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Extracellular vesicles (EVs) form a heterogeneous group of membrane-enclosed structures secreted by all cell

types. EVs export encapsulated materials composed of proteins, lipids, and nucleic acids, making them a key

mediator in cell–cell communication. In the context of the neurovascular unit (NVU), a tightly interacting

multicellular brain complex, EVs play a role in intercellular communication and in maintaining NVU functionality. In

addition, NVU-derived EVs can also impact peripheral tissues by crossing the blood–brain barrier (BBB) to reach

the blood stream. As such, EVs have been shown to be involved in the physiopathology of numerous neurological

diseases.

extracellular vesicles  NVU  neuroinflammation

1. Introduction

Extracellular vesicles (EVs) are heterogeneous nanosized and membrane-bound particles. They have been shown

to be secreted by prokaryotic and presumably, all eukaryotic cells . Their lipid bilayer contains multiple

transmembrane proteins and encloses a diverse cargo composed of proteins, lipids, and nucleic acids . For a

long time, EVs were thought to have one unique function: the removal of unnecessary molecules . They are

today considered an essential mechanism for intercellular communication, and their roles in multiple physiological

and pathological processes have been reported . The term “EVs” actually describes a large variety of vesicles.

This heterogeneity comes from the differences in possible EV cargos, their physical characteristics as well as their

biogenesis . A few years ago, EVs were categorized according to their biogenesis in exosomes, microvesicles,

and apoptotic bodies. Exosomes are derived from multivesicular endosomes, while microvesicles and apoptotic

bodies are generated from the outward budding or apoptotic blebbing of the plasma membrane . However, due

to a lack of specific EV markers for each EV subtype and the difficulties in assigning a specific biogenesis pathway

to an EV, the International Society of Extracellular Vesicles (ISEV) recommends classifying EVs according to their

physical characteristics, such as their size, density or biochemical composition .

2. EVs in the Central Nervous System

2.1. Neurovascular Unit Structure

The Neurovascular Unit (NVU) is a relatively new concept describing the relationship between brain cells with their

environment and blood vessels. Knowing the NVU structure is essential to better understand brain
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physiopathology. The NVU is a multicellular complex composed of vascular cells such as endothelial cells,

pericytes, and vascular smooth muscle cells, as well as glial cells including astrocytes, microglia and

oligodendrocytes, and lastly neurons. All of these cell types are interdependent and act in concert with various

physiological processes of the brain . Under normal physiological conditions, NVU cells interaction results in

a highly efficient barrier, whose main functions are to regulate the brain’s homeostasis, maintain its integrity, and

protect it against insults (i.e., infections, trauma, and inflammation) . A pivotal part of this complex cellular unit

appears to be its ability to maintain brain integrity through junctional complexes, allowing them to be intimately and

reciprocally linked to each other .

Among vascular cells, pericytes and brain endothelial cells are mostly involved in the maintenance of the NVU

integrity . As these cells are physically very close, they are essentially connected via gap junctions. The

formation and maintenance of the NVU is, in part, regulated by pericytes through the secretion of inhibitory signals

, whereas endothelial cells are brain regulators of the paracellular diffusion and transcellular transport of

solutes and water due to the presence of highly performant junctional complexes . Among these junctional

complexes, the extensive presence of tight junctions, phenotypically specific to brain endothelial cells, ensures a

restricted cellular permeability. This permeability limits compound movements from the systemic circulation to the

brain. Therefore, they act as NVU protectors by preventing the entrance of toxic molecules from peripheral system

to the brain, whereas pericytes have a macrophage-like cell role by ingesting soluble molecules present in the

extracellular fluid via pinocytosis . However, it is worth noticing that brain permeability is influenced by the

interaction of brain cells.

Regarding glial cells, the most represented are astrocytes, whose end feet wrap around pericytes and endothelial

cells. They are also key actors in regulating transcellular transport in the NVU and ensuring its maintenance by the

specific presence of laminins . In addition, astrocytes contribute to neuronal function as they have a common

origin with neurons . As for microglia, they are commonly regarded as NVU gatekeepers. Indeed, they

constantly control the enclosing environment and are at the forefront of responding to any CNS injury .

Oligodendrocytes are the last cell type constituting the glial cell family. They are distinguished by their high lipid

content, in particular myelin, an essential element for the efficient conduction of electrical impulses of axons in the

CNS . This feature gives them the unique ability to send signals to neurons through their myelin–axon

interaction .

Finally, given the ability of neurons to recognize physiological variations (modification in nutrient supply and/or

oxygen), they intervene by transmitting messages to neighboring neurons or astrocytes, enabling the activation of

the required adjustment mechanisms . Neurons are very specialized cells as they are able to transfer

neurotransmitters via chemical synapses and ions through electrical synapses (gap junctions) . Neuropeptides

may be transported by neurons through dense core vesicles . In addition to the NVU role in brain homeostasis

and its integrity, the interaction of different NVU cells orchestrate, in a very careful way, the neurovascular coupling

by the release of molecular mediators, recently identified as extracellular vesicles (EVs) .

2.2. Roles of EVs in the NVU
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It has been reported that all cell types of the NVU release EVs . An important characteristic of EVs is that they

can cross the BBB to reach peripheral blood and later, other organs. EV transport is mostly mediated by a

receptor-based mechanism and transcytosis . By crossing this determinant barrier, EVs become an attractive

tool for the diagnosis, prognosis or treatment of certain diseases. They can be a rich molecular biomarker source, a

cell therapy surrogate or a drug delivery vehicle . However, knowledge of the physiological role of EVs in the

CNS is still limited . 

2.2.1. Roles of NVU Cell-Derived EVs in Physiological Conditions

Although the roles of EVs have been widely reported in pathological conditions, EV enrichment has also pointed

out their crucial role in physiological processes as significant vehicles for cell–cell communication.

Furthermore, pericytes are also implicated in the maintenance of the NVU integrity as they work in concert with

endothelial cells. In the NVU, pericytes are highly abundant and possess stem cell-like characteristics, mainly

based on their repair system in response to injury . As such, Yuan et al. hypothesized that EVs secreted by

pericytes would reflect the natural function of pericytes, such as blood flow regulation  or NVU maintenance ,

to become a potential therapeutic source in the treatment of spinal cord injury (SCI) . They demonstrated that

pericyte-derived EVs used as possible treatment could promote blood flow, enhance endothelial function

(particularly under hypoxic conditions), attenuate the apoptotic response, and thus improve recovery after SCI .

In essence, astrocytes have a unique role in forming the BBB, regulating brain homeostasis and supporting

functions. EVs shed from young astrocytes were found to effectively sustain oligodendrocyte differentiation,

whereas this support was lacking by aged astrocyte-derived EVs. This suggests that the EVs of young astrocytes

have a supporting function under normal physiological conditions . A comprehensive proteomic analysis in the

same study revealed that only EVs released from young astrocytes contained the protein tyrosine phosphatase

zeta (PTPRZ), known to participate in oligodendrocyte precursor cell (OPC) maturation . The functional

difference in EVs of both maturation stages suggests the ability of young astrocyte-derived EVs to transfer proteins

and reinforces their support for OPC maturation . Moreover, the involvement of astrocyte-derived EVs in neurite

development was suggested by Wang et al. due to the presence of synapsin-I, a structural protein interconnecting

synaptic vesicles to membranes . Apart from their role in supporting and contributing to the development of

brain cells, astrocytes also have a neuroprotective role. Under certain conditions such as oxidative stress,

astrocytes have a neuroprotective role through their activation . However, it was also noticed that, under

normal conditions, astrocyte-derived EVs are enriched in a classical neuroprotective protein, the apolipoprotein D

(ApoD) . It is transferred to neurons and thus should enhance functional integrity and neuronal survival .

2.2.2. Roles of NVU Cell-Derived EVs in Pathological Conditions

Neuroinflammation

Neuroinflammation is a biological process by which the innate immune system of the brain is activated after an

inflammatory event such as an infection, toxin exposure, a neurodegenerative disease, aging or brain traumas 
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. This triggers an immediate and short activation of the innate immune system, mainly characterized by the

release of inflammatory mediators such as cytokines and chemokines, and by increased BBB permeability .

However, a prolonged and amplified inflammatory response may have a detrimental impact due to excitotoxicity or

oxidative stress, resulting in BBB breakdown . Those processes can cause further damage to the surrounding

tissue of the initial neurovascular injury, leading to secondary brain injuries . Moreover, the pro-

inflammatory microenvironment created by activated microglia and astrocytes and their release of cytokines and

chemokines can increase tissue injury . Red blood cells lysis and excess thrombin also produce cytotoxicity,

enhancing brain damage and BBB disruption .

Thus, when neuroinflammation occurs, particular inflammatory mediators may be transported by EVs, notably by

microglia that are regarded as resident immune cells of the CNS, to communicate the current inflammatory state. It

has been reported that EVs from microglia had upregulated expressions of miR-146a and miR-125b, involved in

the regulation of the NF-κB pathway as well as in microglial activation, revealing EVs as promising modulators by

promoting neuroregeneration . In parallel, the study of Kumar et al. demonstrated that after a trauma, EVs

released from microglia, which were initially loaded with proinflammatory molecules, were able to activate other

microglia. This contributes to the ongoing neuroinflammatory reply in the injured brain and to the activation of

immune responses . 

Although, under multiple stimuli, EVs transport immune response elements, they are also able to propagate

inflammatory mediators during diseases or disorders. Indeed, TLR-4 expression in EVs was already shown to be

increased, enhancing cytokines and ROS production in EVs from microglia and astrocytes. This increase resulted

in a transmission of inflammation via EVs, which provides evidence in using EVs as biomarker cargos .

Moreover, it is widely recognized that coagulopathy is an important factor for secondary brain injury in trauma

patients, which is related to poor outcome and may be associated with neuroinflammation and enhanced BBB

permeability . Indeed, there is strong evidence of a reciprocal activation between inflammation and coagulation,

mainly mediated by the tissue factor pathway . Regarding EVs, several studies on animals and humans have

shown that platelets and cell-derived EVs could have procoagulant action , which relies on the exposure

of phosphatidylserine (PS) on their surface and/or tissue factors (TF), the primary initiator of coagulation in vivo 

. Under pathological conditions, coagulant TF-exposing microparticles can directly initiate coagulation and

thrombus formation by being recruited to sites of vascular injury in vivo . In addition, EVs, upon exposure to

negatively charged phospholipids such as PS, provide a catalytic platform supporting coagulation through the

facilitated formation of tenase and prothrombinase complexes .

Taken together, studies on brain-derived EVs demonstrated that they do not simply mediate the inflammatory

response. Indeed, EVs associated with proinflammatory and procoagulant molecules were reported to trigger

different biological processes such as the immune response or platelet activation. However, additional

investigations are required to better and more completely understand the mechanisms of EVs that are involved in

brain inflammatory processes.
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Neurodegenerative Diseases

Brain diseases can occur in multiple forms: infections (meningitis, encephalitis) , seizures (epilepsy) , trauma

(concussion, traumatic brain injury (TBI)) , vascular conditions (stroke ), autoimmune conditions (vasculitis,

multiple sclerosis (MS)) , neurodegenerative conditions (Parkinson’s disease (PD), Alzheimer’s disease (AD)

, and tumors (glioblastoma, brain tumor) . While some of these brain diseases have diagnosis predictors ,

others still face the lack of effective molecular or biological markers, for example, neurodegenerative diseases

(NDs).

Given the role of neurons in trans-synaptic exchanges, it is not surprising that EVs are regarded to be a vector for

the dissemination of pathological alterations in the brain. The propagation of well-described pathological proteins

contained in EVs such as tau, amyloid-β (Aβ) peptide or α-synuclein has already been depicted . The research

conducted by Wang et al. highlighted the release and trans-synaptic transmission of Tau protein by EVs of cultured

cortical neurons . EVs were able to mediate the neuron-to-neuron transportation of tau protein via direct

transmission, which could contribute to the spreading of tau protein involved in Alzheimer’s disease and other

tauopathies . The pathogenesis of Alzheimer’s disease includes another identified hallmark, the Aβ peptide .

Astrocyte-derived EVs have also been reported to spread or exacerbate neuropathology. A quantitative proteomics

study comparing brain-derived EVs from a nontransgenic (NTg) and a transgenic amyotrophic lateral sclerosis

(ALS) animal model indicated that astrocyte- and neuron-derived EVs from ALS animal models carry a misfolded

and aggregated pathogenic protein, SOD1 . These findings propose that EVs containing misfolded and

pathogenic proteins will be transmitted into recipient cells, thus contributing to the mechanism of disease

propagation .

On the other hand, there is some evidence that EVs are also able to act as scavengers of a disease and thus may

be considered a therapeutic tool. Li et al. revealed the protective role of microglia-derived EVs . They used a

well-described cellular model of PD (cultured neurons) that was treated with MMP+, a parkinsonian toxicant, and

demonstrated that microglia-derived EVs treated with non-aggregated α-synuclein appeared to exert protective

properties by attenuating MPP+-mediated neurotoxicity . These results indicate the possible use of EVs as a

therapeutic tool in neurodegenerative diseases. Other studies highlighted the potential protective role of EVs. It

was reported that EVs derived from mouse neuroblastoma cells and human cerebrospinal fluid (CSF) can

sequester extracellular amyloid-β to prevent synaptic dysfunction in cultured neurons . Furthermore, the

administration of EVs with glycosphingolipids exerted a therapeutic effect on mouse models of AD ,

demonstrating that EVs act as a scavenger of amyloid-β and promote the clearance of extracellular amyloid-β. In

addition, a summary of the multiple proteins and miRNAs contained in NVU-derived EVs is presented in Figure 1.
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Figure 1. NVU-derived EV molecular content. Proteins and miRNAs contained in NVU-derived EVs are

represented according to their role in (A) physiological conditions, (B) neuroinflammation, and (C)

neurodegeneration. Proteins and miRNAs encircled in orange for endothelial cell-derived EVs, in blue for microglia-

derived EVs, in pink for neuron-derived EVs, and in purple for astrocyte-derived EVs. Figure created with

BioRender.com (accessed on the 26 August 2022).

Overall, brain-derived EVs have a key role both as a transmitter of pathological molecules and as a potential

therapeutic target source with protective properties in neurodegenerative diseases.
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