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ABSTRACT: Astrocytes are an abundant and dynamic glial cell exclusive to the central nervous system (CNS). 

In the context of injury, inflammation, and/or diseases of the nervous system, astrocyte responses, termed reactive 

astrogliosis, are a recognized pathological feature across a range of conditions and diseases. However, the impact 

of reactive astrogliosis is not uniform and varies by context and duration (time). In recent years, extracellular 

communication between glial cells via extracellular vesicles (EVs) has garnered interest as a process connected 

with reactive astrogliosis. In this review, we relate recent findings on astrocyte-derived extracellular vesicles 

(ADEVs) with a focus on factors that can influence the effects of ADEVs and identified age related changes in the 

function of ADEVs. Additionally, we will discuss the current limitations of existing experimental approaches and 

identify questions that highlight areas for growth in this field, which will continue to enhance our understanding 

of ADEVs in age-associated processes.  
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Astrocytes are a prominent and plentiful glial population 

found in the central nervous system (CNS). Astrocytes 

perform homeostatic functions critical for the proper 

functioning of the CNS, including modulating neuronal 

metabolism and activity [1, 2] and maintenance of the glia 

limitans and the blood brain barrier (BBB) [3-5], which 

occurs through astrocytic end feet that extensively cover 

the vasculature of the brain to regulate the exchange of 

nutrients, metabolites, and other materials between blood 

and brain parenchyma [6]. Astrocytes also directly 

communicate with other glial subtypes, such as microglia 

and oligodendrocytes [7-9], in addition to neurons [10-

12]. These functions can be disrupted by injury, infection, 

or disease which ultimately lead to altered astrocyte 

behavior and widespread disruptions of CNS homeostasis 

[13, 14]. The loss of homeostatic control following 

reactive astrogliosis can have opposing effects to either 

exacerbate disease or mitigate it; the nature of the 

response is highly dependent on the nature of the insult, 

and the interplay between its many factors [4, 15]. The 

multitude roles of astrocytes in modulating the normal 

functioning of the CNS do not always require physical 

cell-to-cell contacts. An increasing number of studies now 

point to astrocyte-derived extracellular vesicles (ADEVs) 

as an important facet of this influence of astrocytes on 

surrounding tissue. In fact, astrocytes secrete a wide-array 

of factors under both physiologic and disease-reactive 

states. In this review we will present the current state of 

knowledge on the contribution of EVs to the astrocyte 

secretome. This is a topic of emerging interest and 
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increasingly appreciated as a means of communication by 

which astrocytes can affect other cells. In particular, we 

will discuss how ADEVs are an important functional 

component of astrocyte associated responses to age. This 

rapidly evolving concept of EV-mediated communication 

among astrocytes represents a new mode of action by 

which astrocytes may exert influence over physiological 

processes in health and disease. 

 

Extracellular Vesicles  

         

Extracellular vesicles (EVs) were first described as 

“platelet dust” over 50 years ago [16]. Over the following 

decades, what was initially referred to as “dust” has now 

emerged as bona fide cellular-derived vesicles that are 

actively produced and released from virtually all cell 

types, which can be identified in all biological fluids 

examined, from cell culture media to blood and 

cerebrospinal fluid [17]. Morphologically, EVs consist of 

a lipid bilayer that encapsulates a small volume of cytosol. 

Cargo is transported in the aqueous center or embedded in 

the lipid bilayer [18, 19]. EV cargo can consist of diverse 

biological material such as nucleic acids, proteins, and 

lipids [20] in addition to mitochondria [21]. The diversity 

of molecules that make up EV cargo is best represented 

by a high-throughput screen that identified approximately 

3,500 distinct proteins and 2,000 lipid species in EVs 

released from both cancerous and non-cancerous cells 

[22]. 

There are three main types of EVs classically 

described in literature, as defined by their mechanism of 

release and size: exosomes, microvesicles and apoptotic 

bodies [23].  Apoptotic bodies are generally larger than 

100 nm, released directly from the plasma membrane of 

cells undergoing apoptosis and will not be discussed 

further here, as the majority of ADEVs are released from 

cells not undergoing apoptosis. Exosomes have a diameter 

between 30 - 150 nm and are released into the 

extracellular environment after the fusion of 

multivesicular bodies (MVB) with the plasma membrane 

[23]. Briefly, exosomes are created when early endosomes 

mature to late endosomes, also called MVBs. Part of this 

process involves the invagination and pinching off of the 

endosome membrane which generates intraluminal 

vesicles (ILVs)  [24]. Their contents are diverse and vary 

based on cell type as well as physiological state. The 

mechanism by which cargo is targeted to MVBs and 

sorted into ILVs is not well understood, but it is likely not 

a random process as the cargo within EVs is often present 

in different concentrations than in the parent cell [25]. 

Several studies point to the possibility that post-

translational modifications of proteins may also play a 

role in regulating cargo selection (reviewed in [26]).  

While the term ‘exosome’ is frequently used to describe 

the pellet contained after high-speed ultracentrifugation 

(i.e., greater than 100,000 x g), this pellet may also include 

microvesicles as well as non-membrane bound proteins 

[23, 27]. 

Microvesicles and exosomes are similar in form and 

function, yet they differ in subtle ways [28]. While both 

transport nucleic acids, proteins, and lipids through the 

extracellular space, microvesicles are generally larger 

than exosomes, with diameters ranging between 100 nm 

– 1 μm [20]. Microvesicles are generated by the outward 

blebbing of a cell's plasma membrane before it is pinched 

off and released into the extracellular environment [29], 

[30]. Like exosomes, microvesicles selectively recruit 

certain cargo while excluding others [25, 31].  

Currently, the International Society for Extracellular 

Vesicles (ISEV) recommends using the generic term EV 

over the terms linked to biogenesis, as determining the 

mechanism of origin is difficult unless live imaging of EV 

release will be done [32]. EV refers to particles released 

from the cell with a lipid bilayer, and incapable of 

replication due to lack of a functional nucleus. Instead, 

using size, biochemical markers, condition or cell of 

origin to delineate different types of EVs is recommended 

[33]. Therefore, in this review, we will broadly define 

particles as EVs in line with current recommendations, 

even if the primary publications characterized the vesicles 

as exosomes or microvesicles.  

The release of EVs from cells was once thought to 

only be a means for the disposal of cellular waste or 

components. It is now known that EVs fill many more 

roles than waste disposal, and are currently being 

investigated for their potential as a noninvasive diagnostic 

tool to assay patient urine [34] and/or blood samples [35] 

[36] in cancer [37] and autoimmune diseases [38, 39]  

along with many other diseases [40, 41]. The main focus 

of this review, however, centers on EVs secreted from 

astrocytes as a biologically active signaling mechanism 

whereby astrocytes, either through directed or indirect 

release of EVs, exert an effect via fusion with a target cell. 

Some work has shown that EVs from certain cell types 

preferentially interact with other cell types, such as B cell-

derived EVs selectively binding to follicular dendritic 

cells [42] and EVs released from T84 human intestinal 

epithelial cells preferentially binding to dendritic cells 

compared to T or B lymphocytes [43]. Dendritic cells can 

also release EVs with MHC class II and other stimulatory 

molecules that can lead to T cell activation [44]. Not only 

have EVs been found to exert their influence on other cells 

via surface proteins, they also transfer genetic material 

such as messenger RNA (mRNA) [45], wherein cells that 

receive and uptake the mRNA-laden EVs can then 

actively translate this mRNA into proteins [46]. However, 

the mechanism(s) that underlie the cellular targeting of 

EVs are presently poorly understood [47].  
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ADEVs Facilitate Intercellular Communication 

 

Astrocytes are uniquely positioned within the CNS to both 

communicate with resident CNS cells and peripheral cells 

and tissues. It has been shown that EVs can cross the BBB 

[48, 49], and ADEVs have been found to be present in the 

CSF [50, 51], and have been found to play many 

important roles in the CNS. Rat astrocytes have been 

found to release EVs in vitro that contain neuroprotective 

and neurotrophic factors [50, 52] that actively promote 

neurite outgrowth [50], neuronal survival [53], and 

regulate production of machinery essential for synaptic 

function [53]. This could represent an important 

functional response of astrocytes in CNS injury or disease 

whereby their EV cargo can be altered to contain 

neuroprotective factors that can promote the survival of 

neurons and stimulate neurite outgrowth [53, 54]. For 

instance, ADEVs have been shown to contain a variety of 

proteins with important neurotrophic and neuroprotective 

effects, including fibroblast growth factor-2 (FGF-2), 

vascular endothelial growth factor (VEGF), 

apolipoprotein-D (Apo-D), and heat shock protein 70 

(HSP70) [52, 55, 56]. FGF-2 and VEGF are angiogenic 

factors known to mediate proliferation, axonal 

regeneration, neurogenesis, synaptogenesis, and synaptic 

plasticity [57-60]. Apo-D and HSP70 both mediate 

neuroprotective effects in the CNS following injury or in 

disease by increasing the survival and functional integrity 

of neurons undergoing oxidative stress [55], contributing 

to myelination and remyelination processes [61], and 

activating microglia to promote beneficial immune-

regulatory responses [62]. Previous studies have shown 

that the antioxidant and anti-inflammatory roles of Apo-

D might hold therapeutic promise for many neurological 

diseases and disorders including Alzheimer’s disease, 

stroke, and schizophrenia, as well as neuroprotection 

against aging [63-66]. Similarly, astrocytes exposed to the 

inflammatory cytokines interleukin (IL)-1β and tumor 

necrosis factor (TNF)-α in vitro were found to increase the 

release of ADEVs containing high levels of specific micro 

RNA (miRNA) species that promoted neuronal survival 

through decreased neuronal activity [54]. 

Further, astrocytes exposed to the anti-inflammatory 

cytokine IL-10 or adenosine triphosphate (ATP) in vitro 

resulted in the release of ADEVs containing proteins 

known to promote neurite outgrowth, dendritic branching, 

synaptic transmission, and neuronal survival [53]. 

ADEVs have also been found to exert protective effects 

in other stress conditions, such as artificially induced heat 

shock [56], excitotoxicity [67], and oxidative stress [55]. 

Hence, ADEV release is not a static process, rather it is a 

highly adaptive and dynamic process which is central to 

the recognized role for astrocytes as important mediators 

of brain homeostasis [68, 69]. ADEVs are only one way 

in which astrocytes and neurons interact, but the full 

extent of astrocyte-neuron interaction is beyond the scope 

of this review and has been extensively reviewed 

elsewhere (see [70] and [71]).   

While research on the interaction between ADEVs 

and other glia is still in its infancy, there have been some 

studies that suggest ADEVs also have an impact on these 

cells. ADEVs from activated astrocytes were found to 

promote microglial transformation towards an anti-

inflammatory phenotype in murine models of traumatic 

brain injury [72].  In mouse models of ALS, SOD1 mutant 

astrocytes release EVs that increase microglial expression 

of inducible nitric oxide synthase (iNOS) and TNF-alpha. 

These changes are associated with microglial activation, 

but the ADEVs were also found to induce apoptosis of 

microglia [73]. It is well recognized that microglia are 

important activators of astrocyte responses in a range of 

human neurological diseases, these ADEV focused 

studies also indicate a reciprocal communication from 

astrocyte to microglia, which may have similar influence 

and impact on neuropathology and function. 

It is equally important to note that astrocytes are 

capable of communicating with cells over large distances 

in both the CNS and the periphery using EVs [74]. From 

this, ADEVs have also been implicated in mediating 

neuroinflammatory responses. A recent study from 

Dicken and colleagues showed that mice given an 

intracerebral injection of IL-1β, a model of inflammatory 

brain injury, led to reactive astrogliosis and the release of 

ADEVs that promoted and directed leukocyte movement 

to the site of injury through modulation of the peripheral 

cytokine response [75]. These data point to the potentially 

exciting prospect that ADEVs actively influence not only 

CNS inflammation, but also peripheral immune response 

during injury and disease. This represents a paradigmatic 

shift in our thinking for many neurological diseases where 

the CNS, rather than passively reacting to injury or 

disease, instead takes an active role through the systemic 

release of ADEVs to modulate and direct the response of 

peripheral immune cells to the CNS. The interaction 

between the CNS and the immune system has been 

studied in many diseases, including multiple sclerosis, 

Alzheimer’s disease, Parkinson’s disease, and 

amyotrophic lateral sclerosis (ALS) [76], but the role of 

ADEVs in this capacity has yet to be thoroughly 

examined. Collectively, these studies have demonstrated 

that ADEVs can affect the outcomes of damaging events 

by fortifying neurons through the release of 

neuroprotective factors and simultaneously modulating 

peripheral immune responses to that injury. These 

exciting possibilities lead to questions about the nature of 

cues that specifically stimulate the compartmentalization 

of these factors as cargo into ADEVs for release. Future 

research investigating the conditions and processes that 
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manage ADEV content are critical to furthering the 

understanding of ADEV function. Whether ADEVs in 

complex biological fluids, such as blood or CSF, could be 

assayed to better monitor the specific CNS response to 

pathology and offer a biomarker potential with therapeutic 

value are areas of active investigation.  

  

ADEVs are Implicated in Aging and Senescence 

 

One of the primary risk factors for the development of 

neurological diseases is age [77]. With chronological 

aging widespread changes occur from the tissue level 

down to the cellular and even molecular level. While 

many of these changes are currently thought to be mild 

and benign, a growing consensus among researchers is 

that many of the tissue, cellular, and molecular alterations 

observed in aging leads to the loss of cellular resistance 

that renders cells more susceptible to damaging stimuli, 

such as oxidative stress [78], inflammation [79-81], 

metabolic dysfunction [82, 83], and the accumulation of 

DNA damage [84, 85]. Further, sequencing of murine glia 

identified significant changes to the transcriptome and 

epigenome of these cells in the course of natural aging 

[86, 87]. It has been shown that astrocytes change their 

transcriptional patterns with age in a region dependent 

manner [87]. Comparing gene expression in young and 

aged murine astrocytes showed aged astrocytes developed 

a pro-inflammatory phenotype through up-regulation of 

genes associated with reactive astrogliosis. Determination 

of the cell types critically affected and intimately involved 

in this process are under intense study. 

Under diseased conditions, astrocytes become 

alternatively activated, which impairs the normative 

functions of astrocytes and leads to a reactive, pro-

inflammatory state termed reactive astrogliosis [4, 88]. 

Reactive astrogliosis is a prominent feature found in every 

chronic neurodegenerative disease and is increasingly 

recognized as a determinant of tissue dysfunction in aging 

[89, 90]. Here, chronological aging is associated with the 

development of a CNS pro-inflammatory status that is 

attributed to the development of cellular senescence 

predominantly among glial cells [91].  

Cellular senescence is classically defined as the 

irreversible exit of a cell from the cell cycle or put simply, 

permanent arrest of cellular growth. This prohibits the 

proliferation of cells exposed to oncogenic stressors, 

including DNA-damage [84, 85], shortening telomeres 

[92], or irradiation [93]. This is thought to be the result of 

tumor-suppressor activation [1, 94]. However, the 

concept of senescence has expanded and grown since 

these initial definitions and has emerged as a complex 

phenomenon occurring in a range of biological processes, 

from embryonic development to wound healing, tissue 

repair, and organismal aging [95, 96]. An important 

biological outcome of senescent cell formation is the 

development of the senescence-associated secretory 

phenotype (SASP) [97, 98]. The SASP is both cell- and 

context-dependent and demonstrates the ability of 

senescent cells to express and secrete a heterogeneous 

array of extracellular modulators, including cytokines, 

chemokines, proteases, growth factors, and bioactive 

lipids [99] [97]. Here, the SASP is thought to reinforce 

senescence-induced cell cycle arrest, stimulate immune-

mediated clearance, and limit scar formation to promote 

wound healing and tissue regeneration [100, 101]. 

Senescence has also been shown to increase EV secretion 

[102] regardless of how senescence is induced[102] 

[103]. Senescence-associated EVs have been implicated 

in the DNA damage response [103], cancer cell 

proliferation [104], calcification of blood vessels [105], 

decreased myelination, [106] and immune cell activation 

[107-109]. Senescence-associated EVs can contain varied 

fragments of both single and double stranded DNA [110, 

111] and is a major route of DNA secretion in senescent 

cells  [103]. Here, the secretion of harmful DNA within 

EVs increases during senescence [1]. There is now strong 

evidence that not only do astrocytes become senescent in 

normal aging and disease, they also develop a robust 

SASP [112, 113]. 

Astrocytes are uniquely positioned in the CNS to 

interact with and influence a wide-range of cellular 

networks, such as neuron-neuron connections, microglial 

activity, and maintenance of oligodendrocytes and myelin 

through secreted extracellular factors [114] (Fig 1). This 

unique integration among the critical networks of the CNS 

means dysfunctional astrocytes can negatively impact 

CNS function on a large and devastating scale [4, 88] 

[115, 116]. Specifically, in aging and in senescent 

astrocytes, it is becoming increasingly clear that ADEVs 

are an important component of the SASP. Recent work 

has shown that aged (and senescent) astrocytes release 

EVs laden with factors that vary widely based on context 

and cell type. These findings offer the potential for 

astrocytes to contribute to damage or repair in aging and 

disease [117, 118]. 

In a recent study, primary murine astrocytes were 

cultured long-term (>12 weeks in vitro) to induce the 

development of a senescent phenotype as defined by the 

increased expression of canonical senescent gene markers 

p16INK4A, p21, and p53 in parallel with increased 

senescence-associated beta galactosidase (SA-β gal) 

staining when compared to primary murine astrocytes 

cultured short-term (<4 weeks in vitro) [117]. EVs 

captured and isolated from both long- and short-term 

cultures showed a marked difference in their respective 

proteome. When ADEVs from long-term cultures were 

applied to rat oligodendrocyte progenitors (rOPCs) there 

was a near complete inhibition of their differentiation into 
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mature, myelin-producing oligodendrocytes that was not 

observed in rOPCs treated with ADEVs from short-term 

cultures. Despite the widespread consideration of 

astrocytes as drivers of neurodegenerative disease 

progression, this is perhaps the first study to identify the 

functional impact of aged (or senescent) astrocytes on 

myelin integrity and myelination itself [118]. However, 

these dysfunctional astrocytes are not permanently locked 

into this alternative state. Within this same study, the 

authors found that treatment with the mechanistic target 

of rapamycin (mTOR) inhibitor rapamycin diminished the 

impact of the senescence state on the cells as well as 

altering the ADEV proteome. When ADEVs from 

rapamycin-treated long-term murine astrocyte cultures 

were applied to rOPCs, an increased percentage of 

mature, myelin producing oligodendrocytes were 

observed [118]. This indicates that, although aged 

astrocytes are seemingly incapable of supporting the de 

novo generation of myelin through the released of 

ADEVs, they are permissive to therapeutic intervention to 

improve their trophic support of other glial cells. 

 

 
 
Figure 1. Schematic representation of an astrocyte summarizing the diverse responses and 

functional impact of ADEVs under constitutive and stimulated release in aging. 

Paradoxically, senescent cells have been found to 

improve wound repair by limiting fibrosis [100]. As major 

producers of the extracellular matrix that leads to fibrotic 

scar formation in CNS injury and disease [119], how 

astrocytes contribute to this process has only recently 

been explored. Here, both short- (i.e., young) and long-

term (i.e., aged) murine astrocyte cultures showed no 

deficits in their ability to recover from a scratch-wound 

[117]. However, aged astrocytes treated with only the 

ADEV fraction isolated from aged astrocytes significantly 

reduced their recovery following a scratch wound when 

compared to aged astrocytes that did not receive ADEVs. 

Within the same paradigm, the recovery of young 

astrocytes following a scratch wound was not impacted 

following treatment with ADEV fraction isolated from 

young astrocytes. Follow-up heterochronic experiments 

where ADEVS isolated from young astrocytes were 

administered to aged astrocytes with a scratch wound (and 

vice versa) further supported the inhibitory impact of aged 

astrocytes on wound repair [117]. This finding further 

reinforces the view of an altered ADEV proteome with the 

context of aging that can impact not only the 

differentiation potential of oligodendroglial lineage cells 

but can act in both an autocrine and paracrine manner to 

directly influence astrocyte responses to injury. 

Interestingly, when the authors pre-treated aged 

astrocytes with the pro-inflammatory cytokine IL-1β (to 

recapitulate the inflammatory microenvironment of a 

wound), ADEVs from the cytokine-treated aged 

astrocytes significantly improved wound recovery. 

Whereas, IL-1β pre-treatment of young astrocytes 

produced ADEVs that inhibited wound repair in all 
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conditions. In line with the previous finding with rOPCs, 

rapamycin treatment of aged astrocytes led to the 

production of ADEVs with pro-wound healing properties 

[117].  

These findings indicate that despite increasing age 

having a negative impact on the function of astrocytes, 

under the right context there is a beneficial, yet limited 

response to tissue injury. Additionally, aged astrocytes are 

amenable to therapeutics that suppress the senescent 

phenotype to restore aspects of astrocyte trophic support 

for other glial cells. This will be important moving 

forward as additional anti-aging and senescence 

suppressing drugs are investigated in both in vitro and in 

vivo conditions. Further, these findings strengthen the 

view that ADEVs are critical components of the SASP 

within senescent astrocytes and require further 

investigation into their beneficial and/or detrimental roles 

in both healthy and unhealthy aging.   

 

Considerations for advancing the study of ADEVs 

 

From this discussion, we have connected the burgeoning 

field of astrocyte communication to that of ADEV release. 

These studies refine our understanding of their roles 

within an organism that could be considered orders of 

magnitude more complex than current approaches can 

rigorously study. Nevertheless, the anticipated impact of 

understanding the functions of ADEVs in disease is 

supported by the widening scope of work in this field. 

This prompts us to consider several salient questions 

which have naturally emerged about the potential impact 

and utility of ADEVs. 

Can ADEVs be prognostic or diagnostic for 

identifying disease?  ADEVs have been implicated in an 

increasing number neurological and degenerative 

diseases. Their functions in these conditions are not 

always clear. For instance, astrocytes in Alzheimer’s 

disease uptake amyloid-β and can release ADEVs, along 

with other pathogenic factors leading to increased 

neurodegeneration and neuroinflammation. ADEVs 

contain high levels of complement proteins, which 

contribute to ongoing neuroinflammation [120]. This is 

also correlated with diminished levels of complement 

regulatory proteins in preclinical AD patients [120], 

which may have an effect on the phagocytic activities of 

microglia [121]. Similarly, a recent paper revealed that 

ADEVs can play a harmful role in an experimental animal 

model of stroke. Following occlusion of the middle 

cerebral artery in rats, ADEVS were overly abundant with 

SEMA3A, an extracellular matrix (ECM) protein that 

promotes astrocytic activation and leads to reduced axon 

growth and inhibition of repair following ischemia [122]. 

In traumatic brain injury (TBI), increased levels of 

neurotoxic complement proteins are present in ADEVs 

found in blood plasma. Some proteins were not 

normalized even years after injury, potentially explaining 

the long lasting post-concussive symptoms many patients 

experience. These ADEVs have the potential to be used 

as a diagnostic tool to determine severity of disease and 

monitor recovery. This also suggests that TBI patients 

might benefit from complement inhibitors, but more study 

is needed [123]. Similarly, we have previously 

determined that ADEVs can be identified in murine blood 

plasma and the proportions of ADEVs are increased in the 

induced autoimmune encephalomyelitis (EAE) model of 

neuroinflammation [124]. With the changes in ADEV 

functions with age, and elevated basal levels of 

inflammation recognized in the aged CNS, it may be 

expected that plasma ADEVs may also change with age, 

including yet to be defined prognostic indicator(s) of 

neurological health or disease. 

What process(es) determine the cargo of ADEVs?  A 

pivotal question in the field of EV biology is how does a 

cell ‘decide’ what to package into EVs for extracellular 

communication or distribution? It is now known that the 

contents of ADEVs vary, and when searching available 

databases of proteomic libraries of ADEVs one will find 

a wide range of potential EV cargo that differ with disease 

state, cellular experience, or age. Factors that impart 

influence on ‘the decision process’ can include 

intracellular and extracellular cues. Recently, we have 

reported that the fundamental experience of astrocytes 

simply determined by the ECM upon which they are 

cultured has a dramatic influence on the ADEVs those 

astrocytes generate  [125]. This was demonstrated by 

applying these ADEVs from astrocytes cultured on 

various ECM substrates onto naive astrocytes which 

uniquely modified the responses of the naive astrocytes 

both in terms of mechanical or inflammatory challenges 

[125]. Similarly, we have shown that ADEVs derived 

from aged astrocytes in culture lose their trophic function 

to support the maturation of oligodendrocytes, which is 

robust with ADEVs from young astrocytes. Similarly, the 

genetic phenotype of astrocytes also impacts ADEV 

functions. Previous studies have indicated that ADEVs 

released in ALS mouse models can contain mutant 

superoxide dismutase (SOD) 1, which can be transferred 

to spinal neurons, selectively inducing motor neuron 

death [126]. The involvement of ADEVs in ALS 

pathogenesis was further supported by a recent paper by 

Sproviero and colleagues who found that ADEVs carry 

mutated transactive response DNA binding protein (TDP-

43), a nuclear protein that, when mutated, is known to 

aggregate and trigger neurodegeneration [127, 128] [129]. 

Interestingly, overexpression of mutated SOD1 in 

astrocytes when compared with wildtype astrocytes 

resulted in an overall decrease (43%) in the protein 

secretome, whereas the protein content of ADEVs was 
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specifically increased (37%) [126]. These studies suggest 

that the oxidative stress brought about by the loss of 

SOD1 function fundamentally alters the secretome 

landscape. These, and other, demonstrations that there is 

an association between the ADEV cargo that is 

determined by conditions and experiences strongly 

suggest that the contents of an ADEV is not random and 

is likely orchestrated and purposeful. Future studies 

deciphering the intracellular processes that determine 

which intracellular factors (proteins, lipids, and/or nucleic 

acids) are shuttled to become the cargo for an ADEV are 

warranted. 

Can ADEVs be modulated in a cell specific manner?  

At present there are few experimental strategies that can 

target the release of EVs in a cell-specific way in in vivo 

systems to test questions of the impact of specific cellular 

EV sources. In the context of aging, it is interesting to note 

that in senescent fibroblasts DNA damage activates the 

ceramide synthetic pathway which increases levels of EV 

secretion. This pathway is thought to prevent apoptosis 

through the removal of DNA fragments from the cytosol 

which protects the cell from an overactive inflammatory 

response [130]. It is possible that this pathway is more 

universal, and more work needs to be done to confirm or 

disprove this. Astrocytes have also been shown to release 

EVs with mitochondrial DNA, potentially propagating 

pathology in a cell-to-cell manner [131]. 

Experimentally, pharmacological targeting of EV 

trafficking and lipid metabolism has been reported to 

attenuate EV release from many different cell types. 

Therapies targeting inhibition of EV trafficking include 

calpeptin, manumycin A and GW4869 (reviewed in 

[132]). Calpeptin, an EV shedding inhibitor, has been 

shown to inhibit EV release in HEK293, SH-SY5Y, and 

PC3 cell lines as well as platelets [132], however its effect 

on the release of ADEVs has not been studied. Calpeptin 

has been shown to decrease astrocytic activation in 

murine models of depression [133] and 

neuroinflammation in a Parkinson’s disease murine model 

[134] indicating that although its impact on ADEV release 

has not been specifically studied, calpeptin holds 

therapeutic promise for investigating ADEV modulation.  

Another means of modulating ADEV release is 

though the inhibition of neutral sphingomyelinase 2 

(nSMase2) by GW4869, which has been reported to have 

efficacy in reducing pathology in a mouse model of AD 

[135]. However, nSMase2 is a key regulatory enzyme in 

the production of ceramide from sphingomyelin. 

Mutations in sphingomyelin phosphodiesterase 1 

(SMPD1), which converts ceramide to sphingomyelin, 

underlie Niemann-Pick’s disease. This suggests that a 

delicate balance exists in the regulation of lipid 

metabolism, and perturbations in this balance could have 

unanticipated, deleterious consequences from the use of 

these agents beyond the experimental models. At present, 

the lack of specificity of these particular agents to target 

cellular populations is an important caveat to their use. 

The natural function of EV release in unaffected tissues or 

the homeostatic function of the enzymes inhibited may 

have negative effects on other tissues or cells. These 

drawbacks may diminish enthusiasm for these agents as 

potential therapeutics, but should not diminish the 

potential importance of these agents as experimental 

tools. From this perspective, future experiments 

employing these agents to understand the processes of EV 

production in general and modulating the release from 

astrocytes would be expected to still offer important 

insights into our understanding of the actions of ADEVs 

in certain settings. Future studies testing these questions, 

but employing cell-specific modifications that can alter 

EV release in an experimenter-controlled manner, would 

be considered an important advance for the field as it 

would introduce a new level of rigor by which to launch 

studies with more clinically translational applications to 

test ADEV functions in pathology and pathogenesis of 

diseases.   

Can ADEVs be adapted for therapeutic use? The 

potential for exploiting or harnessing the influence of 

ADEVs for therapeutic use is an attractive prospect. With 

their small size and ability to be carried through biological 

fluids, they may serve as sentinels for monitoring CNS 

function as well as disease diagnosis, progression, or 

treatment efficacy. As we and others have shown, ADEVs 

can be influenced to modify function, yet how to coax the 

yet to be defined process(es) that determine cargo loading 

is currently unknown. However, the ex vivo development 

of ADEVs for collection and administration as a 

therapeutic potential is an attractive prospect, whether as 

a vehicle for therapeutic RNA [136] or protein [137]. 

Adding specific surface ligands may also be useful for 

targeting specific cell types or ensuring engineered EVs 

can cross the BBB. Some issues arise in terms of 

producing large enough quantities of EVs to use, but there 

has been success using EVs generated in plants for use in 

mammalian cells [138]. While no EV mediated therapies 

have been approved for use in humans as of yet, there are 

numerous treatments being developed both in in vitro and 

in vivo models. EVs from murine adipose and bone 

marrow mesenchymal stem cells (MSC) have been shown 

to restore synapse function, as well as improve learning 

and memory in mice after cerebral ischemia [139]. Pattern 

separation and spatial learning deficits were improved 

after traumatic brain injury with human bone marrow 

MSCs [140]. The potential for astrocyte EVs to be used to 

treat neurological disorders is, as of yet, largely 

unexplored. 

What determines the cellular targets of ADEVs? In 

order for EVs to enact an intercellular signaling function, 
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they must either interact or be taken up by a recipient cell. 

Possibilities for this action include EV protein docking 

with an extracellular receptor, direct fusion with a plasma 

membrane, or endocytosis followed by fusion with the 

endosomal membrane of a target/recipient cell [47]. As 

this uptake is how EVs, including ADEVs, exert influence 

on other cells, cellular targeting mechanisms are of great 

interest but are not fully understood. Several studies have 

shown that the EVs from certain cell types interact 

preferentially with other specific cell types, e.g., B cell 

EVs selectively binding to follicular dendritic cells [42] 

or intestinal epithelial cell line EVs preferentially 

interacting with dendritic cells over T or B lymphocytes 

[43]. Dendritic cells have also been shown to release EVs 

with MHC class II and other stimulatory molecules that 

activate T cells [44].  In addition to exerting influence on 

other cells with proteins, EVs can also transfer genetic 

material such as mRNA [45], and recipient cells of EVs 

carrying mRNA began producing the protein products 

coded for not long after uptake [46]. Defining the internal 

processes governing ADEV loading occur in astrocytes, 

whether they are common to other cell types or unique to 

glia, would be an important advance with obvious 

experimental and therapeutic ramifications.  

What are the current limitations of EV research? 

Currently there are several technical limitations to the 

study of ADEVs and of EVs as a whole that are worth 

mentioning. One limitation of EV research is the lack of 

consensus on a categorization system for EV sub-

classes/types in biology. This is not an issue unique to EV 

biology, and it is anticipated that once our fundamental 

understanding of the biogenesis and cargo sorting of EVs 

is enhanced, a system for defining EVs might evolve. 

Within the field of glial biology, specifically astrocytes 

and ADEVs, the sheer diversity of contexts under which 

astrocytes are involved, from development and aging to 

infection or disease, may mean that a strict cataloging 

system may be unwarranted or impractical. This issue of 

nomenclature was recently pointed out for proposed 

classification of astrocyte reactivity [141]. If definitive 

evidence that EVs of different size classes have clearly 

definable and distinct functions, then broader terms for 

communicating these variable functions of ADEVs may 

be warranted, however, the precision of language is 

important, and from that perspective, ADEV labeling that 

is linked to the nomenclature of astrocyte biology could 

represent a more robust scheme that would naturally 

evolve in concert with astrocyte biology itself.  

A second limitation of the field is the availability of 

imaging technology used to study EVs. Many 

technologies currently applied in the field have 

advantages and disadvantages yet, overall, many of these 

technologies are very specialized and presently 

inadequate to monitor EVs with sufficient rigor. For 

example, flow cytometry has been used extensively in EV 

analysis. Indeed, while capable of capturing thousands of 

EVs in a single sample, and coincidently analyzing 

multiple surface markers, it is inherently difficult because 

of the physical limitations of the lasers used in standard 

flow cytometry. This means that the very small particle 

sizes of EVs and ADEVs are significantly less than the 

diameter of the laser beam upon which most flow 

cytometry applications rely. This means that additional 

stringencies are necessary to ensure the veracity and 

reproducibility of EV and ADEV analyses by flow 

cytometry. Without these additional steps, EVs can often 

go undetected in biological samples, leading to 

discrepancies between disparate modes of EV analysis 

[142]. These issues also render problematic the precision 

in accurate counting of EVs in samples since clustering of 

particles may be recorded as a single events when in high 

concentrations [143]. Additionally, data on EV diameters 

is often based on comparing EV scatter with a standard, 

polystyrene bead scatter. Light scattering has many 

factors that can affect readout other than diameter, 

including the shape of the object, refraction, and the 

absorption coefficient; this is all further compounded by 

lipid-based vesicles scattering far less light than the beads 

[144]. Some of these issues are already beginning to be 

resolved, with techniques such as imaging flow 

cytometry, combing typical flow cytometry with imaging 

to allow the differentiation of EVs from cells, debris, and 

beads, as well as increasing fluorescence sensitivity of 

smaller objects [145, 146]. Algorithms have also been 

developed to help distinguish aggregates and EVs [145]), 

but improvements are still needed to increase sensitivity.  

Another approach to measuring EVs is dynamic light 

scattering: a technique that can be used to observe small 

particles from as small as 1 nm and up to 6 μm. This 

method is only reliable in monodispersed suspensions, 

when only one type and size of particle is present [147]. 

Since this is frequently not the case with EVs from 

biological samples, this approach currently offers little 

advantage to other methods. In addition, this technology 

is further limited by its inability to produce biochemical 

data or information about the cells from which the EVs 

were derived [148].   

Nanoparticle tracking analysis (NTA) is another 

technology utilized for studying EVs with its own set of 

advantages and disadvantages. The NTA technology 

allows for the measurement of particles with diameters as 

small as 30 nm and can also be used in conjunction with 

fluorescence [149]. Despite the ability to employ 

fluorescence in NTA of EVs, limitations exist that create 

obstacles in the fidelity of EV analysis. The fluorescent 

signal must be very bright to be effectively detected by the 

NTA system, and there has been little success in using 

standard fluorescently labelled monoclonal antibodies to 
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identify specific antigens in EVs, unless the antigen in 

question is exceptionally highly expressed [150]. There 

are, however, promising advances being made in this area 

involving “quantum dot” or Q-dot conjugated antibodies. 

This avenue still has significant obstacles to overcome, 

particularly it suffers from high levels of background 

fluorescence [151].  

Perhaps the most established and reliable affirmation 

of EVs is through electron microscopy (EM). The utility 

of transmission EM (TEM) for the study and analysis of 

EVs cannot be overstated. For instance, TEM allows for 

immuno-gold labelling of EVs which affords the 

possibility of validating EV-specific markers [152]. 

However, the preparation of samples for EM can distort 

the native morphology of EVs. Here, cryogenic (cryo)-

EM has increasingly been used to observe EVs in their 

natural state while avoiding the ultra-structural alterations 

that occur in TEM sample preparation. This is 

accomplished by quickly submerging the samples into 

cryogen (either liquid propane or ethane cooled to -196.15 

Celsius)  to avoid damage from sample preparation and 

the EM machinery itself [153]. This technique can also be 

used in conjunction with immuno-gold labelling [154]. In 

spite of these benefits and the insights afforded to the 

study of ADEVs using TEM, this approach is only semi-

quantitative and requires both technical expertise and an 

EM with cryogenic capabilities.  

 

Concluding Remarks  

 

We have provided a synopsis on aspects of ADEVs as a 

fundamental component of astrocyte biology. As outlined 

above, there are many new and exciting advances that 

implicate ADEVs in a range of pathophysiological 

settings. Yet, there remain many important, sometimes 

technical, hurdles that will be necessary to corroborate 

both the origins and targeting of ADEVs from astrocytes 

to other cells. For instance, questions of; 'why do mutated 

proteins always seem to find their way into EVs?' or 'can 

EVs from one cell target a specific cell type or subtype of 

another cell?', and 'how?' While technological 

advancements have allowed for more precise 

measurements and analyses of EVs, there is still a 

pressing need for further improvements. Improvement in 

technologies that enable reliable and sensitive 

measurement of EVs, both in their sizes and their 

compositions, would offer the potential to revolutionize 

the field by allowing for increased detail and precision. It 

is expected that these technical advances would translate 

into innovation by enabling means to answer many 

currently unanswerable questions about EV biology. 

Improvements to current technologies will allow for 

fundamental insights into the nature of ADEVs and how 

they contribute to the many facets of neurological diseases 

and disorders. EVs would then be poised to offer 

diagnostic, prognostic, and therapeutic potential within 

these contexts. The current foundation of our 

understanding of EVs would also be anticipated to 

generate insights into areas for which comparatively less 

is known about ADEVs, such as their role in pain or 

addiction. Thus, this rapidly evolving field will continue 

to garner interest as a primordial process now inextricably 

connected with reactive astrogliosis. 

Acknowledgements 

 

This work was supported, in part, by funding from the 

National Multiple Sclerosis Society (RG-1802-30211 to 

SJC).   

 

References 

 
[1] Mächler P, Wyss MT, Elsayed M, Stobart J, Gutierrez 

R, von Faber-Castell A, et al. (2016). In Vivo Evidence 

for a Lactate Gradient from Astrocytes to Neurons. 

Cell Metab, 23:94-102. 

[2] Nagai J, Rajbhandari AK, Gangwani MR, Hachisuka 

A, Coppola G, Masmanidis SC, et al. (2019). 

Hyperactivity with Disrupted Attention by Activation 

of an Astrocyte Synaptogenic Cue. Cell, 177:1280-

1292.e1220. 

[3] Abbott NJ (2002). Astrocyte-endothelial interactions 

and blood-brain barrier permeability. J Anat, 200:629-

638. 

[4] Sofroniew MV (2015). Astrocyte barriers to 

neurotoxic inflammation. Nat Rev Neurosci, 16:249-

263. 

[5] Alvarez JI, Dodelet-Devillers A, Kebir H, Ifergan I, 

Fabre PJ, Terouz S, et al. (2011). The Hedgehog 

pathway promotes blood-brain barrier integrity and 

CNS immune quiescence. Science, 334:1727-1731. 

[6] Sweeney MD, Kisler K, Montagne A, Toga AW, 

Zlokovic BV (2018). The role of brain vasculature in 

neurodegenerative disorders. Nat Neurosci, 21:1318-

1331. 

[7] Han RT, Kim RD, Molofsky AV, Liddelow SA (2021). 

Astrocyte-immune cell interactions in physiology and 

pathology. Immunity, 54:211-224. 

[8] Liddelow SA, Marsh SE, Stevens B (2020). Microglia 

and Astrocytes in Disease: Dynamic Duo or Partners 

in Crime? Trends Immunol, 41:820-835. 

[9] Nutma E, van Gent D, Amor S, Peferoen LAN (2020). 

Astrocyte and Oligodendrocyte Cross-Talk in the 

Central Nervous System. Cells, 9. 

[10] Araque A, Carmignoto G, Haydon PG, Oliet SH, 

Robitaille R, Volterra A (2014). Gliotransmitters travel 

in time and space. Neuron, 81:728-739. 

[11] Bushong EA, Martone ME, Jones YZ, Ellisman MH 

(2002). Protoplasmic astrocytes in CA1 stratum 

radiatum occupy separate anatomical domains. J 

Neurosci, 22:183-192. 



Rouillard ME., et al.                           ADEVs in Aging 

Aging and Disease • Volume 12, Number 6, September 2021                                                                        1471 

 

[12] Araque A, Parpura V, Sanzgiri RP, Haydon PG (1999). 

Tripartite synapses: glia, the unacknowledged partner. 

Trends Neurosci, 22:208-215. 

[13] Anderson MA, Ao Y, Sofroniew MV (2014). 

Heterogeneity of reactive astrocytes. Neurosci Lett, 

565:23-29. 

[14] Adams KL, Gallo V (2018). The diversity and 

disparity of the glial scar. Nat Neurosci, 21:9-15. 

[15] Habib N, McCabe C, Medina S, Varshavsky M, 

Kitsberg D, Dvir-Szternfeld R, et al. (2020). Disease-

associated astrocytes in Alzheimer's disease and aging. 

Nat Neurosci, 23:701-706. 

[16] Wolf P (1967). The nature and significance of platelet 

products in human plasma. Br J Haematol, 13:269-288. 

[17] Yáñez-Mó M, Siljander PR, Andreu Z, Zavec AB, 

Borràs FE, Buzas EI, et al. (2015). Biological 

properties of extracellular vesicles and their 

physiological functions. J Extracell Vesicles, 4:27066. 

[18] Théry C, Regnault A, Garin J, Wolfers J, Zitvogel L, 

Ricciardi-Castagnoli P, et al. (1999). Molecular 

characterization of dendritic cell-derived exosomes. 

Selective accumulation of the heat shock protein hsc73. 

J Cell Biol, 147:599-610. 

[19] Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, 

Lötvall JO (2007). Exosome-mediated transfer of 

mRNAs and microRNAs is a novel mechanism of 

genetic exchange between cells. Nat Cell Biol, 9:654-

659. 

[20] Record M, Silvente-Poirot S, Poirot M, Wakelam MJO 

(2018). Extracellular vesicles: lipids as key 

components of their biogenesis and functions. J Lipid 

Res, 59:1316-1324. 

[21] Peruzzotti-Jametti L, Bernstock JD, Willis CM, 

Manferrari G, Rogall R, Fernandez-Vizarra E, et al. 

(2021). Neural stem cells traffic functional 

mitochondria via extracellular vesicles. PLoS Biol, 

19:e3001166. 

[22] Haraszti RA, Didiot MC, Sapp E, Leszyk J, Shaffer 

SA, Rockwell HE, et al. (2016). High-resolution 

proteomic and lipidomic analysis of exosomes and 

microvesicles from different cell sources. J Extracell 

Vesicles, 5:32570. 

[23] Hessvik NP, Llorente A (2018). Current knowledge on 

exosome biogenesis and release. Cell Mol Life Sci, 

75:193-208. 

[24] Huotari J, Helenius A (2011). Endosome maturation. 

EMBO J, 30:3481-3500. 

[25] Anand S, Samuel M, Kumar S, Mathivanan S (2019). 

Ticket to a bubble ride: Cargo sorting into exosomes 

and extracellular vesicles. Biochim Biophys Acta 

Proteins Proteom, 1867:140203. 

[26] Claridge B, Kastaniegaard K, Stensballe A, Greening 

DW (2019). Post-translational and transcriptional 

dynamics - regulating  extracellular vesicle biology. 

Expert Rev Proteomics, 16:17-31. 

[27] Jeppesen DK, Fenix AM, Franklin JL, Higginbotham 

JN, Zhang Q, Zimmerman LJ, et al. (2019). 

Reassessment of Exosome Composition. Cell, 

177:428-445.e418. 

[28] Tricarico C, Clancy J, D'Souza-Schorey C (2017). 

Biology and biogenesis of shed microvesicles. Small 

GTPases, 8:220-232. 

[29] Muralidharan-Chari V, Clancy JW, Sedgwick A, 

D'Souza-Schorey C (2010). Microvesicles: mediators 

of extracellular communication during cancer 

progression. J Cell Sci, 123:1603-1611. 

[30] Kowal J, Arras G, Colombo M, Jouve M, Morath JP, 

Primdal-Bengtson B, et al. (2016). Proteomic 

comparison defines novel markers to characterize 

heterogeneous populations of extracellular vesicle 

subtypes. Proc Natl Acad Sci U S A, 113:E968-977. 

[31] D'Souza-Schorey C, Clancy JW (2012). Tumor-

derived microvesicles: shedding light on novel 

microenvironment modulators and prospective cancer 

biomarkers. Genes Dev, 26:1287-1299. 

[32] Théry C, Witwer KW, Aikawa E, Alcaraz MJ, 

Anderson JD, Andriantsitohaina R, et al. (2018). 

Minimal information for studies of extracellular 

vesicles 2018 (MISEV2018): a position statement of 

the International Society for Extracellular Vesicles and 

update of the MISEV2014 guidelines. J Extracell 

Vesicles, 7:1535750. 

[33] Gould SJ, Raposo G (2013). As we wait: coping with 

an imperfect nomenclature for extracellular vesicles. J 

Extracell Vesicles, 2. 

[34] Merchant ML, Rood IM, Deegens JKJ, Klein JB 

(2017). Isolation and characterization of urinary 

extracellular vesicles: implications for biomarker 

discovery. Nat Rev Nephrol, 13:731-749. 

[35] Kadota T, Yoshioka Y, Fujita Y, Kuwano K, Ochiya T 

(2017). Extracellular vesicles in lung cancer-From 

bench to bedside. Semin Cell Dev Biol, 67:39-47. 

[36] Peng J, Wang W, Hua S, Liu L (2018). Roles of 

Extracellular Vesicles in Metastatic Breast Cancer. 

Breast Cancer (Auckl), 12:1178223418767666. 

[37] Bai Y, Guo J, Liu Z, Li Y, Jin S, Wang T (2020). The 

Role of Exosomes in the Female Reproductive System 

and Breast Cancers. Onco Targets Ther, 13:12567-

12586. 

[38] Perez-Hernandez J, Cortes R (2015). Extracellular 

Vesicles as Biomarkers of Systemic Lupus 

Erythematosus. Dis Markers, 2015:613536. 

[39] Tavasolian F, Moghaddam AS, Rohani F, Abdollahi E, 

Janzamin E, Momtazi-Borojeni AA, et al. (2020). 

Exosomes: Effectual players in rheumatoid arthritis. 

Autoimmun Rev, 19:102511. 

[40] Karpman D, Ståhl AL, Arvidsson I (2017). 

Extracellular vesicles in renal disease. Nat Rev 

Nephrol, 13:545-562. 

[41] Kubo H (2018). Extracellular Vesicles in Lung Disease. 

Chest, 153:210-216. 

[42] Denzer K, van Eijk M, Kleijmeer MJ, Jakobson E, de 

Groot C, Geuze HJ (2000). Follicular dendritic cells 

carry MHC class II-expressing microvesicles at their 

surface. J Immunol, 165:1259-1265. 

[43] Mallegol J, Van Niel G, Lebreton C, Lepelletier Y, 

Candalh C, Dugave C, et al. (2007). T84-intestinal 

epithelial exosomes bear MHC class II/peptide 

complexes potentiating antigen presentation by 

dendritic cells. Gastroenterology, 132:1866-1876. 



Rouillard ME., et al.                           ADEVs in Aging 

Aging and Disease • Volume 12, Number 6, September 2021                                                                        1472 

 

[44] Nolte-'t Hoen EN, Buschow SI, Anderton SM, 

Stoorvogel W, Wauben MH (2009). Activated T cells 

recruit exosomes secreted by dendritic cells via LFA-

1. Blood, 113:1977-1981. 

[45] Belting M, Wittrup A (2008). Nanotubes, exosomes, 

and nucleic acid-binding peptides provide novel 

mechanisms of intercellular communication in 

eukaryotic cells: implications in health and disease. J 

Cell Biol, 183:1187-1191. 

[46] Skog J, Würdinger T, van Rijn S, Meijer DH, Gainche 

L, Sena-Esteves M, et al. (2008). Glioblastoma 

microvesicles transport RNA and proteins that 

promote tumour growth and provide diagnostic 

biomarkers. Nat Cell Biol, 10:1470-1476. 

[47] Mulcahy LA, Pink RC, Carter DR (2014). Routes and 

mechanisms of extracellular vesicle uptake. J Extracell 

Vesicles, 3. 

[48] Zhuang X, Xiang X, Grizzle W, Sun D, Zhang S, 

Axtell RC, et al. (2011). Treatment of brain 

inflammatory diseases by delivering exosome 

encapsulated anti-inflammatory drugs from the nasal 

region to the brain. Mol Ther, 19:1769-1779. 

[49] Khongkow M, Yata T, Boonrungsiman S, 

Ruktanonchai UR, Graham D, Namdee K (2019). 

Surface modification of gold nanoparticles with 

neuron-targeted exosome for enhanced blood-brain 

barrier penetration. Sci Rep, 9:8278. 

[50] Luarte A, Henzi R, Fernández A, Gaete D, Cisternas P, 

Pizarro M, et al. (2020). Astrocyte-Derived Small 

Extracellular Vesicles Regulate Dendritic Complexity 

through miR-26a-5p Activity. Cells, 9. 

[51] Liu W, Bai X, Zhang A, Huang J, Xu S, Zhang J (2019). 

Role of Exosomes in Central Nervous System 

Diseases. Front Mol Neurosci, 12:240. 

[52] Proia P, Schiera G, Mineo M, Ingrassia AM, Santoro 

G, Savettieri G, et al. (2008). Astrocytes shed 

extracellular vesicles that contain fibroblast growth 

factor-2 and vascular endothelial growth factor. Int J 

Mol Med, 21:63-67. 

[53] Datta Chaudhuri A, Dasgheyb RM, DeVine LR, Bi H, 

Cole RN, Haughey NJ (2020). Stimulus-dependent 

modifications in astrocyte-derived extracellular 

vesicle cargo regulate neuronal excitability. Glia, 

68:128-144. 

[54] Chaudhuri AD, Dastgheyb RM, Yoo SW, Trout A, 

Talbot CC, Hao H, et al. (2018). TNFα and IL-1β 

modify the miRNA cargo of astrocyte shed 

extracellular vesicles to regulate neurotrophic 

signaling in neurons. Cell Death Dis, 9:363. 

[55] Pascua-Maestro R, González E, Lillo C, Ganfornina 

MD, Falcón-Pérez JM, Sanchez D (2018). 

Extracellular Vesicles Secreted by Astroglial Cells 

Transport Apolipoprotein D to Neurons and Mediate 

Neuronal Survival Upon Oxidative Stress. Front Cell 

Neurosci, 12:526. 

[56] Taylor AR, Robinson MB, Gifondorwa DJ, Tytell M, 

Milligan CE (2007). Regulation of heat shock protein 

70 release in astrocytes: role of signaling kinases. Dev 

Neurobiol, 67:1815-1829. 

[57] Woodbury ME, Ikezu T (2014). Fibroblast growth 

factor-2 signaling in neurogenesis and 

neurodegeneration. J Neuroimmune Pharmacol, 9:92-

101. 

[58] Rai KS, Hattiangady B, Shetty AK (2007). Enhanced 

production and dendritic growth of new dentate 

granule cells in the middle-aged hippocampus 

following intracerebroventricular FGF-2 infusions. 

Eur J Neurosci, 26:1765-1779. 

[59] Schanzer A, Wachs FP, Wilhelm D, Acker T, Cooper-

Kuhn C, Beck H, et al. (2004). Direct stimulation of 

adult neural stem cells in vitro and neurogenesis in 

vivo by vascular endothelial growth factor. Brain 

Pathol, 14:237-248. 

[60] Zhao M, Li D, Shimazu K, Zhou YX, Lu B, Deng CX 

(2007). Fibroblast growth factor receptor-1 is required 

for long-term potentiation, memory consolidation, and 

neurogenesis. Biol Psychiatry, 62:381-390. 

[61] Navarro A, Rioseras B, Del Valle E, Martínez-Pinilla 

E, Astudillo A, Tolivia J (2018). Expression Pattern of 

Myelin-Related Apolipoprotein D in Human Multiple 

Sclerosis Lesions. Front Aging Neurosci, 10:254. 

[62] Kakimura J, Kitamura Y, Takata K, Umeki M, Suzuki 

S, Shibagaki K, et al. (2002). Microglial activation and 

amyloid-beta clearance induced by exogenous heat-

shock proteins. FASEB J, 16:601-603. 

[63] Belloir B, Kövari E, Surini-Demiri M, Savioz A (2001). 

Altered apolipoprotein D expression in the brain of 

patients with Alzheimer disease. J Neurosci Res, 

64:61-69. 

[64] Rassart E, Bedirian A, Do Carmo S, Guinard O, Sirois 

J, Terrisse L, et al. (2000). Apolipoprotein D. Biochim 

Biophys Acta, 1482:185-198. 

[65] Sutcliffe JG, Thomas EA (2002). The neurobiology of 

apolipoproteins in psychiatric disorders. Mol 

Neurobiol, 26:369-388. 

[66] Dassati S, Waldner A, Schweigreiter R (2014). 

Apolipoprotein D takes center stage in the stress 

response of the aging and degenerative brain. 

Neurobiol Aging, 35:1632-1642. 

[67] Moidunny S, Vinet J, Wesseling E, Bijzet J, Shieh CH, 

van Ijzendoorn SC, et al. (2012). Adenosine A2B 

receptor-mediated leukemia inhibitory factor release 

from astrocytes protects cortical neurons against 

excitotoxicity. J Neuroinflammation, 9:198. 

[68] Jha MK, Jo M, Kim JH, Suk K (2019). Microglia-

Astrocyte Crosstalk: An Intimate Molecular 

Conversation. Neuroscientist, 25:227-240. 

[69] Hubbard JA, Szu JI, Yonan JM, Binder DK (2016). 

Regulation of astrocyte glutamate transporter-1 (GLT1) 

and aquaporin-4 (AQP4) expression in a model of 

epilepsy. Exp Neurol, 283:85-96. 

[70] Hillen AEJ, Burbach JPH, Hol EM (2018). Cell 

adhesion and matricellular support by astrocytes of the 

tripartite synapse. Prog Neurobiol, 165-167:66-86. 

[71] Pannasch U, Rouach N (2013). Emerging role for 

astroglial networks in information processing: from 

synapse to behavior. Trends Neurosci, 36:405-417. 

[72] Long X, Yao X, Jiang Q, Yang Y, He X, Tian W, et al. 

(2020). Astrocyte-derived exosomes enriched with 

miR-873a-5p inhibit neuroinflammation via microglia 



Rouillard ME., et al.                           ADEVs in Aging 

Aging and Disease • Volume 12, Number 6, September 2021                                                                        1473 

 

phenotype modulation after traumatic brain injury. J 

Neuroinflammation, 17:89. 

[73] Barbosa M, Gomes C, Sequeira C, Gonçalves-Ribeiro 

J, Pina CC, Carvalho LA, et al. (2021). Recovery of 

Depleted miR-146a in ALS Cortical Astrocytes 

Reverts Cell Aberrancies and Prevents Paracrine 

Pathogenicity on Microglia and Motor Neurons. Front 

Cell Dev Biol, 9:634355. 

[74] Gómez-Molina C, Sandoval M, Henzi R, Ramírez JP, 

Varas-Godoy M, Luarte A, et al. (2019). Small 

Extracellular Vesicles in Rat Serum Contain 

Astrocyte-Derived Protein Biomarkers of Repetitive 

Stress. Int J Neuropsychopharmacol, 22:232-246. 

[75] Dickens AM, Tovar-Y-Romo LB, Yoo SW, Trout AL, 

Bae M, Kanmogne M, et al. (2017). Astrocyte-shed 

extracellular vesicles regulate the peripheral leukocyte 

response to inflammatory brain lesions. Sci Signal, 10. 

[76] Chen WW, Zhang X, Huang WJ (2016). Role of 

neuroinflammation in neurodegenerative diseases 

(Review). Mol Med Rep, 13:3391-3396. 

[77] Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, 

Croteau DL, et al. (2019). Ageing as a risk factor for 

neurodegenerative disease. Nat Rev Neurol, 15:565-

581. 

[78] Vatner SF, Zhang J, Oydanich M, Berkman T, 

Naftalovich R, Vatner DE (2020). Healthful aging 

mediated by inhibition of oxidative stress. Ageing Res 

Rev, 64:101194. 

[79] Chambers ES, Akbar AN (2020). Can blocking 

inflammation enhance immunity during aging? J 

Allergy Clin Immunol, 145:1323-1331. 

[80] Bektas A, Schurman SH, Sen R, Ferrucci L (2018). 

Aging, inflammation and the environment. Exp 

Gerontol, 105:10-18. 

[81] Neves J, Sousa-Victor P (2020). Regulation of 

inflammation as an anti-aging intervention. FEBS J, 

287:43-52. 

[82] Wiley CD, Velarde MC, Lecot P, Liu S, Sarnoski EA, 

Freund A, et al. (2016). Mitochondrial Dysfunction 

Induces Senescence with a Distinct Secretory 

Phenotype. Cell Metab, 23:303-314. 

[83] Gomes AP, Price NL, Ling AJ, Moslehi JJ, 

Montgomery MK, Rajman L, et al. (2013). Declining 

NAD(+) induces a pseudohypoxic state disrupting 

nuclear-mitochondrial communication during aging. 

Cell, 155:1624-1638. 

[84] Yousefzadeh M, Henpita C, Vyas R, Soto-Palma C, 

Robbins P, Niedernhofer L (2021). DNA damage-how 

and why we age? Elife, 10. 

[85] da Silva PFL, Schumacher B (2019). DNA damage 

responses in ageing. Open Biol, 9:190168. 

[86] Clarke LE, Liddelow SA, Chakraborty C, Münch AE, 

Heiman M, Barres BA (2018). Normal aging induces 

A1-like astrocyte reactivity. Proc Natl Acad Sci U S A, 

115:E1896-E1905. 

[87] Boisvert MM, Erikson GA, Shokhirev MN, Allen NJ 

(2018). The Aging Astrocyte Transcriptome from 

Multiple Regions of the Mouse Brain. Cell Rep, 

22:269-285. 

[88] Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, 

Bohlen CJ, Schirmer L, et al. (2017). Neurotoxic 

reactive astrocytes are induced by activated microglia. 

Nature, 541:481-487. 

[89] Palmer AL, Ousman SS (2018). Astrocytes and Aging. 

Front Aging Neurosci, 10:337. 

[90] Matias I, Morgado J, Gomes FCA (2019). Astrocyte 

Heterogeneity: Impact to Brain Aging and Disease. 

Front Aging Neurosci, 11:59. 

[91] López-Otín C, Blasco MA, Partridge L, Serrano M, 

Kroemer G (2013). The hallmarks of aging. Cell, 

153:1194-1217. 

[92] Whittemore K, Vera E, Martínez-Nevado E, Sanpera 

C, Blasco MA (2019). Telomere shortening rate 

predicts species life span. Proc Natl Acad Sci U S A, 

116:15122-15127. 

[93] Wang B, Kohli J, Demaria M (2020). Senescent Cells 

in Cancer Therapy: Friends or Foes? Trends Cancer, 

6:838-857. 

[94] Sun P, Yoshizuka N, New L, Moser BA, Li Y, Liao R, 

et al. (2007). PRAK is essential for ras-induced 

senescence and tumor suppression. Cell, 128:295-308. 

[95] van Deursen JM (2014). The role of senescent cells in 

ageing. Nature, 509:439-446. 

[96] Herranz N, Gil J (2018). Mechanisms and functions of 

cellular senescence. J Clin Invest, 128:1238-1246. 

[97] Coppé JP, Desprez PY, Krtolica A, Campisi J (2010). 

The senescence-associated secretory phenotype: the 

dark side of tumor suppression. Annu Rev Pathol, 

5:99-118. 

[98] Faget DV, Ren Q, Stewart SA (2019). Unmasking 

senescence: context-dependent effects of SASP in 

cancer. Nat Rev Cancer, 19:439-453. 

[99] Birch J, Gil J (2020). Senescence and the SASP: many 

therapeutic avenues. Genes Dev, 34:1565-1576. 

[100] Demaria M, Ohtani N, Youssef SA, Rodier F, 

Toussaint W, Mitchell JR, et al. (2014). An essential 

role for senescent cells in optimal wound healing 

through secretion of PDGF-AA. Dev Cell, 31:722-733. 

[101] Wilkinson HN, Hardman MJ (2020). Senescence in 

Wound Repair: Emerging Strategies to Target Chronic 

Healing Wounds. Front Cell Dev Biol, 8:773. 

[102] Lehmann BD, Paine MS, Brooks AM, McCubrey JA, 

Renegar RH, Wang R, et al. (2008). Senescence-

associated exosome release from human prostate 

cancer cells. Cancer Res, 68:7864-7871. 

[103] Takahashi A, Okada R, Nagao K, Kawamata Y, Hanyu 

A, Yoshimoto S, et al. (2017). Exosomes maintain 

cellular homeostasis by excreting harmful DNA from 

cells. Nat Commun, 8:15287. 

[104] Takasugi M, Okada R, Takahashi A, Virya Chen D, 

Watanabe S, Hara E (2017). Small extracellular 

vesicles secreted from senescent cells promote cancer 

cell proliferation through EphA2. Nat Commun, 

8:15729. 

[105] Alique M, Ruíz-Torres MP, Bodega G, Noci MV, 

Troyano N, Bohórquez L, et al. (2017). Microvesicles 

from the plasma of elderly subjects and from senescent 

endothelial cells promote vascular calcification. Aging 

(Albany NY), 9:778-789. 

[106] Pusic AD, Kraig RP (2014). Youth and environmental 



Rouillard ME., et al.                           ADEVs in Aging 

Aging and Disease • Volume 12, Number 6, September 2021                                                                        1474 

 

enrichment generate serum exosomes containing miR-

219 that promote CNS myelination. Glia, 62:284-299. 

[107] Wang Z, Deng Z, Dahmane N, Tsai K, Wang P, 

Williams DR, et al. (2015). Telomeric repeat-

containing RNA (TERRA) constitutes a nucleoprotein 

component of extracellular inflammatory exosomes. 

Proc Natl Acad Sci U S A, 112:E6293-6300. 

[108] Wang Z, Lieberman PM (2016). The crosstalk of 

telomere dysfunction and inflammation through cell-

free TERRA containing exosomes. RNA Biol, 13:690-

695. 

[109] Kitai Y, Kawasaki T, Sueyoshi T, Kobiyama K, Ishii 

KJ, Zou J, et al. (2017). DNA-Containing Exosomes 

Derived from Cancer Cells Treated with Topotecan 

Activate a STING-Dependent Pathway and Reinforce 

Antitumor Immunity. J Immunol, 198:1649-1659. 

[110] Kahlert C, Melo SA, Protopopov A, Tang J, Seth S, 

Koch M, et al. (2014). Identification of double-

stranded genomic DNA spanning all chromosomes 

with mutated KRAS and p53 DNA in the serum 

exosomes of patients with pancreatic cancer. J Biol 

Chem, 289:3869-3875. 

[111] Thakur BK, Zhang H, Becker A, Matei I, Huang Y, 

Costa-Silva B, et al. (2014). Double-stranded DNA in 

exosomes: a novel biomarker in cancer detection. Cell 

Res, 24:766-769. 

[112] Limbad C, Oron TR, Alimirah F, Davalos AR, Tracy 

TE, Gan L, et al. (2020). Astrocyte senescence 

promotes glutamate toxicity in cortical neurons. PLoS 

One, 15:e0227887. 

[113] Lye JJ, Latorre E, Lee BP, Bandinelli S, Holley JE, 

Gutowski NJ, et al. (2019). Astrocyte senescence may 

drive alterations in GFAPα, CDKN2A p14. 

Geroscience, 41:561-573. 

[114] Lundgaard I, Osório MJ, Kress BT, Sanggaard S, 

Nedergaard M (2014). White matter astrocytes in 

health and disease. Neuroscience, 276:161-173. 

[115] Giovannoni F, Quintana FJ (2020). The Role of 

Astrocytes in CNS Inflammation. Trends Immunol, 

41:805-819. 

[116] Linnerbauer M, Wheeler MA, Quintana FJ (2020). 

Astrocyte Crosstalk in CNS Inflammation. Neuron, 

108:608-622. 

[117] Willis CM, Sutter P, Rouillard M, Crocker SJ (2020). 

The Effects of IL-1β on Astrocytes are Conveyed by 

Extracellular Vesicles and Influenced by Age. 

Neurochem Res, 45:694-707. 

[118] Willis CM, Nicaise AM, Bongarzone ER, Givogri M, 

Reiter CR, Heintz O, et al. (2020). Astrocyte Support 

for Oligodendrocyte Differentiation can be Conveyed 

via Extracellular Vesicles but Diminishes with Age. 

Sci Rep, 10:828. 

[119] Yang T, Dai Y, Chen G, Cui S (2020). Dissecting the 

Dual Role of the Glial Scar and Scar-Forming 

Astrocytes in Spinal Cord Injury. Front Cell Neurosci, 

14:78. 

[120] Goetzl EJ, Schwartz JB, Abner EL, Jicha GA, 

Kapogiannis D (2018). High complement levels in 

astrocyte-derived exosomes of Alzheimer disease. 

Ann Neurol, 83:544-552. 

[121] Anderson SR, Zhang J, Steele MR, Romero CO, 

Kautzman AG, Schafer DP, et al. (2019). Complement 

Targets Newborn Retinal Ganglion Cells for 

Phagocytic Elimination by Microglia. J Neurosci, 

39:2025-2040. 

[122] Hira K, Ueno Y, Tanaka R, Miyamoto N, Yamashiro K, 

Inaba T, et al. (2018). Astrocyte-Derived Exosomes 

Treated With a Semaphorin 3A Inhibitor Enhance 

Stroke Recovery via Prostaglandin D. Stroke, 

49:2483-2494. 

[123] Goetzl EJ, Yaffe K, Peltz CB, Ledreux A, Gorgens K, 

Davidson B, et al. (2020). Traumatic brain injury 

increases plasma astrocyte-derived exosome levels of 

neurotoxic complement proteins. FASEB J, 34:3359-

3366. 

[124] Willis CM, Ménoret A, Jellison ER, Nicaise AM, Vella 

AT, Crocker SJ (2017). A Refined Bead-Free Method 

to Identify Astrocytic Exosomes in Primary Glial 

Cultures and Blood Plasma. Front Neurosci, 11:335. 

[125] Sutter PA, Rouillard ME, Alshawi SA, Crocker SJ 

(2021). Extracellular matrix influences astrocytic 

extracellular vesicle function in wound repair. Brain 

Res, 1763:147462. 

[126] Basso M, Pozzi S, Tortarolo M, Fiordaliso F, Bisighini 

C, Pasetto L, et al. (2013). Mutant copper-zinc 

superoxide dismutase (SOD1) induces protein 

secretion pathway alterations and exosome release in 

astrocytes: implications for disease spreading and 

motor neuron pathology in amyotrophic lateral 

sclerosis. J Biol Chem, 288:15699-15711. 

[127] Sproviero D, La Salvia S, Giannini M, Crippa V, 

Gagliardi S, Bernuzzi S, et al. (2018). Pathological 

Proteins Are Transported by Extracellular Vesicles of 

Sporadic Amyotrophic Lateral Sclerosis Patients. 

Front Neurosci, 12:487. 

[128] Scotter EL, Chen HJ, Shaw CE (2015). TDP-43 

Proteinopathy and ALS: Insights into Disease 

Mechanisms and Therapeutic Targets. 

Neurotherapeutics, 12:352-363. 

[129] Feiler MS, Strobel B, Freischmidt A, Helferich AM, 

Kappel J, Brewer BM, et al. (2015). TDP-43 is 

intercellularly transmitted across axon terminals. J 

Cell Biol, 211:897-911. 

[130] Hitomi K, Okada R, Loo TM, Miyata K, Nakamura AJ, 

Takahashi A (2020). DNA Damage Regulates 

Senescence-Associated Extracellular Vesicle Release 

via the Ceramide Pathway to Prevent Excessive 

Inflammatory Responses. Int J Mol Sci, 21. 

[131] Guescini M, Genedani S, Stocchi V, Agnati LF (2010). 

Astrocytes and Glioblastoma cells release exosomes 

carrying mtDNA. J Neural Transm (Vienna), 117:1-4. 

[132] Catalano M, O'Driscoll L (2020). Inhibiting 

extracellular vesicles formation and release: a review 

of EV inhibitors. J Extracell Vesicles, 9:1703244. 

[133] Song Z, Shen F, Zhang Z, Wu S, Zhu G (2020). 

Calpain inhibition ameliorates depression-like 

behaviors by reducing inflammation and promoting 

synaptic protein expression in the hippocampus. 

Neuropharmacology, 174:108175. 

[134] Samantaray S, Knaryan VH, Shields DC, Cox AA, 



Rouillard ME., et al.                           ADEVs in Aging 

Aging and Disease • Volume 12, Number 6, September 2021                                                                        1475 

 

Haque A, Banik NL (2015). Inhibition of Calpain 

Activation Protects MPTP-Induced Nigral and Spinal 

Cord Neurodegeneration, Reduces Inflammation, and 

Improves Gait Dynamics in Mice. Mol Neurobiol, 

52:1054-1066. 

[135] Dinkins MB, Dasgupta S, Wang G, Zhu G, Bieberich 

E (2014). Exosome reduction in vivo is associated 

with lower amyloid plaque load in the 5XFAD mouse 

model of Alzheimer's disease. Neurobiol Aging, 

35:1792-1800. 

[136] Kamerkar S, LeBleu VS, Sugimoto H, Yang S, Ruivo 

CF, Melo SA, et al. (2017). Exosomes facilitate 

therapeutic targeting of oncogenic KRAS in pancreatic 

cancer. Nature, 546:498-503. 

[137] Wang Q, Yu J, Kadungure T, Beyene J, Zhang H, Lu 

Q (2018). ARMMs as a versatile platform for 

intracellular delivery of macromolecules. Nat 

Commun, 9:960. 

[138] Raimondo S, Naselli F, Fontana S, Monteleone F, Lo 

Dico A, Saieva L, et al. (2015). Citrus limon-derived 

nanovesicles inhibit cancer cell proliferation and 

suppress CML xenograft growth by inducing TRAIL-

mediated cell death. Oncotarget, 6:19514-19527. 

[139] Deng M, Xiao H, Zhang H, Peng H, Yuan H, Xu Y, et 

al. (2017). Mesenchymal Stem Cell-Derived 

Extracellular Vesicles Ameliorates Hippocampal 

Synaptic Impairment after Transient Global Ischemia. 

Front Cell Neurosci, 11:205. 

[140] Kim DK, Nishida H, An SY, Shetty AK, Bartosh TJ, 

Prockop DJ (2016). Chromatographically isolated 

CD63+CD81+ extracellular vesicles from 

mesenchymal stromal cells rescue cognitive 

impairments after TBI. Proc Natl Acad Sci U S A, 

113:170-175. 

[141] Escartin C, Galea E, Lakatos A, O'Callaghan JP, 

Petzold GC, Serrano-Pozo A, et al. (2021). Reactive 

astrocyte nomenclature, definitions, and future 

directions. Nat Neurosci, 24:312-325. 

[142] van der Pol E, Coumans FA, Grootemaat AE, Gardiner 

C, Sargent IL, Harrison P, et al. (2014). Particle size 

distribution of exosomes and microvesicles 

determined by transmission electron microscopy, flow 

cytometry, nanoparticle tracking analysis, and 

resistive pulse sensing. J Thromb Haemost, 12:1182-

1192. 

[143] van der Pol E, van Gemert MJ, Sturk A, Nieuwland R, 

van Leeuwen TG (2012). Single vs. swarm detection 

of microparticles and exosomes by flow cytometry. J 

Thromb Haemost, 10:919-930. 

[144] Curl CL, Bellair CJ, Harris T, Allman BE, Harris PJ, 

Stewart AG, et al. (2005). Refractive index 

measurement in viable cells using quantitative phase-

amplitude microscopy and confocal microscopy. 

Cytometry A, 65:88-92. 

[145] Headland SE, Jones HR, D'Sa AS, Perretti M, Norling 

LV (2014). Cutting-edge analysis of extracellular 

microparticles using ImageStream(X) imaging flow 

cytometry. Sci Rep, 4:5237. 

[146] Erdbrügger U, Rudy CK, Etter ME, Dryden KA, 

Yeager M, Klibanov AL, et al. (2014). Imaging flow 

cytometry elucidates limitations of microparticle 

analysis by conventional flow cytometry. Cytometry A, 

85:756-770. 

[147] Hoo CM, Starostin N, West P, Mecartney ML (2008). 

A comparison of atomic force microscopy (AFM) and 

dynamic light scattering (DLS) methods to 

characterize nanoparticle size distributions. Journal of 

Nanoparticle Research, 10:89-96. 

[148] Gercel-Taylor C, Atay S, Tullis RH, Kesimer M, 

Taylor DD (2012). Nanoparticle analysis of circulating 

cell-derived vesicles in ovarian cancer patients. Anal 

Biochem, 428:44-53. 

[149] Dragovic RA, Gardiner C, Brooks AS, Tannetta DS, 

Ferguson DJ, Hole P, et al. (2011). Sizing and 

phenotyping of cellular vesicles using Nanoparticle 

Tracking Analysis. Nanomedicine, 7:780-788. 

[150] Dragovic RA, Collett GP, Hole P, Ferguson DJ, 

Redman CW, Sargent IL, et al. (2015). Isolation of 

syncytiotrophoblast microvesicles and exosomes and 

their characterisation by multicolour flow cytometry 

and fluorescence Nanoparticle Tracking Analysis. 

Methods, 87:64-74. 

[151] Thane KE, Davis AM, Hoffman AM (2019). Improved 

methods for fluorescent labeling and detection of 

single extracellular vesicles using nanoparticle 

tracking analysis. Sci Rep, 9:12295. 

[152] Pisitkun T, Shen RF, Knepper MA (2004). 

Identification and proteomic profiling of exosomes in 

human urine. Proc Natl Acad Sci U S A, 101:13368-

13373. 

[153] Glaeser RM, Hall RJ (2011). Reaching the information 

limit in cryo-EM of biological macromolecules: 

experimental aspects. Biophys J, 100:2331-2337. 

[154] Peters PJ, Bos E, Griekspoor A (2006). Cryo-

immunogold electron microscopy. Curr Protoc Cell 

Biol, Chapter 4:Unit 4.7. 

 


