the spinal cords of ALS patients has revealed motor neuron damage accompanied by the presence of CB2R-positive microglia/macrophages [91,93].



Treatment of ALS mouse models with Delta-9-tetrahydrocannabinol (D9-THC), a cannabinoid compound, has shown symptomatic improvement when administered before or after the onset of symptoms [93,94]. Studies conducted using ALS mice have demonstrated that activation of CB2Rs has been shown to block microglial activation induced by Aβ, but under other stimuli, CB2R activation has been observed to enhance microglial migration and proliferation. Other studies have shown that the use of CB2R agonists can slow disease progression, even when administered after the onset of the disease. Additionally, one study reported a 56% increase in survival time. Moreover, the analysis of activated microglia in the spinal cords of ALS patients has revealed an increase in CB2R expression. These findings collectively suggest that modulating CB2-mediated processes could potentially alter the progression of ALS and highlight the involvement of the ECS in reducing neuroinflammation, excitotoxicity, and oxidative damage to cells [49,95]. Research has shown that impairment of the GS could lead to reduced clearance of toxic proteins, such as misfolded superoxide dismutase 1 (SOD1), which is associated with familial ALS [90,96,97]. This impaired clearance may contribute to the accumulation of misfolded proteins and subsequent neurodegeneration in ALS. Additionally, studies have suggested a potential interaction between the glymphatic and endocannabinoid systems. Activation of cannabinoid receptors has been shown to modulate inflammation and promote clearance of Aβ plaques, suggesting a potential role for the endocannabinoid system in glymphatic function and waste clearance [98,99].





8. Future Directions and Conclusions


The putative correlation between the GS and the ECS holds great promise for advancing our understanding of brain health and disease. Further investigations are warranted to elucidate the precise mechanisms underlying their interconnection and explore potential therapeutic interventions. Manipulation of the endocannabinoid system may offer new strategies to enhance glymphatic clearance, thereby promoting brain health and mitigating the pathological processes associated with neurodegenerative disorders. Continued research in this area is crucial for developing novel treatment approaches, and scientific divulgation is necessary for the development of public policies that improve the quality of life for individuals affected by devastating conditions [100].



Enhancing glymphatic function represents a promising therapeutic avenue for neurological disorders. Modulating sleep patterns, promoting glymphatic activity through pharmacological agents, and targeting molecular pathways involved in the GS could potentially facilitate waste clearance and mitigate neurodegenerative processes. Furthermore, the GS’s role in drug delivery to the brain highlights its relevance in optimizing drug efficacy and reducing toxicity.



Despite significant advances in glymphatic research, several aspects require further investigation. These include elucidating the precise mechanisms governing glymphatic clearance, determining the interplay between the GS and other waste clearance pathways, and exploring the relationship between glymphatic dysfunction and neurovascular diseases. Advanced imaging techniques, animal models, and innovative experimental approaches will be instrumental in advancing our understanding of the GS.



The ECS has garnered significant interest as a potential therapeutic target for a wide range of medical conditions. Pharmacological modulation of the ECS through the use of cannabinoid-based therapeutics, including synthetic cannabinoids, cannabinoid receptor agonists, and inhibitors of endocannabinoid degradation enzymes, holds promise for the development of novel treatments.



The ECS is a complex and versatile signaling network that regulates various physiological processes throughout the body. Its involvement in pain modulation, inflammation, neuronal plasticity, appetite regulation, and mental health disorders highlights its significance in human health and disease. The ECS represents a promising target for therapeutic interventions, with the potential to revolutionize the treatment of a wide range of medical conditions.



The correlation between the ECS and the BBB has significant therapeutic implications. Targeting the ECS could potentially modulate BBB permeability and improve drug delivery to the brain. Additionally, modulation of the ECS may have therapeutic potential in neuroinflammatory conditions and neurodegenerative diseases by regulating immune responses and protecting BBB integrity. The ECS, through its modulation of the BBB integrity, neuroinflammation, and immune responses, plays a crucial role in the regulation of brain health.



The ECS and the GS are interconnected and mutually regulate each other’s functions. Activation of the ECS influences glymphatic function and waste clearance, while the GS modulates the availability and metabolism of endocannabinoids, impacting their signaling pathways and neuroinflammatory responses. Further research is necessary to elucidate the molecular mechanisms and signaling pathways underlying this bidirectional regulation, shedding light on the therapeutic potential of targeting the endocannabinoid-glymphatic axis in neurodegenerative diseases.







Author Contributions


Conceptualization, A.K.D.l.H.-A. and J.F.O.-R.; writing—original draft preparation, J.F.O.-R., J.C.-B., L.E.T.-M., Á.R.R.-M., A.C.-Z., M.A.V.-F., C.E.A.-R., A.M.G.-L., V.J.P.-C., L.C.-Z. and A.K.D.l.H.-A.; writing—review and editing, C.D.N.-V., J.A.M.-G., F.I.C.-T. and A.K.D.l.H.-A.; funding acquisition, F.I.C.-T. All authors have read and agreed to the published version of the manuscript.




Funding


This was partially funded by Autonomous University of Sinaloa, PROFAPI “PRO_A3_051”.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Iliff, J.J.; Wang, M.; Liao, Y.; Plogg, B.A.; Peng, W.; Gundersen, G.A.; Benveniste, H.; Vates, G.E.; Deane, R.; Goldman, S.A.; et al. A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β. Sci. Transl. Med. 2012, 4, 147ra111. [Google Scholar] [CrossRef] [PubMed]

	



Naganawa, S.; Taoka, T. The Glymphatic System: A Review of the Challenges in Visualizing its Structure and Function with MR Imaging. Magn. Reson. Med. Sci. 2022, 21, 182–194. [Google Scholar] [CrossRef] [PubMed]

	



Jessen, N.A.; Munk, A.S.F.; Lundgaard, I.; Nedergaard, M. The Glymphatic System: A Beginner’s Guide. Neurochem. Res. 2015, 40, 2583–2599. [Google Scholar] [CrossRef] [PubMed]

	



Tian, Y.; Zhao, M.; Chen, Y.; Yang, M.; Wang, Y. The Underlying Role of the Glymphatic System and Meningeal Lymphatic Vessels in Cerebral Small Vessel Disease. Biomolecules 2022, 12, 748. [Google Scholar] [CrossRef] [PubMed]

	



Abbott, N.J.; Pizzo, M.E.; Preston, J.E.; Janigro, D.; Thorne, R.G. The role of brain barriers in fluid movement in the CNS: Is there a ‘glymphatic’ system? Acta Neuropathol. 2018, 135, 387–407. [Google Scholar] [CrossRef] [PubMed]

	



Chong, P.L.; Garic, D.; Shen, M.D.; Lundgaard, I.; Schwichtenberg, A.J. Sleep, cerebrospinal fluid, and the glymphatic system: A systematic review. Sleep Med. Rev. 2021, 61, 101572. [Google Scholar] [CrossRef]

	



Eide, P.K.; Vinje, V.; Pripp, A.H.; Mardal, K.-A.; Ringstad, G. Sleep deprivation impairs molecular clearance from the human brain. Brain 2021, 144, 863–874. [Google Scholar] [CrossRef] [PubMed]

	



Demiral, Ş.B.; Tomasi, D.; Sarlls, J.; Lee, H.; Wiers, C.E.; Zehra, A.; Srivastava, T.; Ke, K.; Shokri-Kojori, E.; Freeman, C.R.; et al. Apparent diffusion coefficient changes in human brain during sleep—Does it inform on the existence of a glymphatic system? NeuroImage 2018, 185, 263–273. [Google Scholar] [CrossRef]

	



Sun, B.-L.; Wang, L.-H.; Yang, T.; Sun, J.-Y.; Mao, L.-L.; Yang, M.-F.; Yuan, H.; Colvin, R.A.; Yang, X.-Y. Lymphatic drainage system of the brain: A novel target for intervention of neurological diseases. Prog. Neurobiol. 2018, 163–164, 118–143. [Google Scholar] [CrossRef]

	



Taoka, T.; Naganawa, S. Neurofluid Dynamics and the Glymphatic System: A Neuroimaging Perspective. Korean J. Radiol. 2020, 21, 1199–1209. [Google Scholar] [CrossRef]

	



Wu, C.; Lirng, J.; Ling, Y.; Wang, Y.; Wu, H.; Fuh, J.; Lin, P.; Wang, S.; Chen, S. Noninvasive Characterization of Human Glymphatics and Meningeal Lymphatics in an in vivo Model of Blood–Brain Barrier Leakage. Ann. Neurol. 2020, 89, 111–124. [Google Scholar] [CrossRef] [PubMed]

	



Saade, C.; Bou-Fakhredin, R.; Yousem, D.M.; Asmar, K.; Naffaa, L.; El-Merhi, F. Gadolinium and Multiple Sclerosis: Vessels, Barriers of the Brain, and Glymphatics. Am. J. Neuroradiol. 2018, 39, 2168–2176. [Google Scholar] [CrossRef] [PubMed]

	



Lee, M.K.; Cho, S.J.; Bae, Y.J.; Kim, J.-M. MRI-Based Demonstration of the Normal Glymphatic System in a Human Population: A Systematic Review. Front. Neurol. 2022, 13, 827398. [Google Scholar] [CrossRef]

	



Lee, D.A.; Lee, H.; Park, K.M. Glymphatic dysfunction in isolated REM sleep behavior disorder. Acta Neurol. Scand. 2021, 145, 464–470. [Google Scholar] [CrossRef]

	



Liang, T.; Chang, F.; Huang, Z.; Peng, D.; Zhou, X.; Liu, W. Evaluation of glymphatic system activity by diffusion tensor image analysis along the perivascular space (DTI-ALPS) in dementia patients. Br. J. Radiol. 2023, 96, 20220315. [Google Scholar] [CrossRef]

	



Park, C.J.; Kim, S.-Y.; Kim, J.H.; Son, N.-H.; Park, J.Y.; Jeong, Y.H.; Kim, H.J.; Park, J.; Kim, W.J. Evaluation of glymphatic system activity using diffusion tensor image analysis along the perivascular space and amyloid PET in older adults with objectively normal cognition: A preliminary study. Front. Aging Neurosci. 2023, 15, 1221667. [Google Scholar] [CrossRef]

	



Thomas, J.H. Fluid dynamics of cerebrospinal fluid flow in perivascular spaces. J. R. Soc. Interface 2019, 16, 20190572. [Google Scholar] [CrossRef]

	



Stanton, E.H.; Persson, N.D.; Gomolka, R.S.; Lilius, T.; Sigurðsson, B.; Lee, H.; Xavier, A.L.R.; Benveniste, H.; Nedergaard, M.; Mori, Y. Mapping of CSF transport using high spatiotemporal resolution dynamic contrast-enhanced MRI in mice: Effect of anesthesia. Magn. Reson. Med. 2021, 85, 3326–3342. [Google Scholar] [CrossRef]

	



Wang, M.; Ding, F.; Deng, S.; Guo, X.; Wang, W.; Iliff, J.J.; Nedergaard, M. Focal Solute Trapping and Global Glymphatic Pathway Impairment in a Murine Model of Multiple Microinfarcts. J. Neurosci. 2017, 37, 2870–2877. [Google Scholar] [CrossRef]

	



Jiang, Q. MRI and glymphatic system. Stroke Vasc. Neurol. 2019, 4, 75–77. [Google Scholar] [CrossRef]

	



Ahn, J.H.; Cho, H.; Kim, J.-H.; Kim, S.H.; Ham, J.-S.; Park, I.; Suh, S.H.; Hong, S.P.; Song, J.-H.; Hong, Y.-K.; et al. Meningeal lymphatic vessels at the skull base drain cerebrospinal fluid. Nature 2019, 572, 62–66. [Google Scholar] [CrossRef]

	



Iliff, J.J.; Lee, H.; Yu, M.; Feng, T.; Logan, J.; Nedergaard, M.; Benveniste, H. Brain-wide pathway for waste clearance captured by contrast-enhanced MRI. J. Clin. Investig. 2013, 123, 1299–1309. [Google Scholar] [CrossRef] [PubMed]

	



Bohr, T.; Hjorth, P.G.; Holst, S.C.; Hrabětová, S.; Kiviniemi, V.; Lilius, T.; Lundgaard, I.; Mardal, K.-A.; Martens, E.A.; Mori, Y.; et al. The glymphatic system: Current understanding and modeling. iScience 2022, 25, 104987. [Google Scholar] [CrossRef] [PubMed]

	



Turtzo, L.C.; Jikaria, N.; Cota, M.R.; Williford, J.P.; Uche, V.; Davis, T.; MacLaren, J.; Moses, A.D.; Parikh, G.; Castro, M.A.; et al. Meningeal blood–brain barrier disruption in acute traumatic brain injury. Brain Commun. 2020, 2, fcaa143. [Google Scholar] [CrossRef]

	



Obermeier, B.; Daneman, R.; Ransohoff, R.M. Development, maintenance and disruption of the blood-brain barrier. Nat. Med. 2013, 19, 1584–1596. [Google Scholar] [CrossRef]

	



Kadry, H.; Noorani, B.; Cucullo, L. A blood–brain barrier overview on structure, function, impairment, and biomarkers of integrity. Fluids Barriers CNS 2020, 17, 69. [Google Scholar] [CrossRef] [PubMed]

	



Langen, U.H.; Ayloo, S.; Gu, C. Development and Cell Biology of the Blood-Brain Barrier. Annu. Rev. Cell Dev. Biol. 2019, 35, 591–613. [Google Scholar] [CrossRef]

	



Zhao, Z.; Nelson, A.R.; Betsholtz, C.; Zlokovic, B.V. Establishment and Dysfunction of the Blood-Brain Barrier. Cell 2015, 163, 1064–1078. [Google Scholar] [CrossRef]

	



Knox, E.G.; Aburto, M.R.; Clarke, G.; Cryan, J.F.; O’driscoll, C.M. The blood-brain barrier in aging and neurodegeneration. Mol. Psychiatry 2022, 27, 2659–2673. [Google Scholar] [CrossRef]

	



Varatharaj, A.; Galea, I. The blood-brain barrier in systemic inflammation. Brain Behav. Immun. 2017, 60, 1–12. [Google Scholar] [CrossRef]

	



Huang, X.; Hussain, B.; Chang, J. Peripheral inflammation and blood–brain barrier disruption: Effects and mechanisms. CNS Neurosci. Ther. 2020, 27, 36–47. [Google Scholar] [CrossRef] [PubMed]

	



Benveniste, H.; Liu, X.; Koundal, S.; Sanggaard, S.; Lee, H.; Wardlaw, J. The Glymphatic System and Waste Clearance with Brain Aging: A Review. Gerontology 2018, 65, 106–119. [Google Scholar] [CrossRef] [PubMed]

	



Crocq, M.-A. History of cannabis and the endocannabinoid system. Dialogues Clin. Neurosci. 2020, 22, 223–228. [Google Scholar] [CrossRef]

	



Lowe, H.; Toyang, N.; Steele, B.; Bryant, J.; Ngwa, W. The Endocannabinoid System: A Potential Target for the Treatment of Various Diseases. Int. J. Mol. Sci. 2021, 22, 9472. [Google Scholar] [CrossRef] [PubMed]

	



Lu, H.-C.; Mackie, K. Review of the Endocannabinoid System. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2021, 6, 607–615. [Google Scholar] [CrossRef]

	



Zou, S.; Kumar, U. Cannabinoid Receptors and the Endocannabinoid System: Signaling and Function in the Central Nervous System. Int. J. Mol. Sci. 2018, 19, 833. [Google Scholar] [CrossRef]

	



Joshi, N.; Onaivi, E.S. Endocannabinoid System Components: Overview and Tissue Distribution. In Recent Advances in Cannabinoid Physiology and Pathology; Advances in Experimental Medicine and Biology Book Series; Springer: Berlin/Heidelberg, Germany, 2019; Volume 1162, pp. 1–12. [Google Scholar] [CrossRef]

	



Devane, W.A.; Hanus, L.; Breuer, A.; Pertwee, R.G.; Stevenson, L.A.; Griffin, G.; Gibson, D.; Mandelbaum, A.; Etinger, A.; Mechoulam, R. Isolation and structure of a brain constituent that binds to the cannabinoid receptor. Science 1992, 258, 1946–1949. [Google Scholar] [CrossRef]

	



Fride, E.; Mechoulam, R. Pharmacological activity of the cannabinoid receptor agonist, anandamide, a brain constituent. Eur. J. Pharmacol. 1993, 231, 313–314. [Google Scholar] [CrossRef]

	



Di Iorio, G.; Lupi, M.; Sarchione, F.; Matarazzo, I.; Santacroce, R.; Petruccelli, F.; Martinotti, G.; Di Giannantonio, M. The endocannabinoid system: A putative role in neurodegenerative diseases. Int. J. High Risk Behav. Addict. 2013, 2, 100–106. [Google Scholar] [CrossRef]

	



Haspula, D.; Clark, M.A. Cannabinoid Receptors: An Update on Cell Signaling, Pathophysiological Roles and Therapeutic Opportunities in Neurological, Cardiovascular, and Inflammatory Diseases. Int. J. Mol. Sci. 2020, 21, 7693. [Google Scholar] [CrossRef]

	



Kasatkina, L.A.; Rittchen, S.; Sturm, E.M. Neuroprotective and Immunomodulatory Action of the Endocannabinoid System under Neuroinflammation. Int. J. Mol. Sci. 2021, 22, 5431. [Google Scholar] [CrossRef]

	



Golech, S.A.; McCarron, R.M.; Chen, Y.; Bembry, J.; Lenz, F.; Mechoulam, R.; Shohami, E.; Spatz, M. Human brain endothelium: Coexpression and function of vanilloid and endocannabinoid receptors. Mol. Brain Res. 2004, 132, 87–92. [Google Scholar] [CrossRef]

	



Papa, A.; Pasquini, S.; Contri, C.; Gemma, S.; Campiani, G.; Butini, S.; Varani, K.; Vincenzi, F. Polypharmacological Approaches for CNS Diseases: Focus on Endocannabinoid Degradation Inhibition. Cells 2022, 11, 471. [Google Scholar] [CrossRef]

	



Patel, D.C.; Wallis, G.; Fujinami, R.S.; Wilcox, K.S.; Smith, M.D. Cannabidiol reduces seizures following CNS infection with Theiler’s murine encephalomyelitis virus. Epilepsia Open 2019, 4, 431–442. [Google Scholar] [CrossRef]

	



Jiang, H.; Li, H.; Cao, Y.; Zhang, R.; Zhou, L.; Zhou, Y.; Zeng, X.; Wu, J.; Wu, D.; Wu, D.; et al. Effects of cannabinoid (CBD) on blood brain barrier permeability after brain injury in rats. Brain Res. 2021, 1768, 147586. [Google Scholar] [CrossRef]

	



Ramirez, S.H.; Haskó, J.; Skuba, A.; Fan, S.; Dykstra, H.; McCormick, R.; Reichenbach, N.; Krizbai, I.; Mahadevan, A.; Zhang, M.; et al. Activation of Cannabinoid Receptor 2 Attenuates Leukocyte–Endothelial Cell Interactions and Blood–Brain Barrier Dysfunction under Inflammatory Conditions. J. Neurosci. 2012, 32, 4004–4016. [Google Scholar] [CrossRef] [PubMed]

	



Amenta, P.S.; Jallo, J.I.; Tuma, R.F.; Elliott, M.B. A cannabinoid type 2 receptor agonist attenuates blood–brain barrier damage and neurodegeneration in a murine model of traumatic brain injury. J. Neurosci. Res. 2012, 90, 2293–2305. [Google Scholar] [CrossRef] [PubMed]

	



Calapai, F.; Cardia, L.; Sorbara, E.E.; Navarra, M.; Gangemi, S.; Calapai, G.; Mannucci, C. Cannabinoids, Blood–Brain Barrier, and Brain Disposition. Pharmaceutics 2020, 12, 265. [Google Scholar] [CrossRef]

	



Salman, M.M.; Kitchen, P.; Iliff, J.J.; Bill, R.M. Aquaporin 4 and glymphatic flow have central roles in brain fluid homeostasis. Nat. Rev. Neurosci. 2021, 22, 650–651. [Google Scholar] [CrossRef]

	



Holth, J.K.; Fritschi, S.K.; Wang, C.; Pedersen, N.P.; Cirrito, J.R.; Mahan, T.E.; Finn, M.B.; Manis, M.; Geerling, J.C.; Fuller, P.M.; et al. The sleep-wake cycle regulates brain interstitial fluid tau in mice and CSF tau in humans. Science 2019, 363, 880–884. [Google Scholar] [CrossRef]

	



Shokri-Kojori, E.; Wang, G.-J.; Wiers, C.E.; Demiral, S.B.; Guo, M.; Kim, S.W.; Lindgren, E.; Ramirez, V.; Zehra, A.; Freeman, C.; et al. β-Amyloid accumulation in the human brain after one night of sleep deprivation. Proc. Natl. Acad. Sci. USA 2018, 115, 4483–4488. [Google Scholar] [CrossRef] [PubMed]

	



Keir, L.H.M.; Breen, D.P. New awakenings: Current understanding of sleep dysfunction and its treatment in Parkinson’s disease. J. Neurol. 2019, 267, 288–294. [Google Scholar] [CrossRef] [PubMed]

	



Gulyássy, P.; Todorov-Völgyi, K.; Tóth, V.; Györffy, B.A.; Puska, G.; Simor, A.; Juhász, G.; Drahos, L.; Kékesi, K.A. The Effect of Sleep Deprivation and Subsequent Recovery Period on the Synaptic Proteome of Rat Cerebral Cortex. Mol. Neurobiol. 2022, 59, 1301–1319. [Google Scholar] [CrossRef] [PubMed]

	



Arighi, A.; Di Cristofori, A.; Fenoglio, C.; Borsa, S.; D’anca, M.; Fumagalli, G.G.; Locatelli, M.; Carrabba, G.; Pietroboni, A.M.; Ghezzi, L.; et al. Cerebrospinal Fluid Level of Aquaporin4: A New Window on Glymphatic System Involvement in Neurodegenerative Disease? J. Alzheimer’s Dis. 2019, 69, 663–669. [Google Scholar] [CrossRef] [PubMed]

	



Cui, H.; Wang, W.; Zheng, X.; Xia, D.; Liu, H.; Qin, C.; Tian, H.; Teng, J. Decreased AQP4 Expression Aggravates α-Synuclein Pathology in Parkinson’s Disease Mice, Possibly via Impaired Glymphatic Clearance. J. Mol. Neurosci. 2021, 71, 2500–2513. [Google Scholar] [CrossRef] [PubMed]

	



Matei, D.; Trofin, D.; Iordan, D.A.; Onu, I.; Condurache, I.; Ionite, C.; Buculei, I. The Endocannabinoid System and Physical Exercise. Int. J. Mol. Sci. 2023, 24, 1989. [Google Scholar] [CrossRef]

	



Knopman, D.S.; Amieva, H.; Petersen, R.C.; Chételat, G.; Holtzman, D.M.; Hyman, B.T.; Nixon, R.A.; Jones, D.T. Alzheimer disease. Nat. Rev. Dis. Prim. 2021, 7, 33. [Google Scholar] [CrossRef]

	



Aso, E.; Palomer, E.; Juvés, S.; Maldonado, R.; Muñoz, F.J.; Ferrer, I. CB1 Agonist ACEA Protects Neurons and Reduces the Cognitive Impairment of AβPP/PS1 Mice. J. Alzheimer’s Dis. 2012, 30, 439–459. [Google Scholar] [CrossRef]

	



Manuel, I.; González de San Román, E.; Giralt, M.T.; Ferrer, I.; Rodríguez-Puertas, R. Type-1 Cannabinoid Receptor Activity During Alzheimer’s Disease Progression. J. Alzheimer’s Dis. 2014, 42, 761–766. [Google Scholar] [CrossRef]

	



Kalifa, S.; Polston, E.K.; Allard, J.S.; Manaye, K.F. Distribution patterns of cannabinoid CB1 receptors in the hippocampus of APPswe/PS1ΔE9 double transgenic mice. Brain Res. 2011, 1376, 94–100. [Google Scholar] [CrossRef]

	



Martín-Moreno, A.M.; Brera, B.; Spuch, C.; Carro, E.; García-García, L.; Delgado, M.; Pozo, M.A.; Innamorato, N.G.; Cuadrado, A.; de Ceballos, M.L. Prolonged oral cannabinoid administration prevents neuroinflammation, lowers β-amyloid levels and improves cognitive performance in Tg APP 2576 mice. J. Neuroinflammation 2012, 9, 8. [Google Scholar] [CrossRef] [PubMed]

	



Bachmeier, C.; Beaulieu-Abdelahad, D.; Mullan, M.; Paris, D. Role of the cannabinoid system in the transit of beta-amyloid across the blood–brain barrier. Mol. Cell. Neurosci. 2013, 56, 255–262. [Google Scholar] [CrossRef] [PubMed]

	



Timler, A.; Bulsara, C.; Bulsara, M.; Vickery, A.; Smith, J.; Codde, J. Use of cannabinoid-based medicine among older residential care recipients diagnosed with dementia: Study protocol for a double-blind randomised crossover trial. Trials 2020, 21, 188. [Google Scholar] [CrossRef] [PubMed]

	



Nedergaard, M.; Goldman, S.A. Glymphatic failure as a final common pathway to dementia. Science 2020, 370, 50–56. [Google Scholar] [CrossRef] [PubMed]

	



DuBose, N.G.; DeJonge, S.R.; Jeng, B.; Motl, R.W. Vascular dysfunction in multiple sclerosis: Scoping review of current evidence for informing future research directions. Mult. Scler. Relat. Disord. 2023, 78, 104936. [Google Scholar] [CrossRef] [PubMed]

	



Abbaoui, A.; Fatoba, O.; Yamashita, T. Meningeal T cells function in the central nervous system homeostasis and neurodegenerative diseases. Front. Cell. Neurosci. 2023, 17, 1181071. [Google Scholar] [CrossRef]

	



Pop, E. Dexanabinol Pharmos. Curr. Opin. Investig. Drugs 2000, 1, 494–503. [Google Scholar]

	



Lacroix, C.; Alleman-Brimault, I.; Zalta, A.; Rouby, F.; Cassé-Perrot, C.; Jouve, E.; Attolini, L.; Guilhaumou, R.; Micallef, J.; Blin, O. What Do We Know About Medical Cannabis in Neurological Disorders and What Are the Next Steps? Front. Pharmacol. 2022, 13, 883987. [Google Scholar] [CrossRef]

	



Estrada, J.A.; Contreras, I. Endocannabinoid receptors in the CNS: Potential drug targets for the prevention and treatment of neurologic and psychiatric disorders. Curr. Neuropharmacol. 2020, 18, 769–787. [Google Scholar] [CrossRef]

	



Richfield, E.K.; Herkenham, M. Selective vulnerability in Huntington’s disease: Preferential loss of cannabinoid receptors in lateral globus pallidus. Ann. Neurol. 1994, 36, 577–584. [Google Scholar] [CrossRef]

	



Glass, M.; Dragunow, M.; Faull, R. The pattern of neurodegeneration in Huntington’s disease: A comparative study of cannabinoid, dopamine, adenosine and GABAA receptor alterations in the human basal ganglia in Huntington’s disease. Neuroscience 2000, 97, 505–519. [Google Scholar] [CrossRef] [PubMed]

	



Glass, M.; Faull, R.; Dragunow, M. Loss of cannabinoid receptors in the substantia nigra in huntington’s disease. Neuroscience 1993, 56, 523–527. [Google Scholar] [CrossRef] [PubMed]

	



Lastres-Becker, I.; Fezza, F.; Cebeira, M.; Bisogno, T.; Ramos, J.A.; Milone, A.; Fernández-Ruiz, J.; Di Marzo, V. Changes in endocannabinoid transmission in the basal ganglia in a rat model of Huntington’s disease. NeuroReport 2001, 12, 2125–2129. [Google Scholar] [CrossRef] [PubMed]

	



Lastres-Becker, I.; Berrendero, F.; Lucas, J.; Martín-Aparicio, E.; Yamamoto, A.; Ramos, J.; Fernández-Ruiz, J. Loss of mRNA levels, binding and activation of GTP-binding proteins for cannabinoid CB1 receptors in the basal ganglia of a transgenic model of Huntington’s disease. Brain Res. 2002, 929, 236–242. [Google Scholar] [CrossRef] [PubMed]

	



Palazuelos, J.; Aguado, T.; Pazos, M.R.; Julien, B.; Carrasco, C.; Resel, E.; Sagredo, O.; Benito, C.; Romero, J.; Azcoitia, I.; et al. Microglial CB2 cannabinoid receptors are neuroprotective in Huntington’s disease excitotoxicity. Brain 2009, 132, 3152–3164. [Google Scholar] [CrossRef]

	



Battista, N.; Bari, M.; Tarditi, A.; Mariotti, C.; Bachoud-Lévi, A.-C.; Zuccato, C.; Finazzi-Agrò, A.; Genitrini, S.; Peschanski, M.; Di Donato, S.; et al. Severe deficiency of the fatty acid amide hydrolase (FAAH) activity segregates with the Huntington’s disease mutation in peripheral lymphocytes. Neurobiol. Dis. 2007, 27, 108–116. [Google Scholar] [CrossRef]

	



Aarsland, D.; Creese, B.; Politis, M.; Chaudhuri, K.R.; Ffytche, D.H.; Weintraub, D.; Ballard, C. Cognitive decline in Parkinson disease. Nat. Rev. Neurol. 2017, 13, 217–231. [Google Scholar] [CrossRef]

	



Romanelli, R.J.; Williams, J.T.; Neve, K.A. Dopamine Receptor Signaling: Intracellular Pathways to Behavior; Humana Press EBooks: Totowa, NJ, USA, 2009; pp. 137–173. [Google Scholar] [CrossRef]

	



Solinas, M.; Justinova, Z.; Goldberg, S.R.; Tanda, G. Anandamide administration alone and after inhibition of fatty acid amide hydrolase (FAAH) increases dopamine levels in the nucleus accumbens shell in rats. J. Neurochem. 2006, 98, 408–419. [Google Scholar] [CrossRef]

	



Mathur, B.N.; Lovinger, D.M. Endocannabinoid–Dopamine Interactions in Striatal Synaptic Plasticity. Front. Pharmacol. 2012, 3, 66. [Google Scholar] [CrossRef]

	



Beltramo, M.; de Fonseca, F.R.; Navarro, M.; Calignano, A.; Gorriti, M.A.; Grammatikopoulos, G.; Sadile, A.G.; Giuffrida, A.; Piomelli, D. Reversal of Dopamine D2 Receptor Responses by an Anandamide Transport Inhibitor. J. Neurosci. 2000, 20, 3401–3407. [Google Scholar] [CrossRef]

	



Koethe, D.; Giuffrida, A.; Schreiber, D.; Hellmich, M.; Schultze-Lutter, F.; Ruhrmann, S.; Klosterkötter, J.; Piomelli, D.; Leweke, F.M. Anandamide elevation in cerebrospinal fluid in initial prodromal states of psychosis. Br. J. Psychiatry 2009, 194, 371–372. [Google Scholar] [CrossRef] [PubMed]

	



Pisani, V.; Moschella, V.; Bari, M.; Fezza, F.; Galati, S.; Bernardi, G.; Stanzione, P.; Pisani, A.; Maccarrone, M. Dynamic changes of anandamide in the cerebrospinal fluid of Parkinson’s disease patients. Mov. Disord. 2010, 25, 920–924. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Wan, H.; Zhang, M.; Wardlaw, J.M.; Feng, T.; Wang, Y. Perivascular space in Parkinson’s disease: Association with CSF amyloid/tau and cognitive decline. Park. Relat. Disord. 2022, 95, 70–76. [Google Scholar] [CrossRef] [PubMed]

	



Patricio, F.; Morales-Andrade, A.A.; Patricio-Martínez, A.; Limón, I.D. Cannabidiol as a Therapeutic Target: Evidence of its Neuroprotective and Neuromodulatory Function in Parkinson’s Disease. Front. Pharmacol. 2020, 11, 595635. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Li, S.; Li, C.; Wang, R.; Chen, M.; Chen, H.; Su, W. Diffusion Tensor Imaging Along the Perivascular Space Index in Different Stages of Parkinson’s Disease. Front. Aging Neurosci. 2021, 13, 773951. [Google Scholar] [CrossRef] [PubMed]

	



McKnight, C.D.; Trujillo, P.; Lopez, A.M.; Petersen, K.; Considine, C.; Lin, Y.-C.; Yan, Y.; Kang, H.; Donahue, M.J.; Claassen, D.O. Diffusion along perivascular spaces reveals evidence supportive of glymphatic function impairment in Parkinson disease. Park. Relat. Disord. 2021, 89, 98–104. [Google Scholar] [CrossRef]

	



Eisen, A. The Dying Forward Hypothesis of ALS: Tracing Its History. Brain Sci. 2021, 11, 300. [Google Scholar] [CrossRef]

	



Alami, N.O.; Tang, L.; Wiesner, D.; Commisso, B.; Bayer, D.; Weishaupt, J.; Dupuis, L.; Wong, P.; Baumann, B.; Wirth, T.; et al. Multiplexed chemogenetics in astrocytes and motoneurons restore blood–spinal cord barrier in ALS. Life Sci. Alliance 2020, 3, e201900571. [Google Scholar] [CrossRef]

	



Waters, S.; Swanson, M.E.V.; Dieriks, B.V.; Zhang, Y.B.; Grimsey, N.L.; Murray, H.C.; Turner, C.; Waldvogel, H.J.; Faull, R.L.M.; An, J.; et al. Blood-spinal cord barrier leakage is independent of motor neuron pathology in ALS. Acta Neuropathol. Commun. 2021, 9, 144. [Google Scholar] [CrossRef]

	



Wu, Y.; Yang, X.; Li, X.; Wang, H.; Wang, T. Elevated cerebrospinal fluid homocysteine is associated with blood-brain barrier disruption in amyotrophic lateral sclerosis patients. Neurol. Sci. 2020, 41, 1865–1872. [Google Scholar] [CrossRef]

	



Cristino, L.; Bisogno, T.; Di Marzo, V. Cannabinoids and the expanded endocannabinoid system in neurological disorders. Nat. Rev. Neurol. 2019, 16, 9–29. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Cueto, C.; García-Toscano, L.; Santos-García, I.; Gómez-Almería, M.; Gonzalo-Consuegra, C.; Espejo-Porras, F.; Fernández-Ruiz, J.; de Lago, E. Targeting the CB2 receptor and other endocannabinoid elements to delay disease progression in amyotrophic lateral sclerosis. Br. J. Pharmacol. 2021, 178, 1373–1387. [Google Scholar] [CrossRef]

	



Espejo-Porras, F.; Fernández-Ruiz, J.; de Lago, E. Analysis of endocannabinoid receptors and enzymes in the post-mortem motor cortex and spinal cord of amyotrophic lateral sclerosis patients. Amyotroph. Lateral Scler. Front. Degener. 2018, 19, 377–386. [Google Scholar] [CrossRef]

	



Mirian, A.; Moszczynski, A.; Soleimani, S.; Aubert, I.; Zinman, L.; Abrahao, A. Breached Barriers: A Scoping Review of Blood-Central Nervous System Barrier Pathology in Amyotrophic Lateral Sclerosis. Front. Cell. Neurosci. 2022, 16, 851563. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe-Matsumoto, S.; Moriwaki, Y.; Okuda, T.; Ohara, S.; Yamanaka, K.; Abe, Y.; Yasui, M.; Misawa, H. Dissociation of blood-brain barrier disruption and disease manifestation in an aquaporin-4-deficient mouse model of amyotrophic lateral sclerosis. Neurosci. Res. 2017, 133, 48–57. [Google Scholar] [CrossRef]

	



Urbi, B.; Owusu, M.A.; Hughes, I.; Katz, M.; Broadley, S.; Sabet, A. Effects of cannabinoids in Amyotrophic Lateral Sclerosis (ALS) murine models: A systematic review and meta-analysis. J. Neurochem. 2018, 149, 284–297. [Google Scholar] [CrossRef]

	



Buonincontri, V.; Viggiano, D.; Capasso, G. MO216. Preliminary study of the glymphatic system in CKD. Nephrol. Dial. Transplant. 2021, 36 (Suppl. 1), gfab092.0094. [Google Scholar] [CrossRef]

	



Camberos-Barraza, J.; Osuna-Ramos, J.F.; Rábago-Monzón, Á.R.; Quiñonez-Angulo, L.F.; González-Peña, H.R.; Pérez-Ramos, A.A.; Camacho-Zamora, A.; López-Lazcano, H.; Valdez-Flores, M.A.; Angulo-Rojo, C.E.; et al. Scientific facts improve cannabis perception and public opinion: Results from Sinaloa, México. Sci. Rep. 2023, 13, 17318. [Google Scholar] [CrossRef]








[image: Ijms 24 17458 g001] 





Figure 1. Schematic representation of the brain’s fluid compartments and endocannabinoid receptors in the nervous and glia system. Main: The cerebral ventricles are a system of interconnected, fluid-filled cavities within the brain that contribute to cerebrospinal fluid (CSF) production and circulation. The four ventricles include the paired lateral ventricles, the third ventricle, and the fourth ventricle, connected by the cerebral aqueduct. These ventricles are lined with ependymal cells and house the choroid plexus, a specialized structure responsible for CSF secretion. Inset (A): Tight junctions between the blood endothelial cells constitute the BBB, restricting macromolecules from moving freely from the blood into the brain parenchyma. Fluid and solutes diffuse into the brain parenchyma from the perivascular space located between endothelial cells and astrocytic endfeet that expresses AQP4 and CB1R. CB1Rs are primarily located on the luminal side of the BBB endothelium. CB2Rs, on the other hand, are located on the abluminal side of the BBB. Inset (B): 2-AG or AEA are synthesized from phospholipids on demand. Activation of presynaptic CB1R negatively modulates cell calcium influx and the release of neurotransmitters in neurons. Stimulation of CB1R in astrocytes positively modulates calcium influx and glutamate release. Activation of CB2R in microglia negatively affects the release of TNFα and ILs. Abbreviations: AQP4, Aquaporin-4 water channel; BBB, blood-brain barrier; CB1R, Cannabinoid receptor 1; CB2R, Cannabinoid receptor 2; CSF, cerebrospinal fluid; 2-AG, 2-acylglycerol; AEA, anandamide; GluR, glutamate receptors; ILs, interleukins; TNFα, tumor necrosis factor-α. This figure was made in Adobe Illustrator 2020, modified from Jessen et al., 2015 [3]. 
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Figure 2. Schematic representation of the blood-brain barrier, the glymphatic system, and the endocannabinoid system under 3 different conditions. Healthy: Interconnected regulation of CNS homeostasis under normal conditions. The BBB forms a protective barrier between the bloodstream and the brain, comprising tightly packed endothelial cells, pericytes, and astrocytic endfeet. This selective barrier strictly regulates the passage of molecules into and out of the brain, maintaining optimal microenvironmental conditions. The GS operates as a CSF and ISF drainage network where specialized perivascular spaces enable the efficient clearance of metabolic waste products and neurotoxic substances, ensuring effective waste management and maintaining brain homeostasis. Cannabinoid receptors (CB1R and CB2R) are strategically located on neurons, astrocytes, and microglia, allowing for versatile regulation of CNS functions. Neurodegenerative disease: The GS experiences impaired drainage and clearance mechanisms, leading to the accumulation of metabolic waste, toxic proteins, and inflammat