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Abstract
Exosomes have emerged as prominent mediators of neurodegenerative diseases where they have
been shown to carry disease particles such as beta amyloid and prions from their cells of origin to
other cells. Their simple structure and ability to cross the blood-brain barrier allow great
opportunity to design a “makeup” with drugs and genetic elements, such as siRNA or miRNA, and
use them as delivery vehicles for neurotherapeutics. Their role in neuroprotection is evident by the
fact that they are involved in the regeneration of peripheral nerves and repair of neuronal injuries.
This review is focused on the role of exosomes in mediating neurodegeneration and
neuroprotection.
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Introduction
There have been many implications regarding various physiologically mechanistic
phenomena in neurodegenerative diseases. Nominally, exosomes have been implicated in
neurodegenerative diseases where they are seen to carry information on biological alteration
in their cells of origin. As such, emerging evidences have suggested the therapeutic and
neuroprotective roles of exosomes. However, very little is known about the intricacies of
their involvement in neuronal diseases, disease pathologies, and use to rescue against
neuronal pathologies and alterations. Before establishing detailed significance of exosomal
implications in neurodegeneration and neuroprotection, it is crucial to understand the
essence of an exosome. Exosomes are the smallest membranous vesicles (40–100 nm) and
depict homogenous shape (cup-shaped after fixation under electron microscope) with a
buoyant density of 1.13–1.19 g/cm2 [1–3]. These nanovesicles are secreted by diverse cell
types (e.g., neurons, tumor cells, and kidney cells) and are found in various body fluids such
as urine, amniotic fluid, malignant ascites, bronchoalveolar lavage fluid, synovial fluid,
breast milk, saliva, blood, and cerebrospinal fluid. Intracellularly, exosomes are generated
via the inward budding of endosomes to form multivesicular bodies (MVBs) that fuse with
the plasma membranes to release exosomes into the surrounding environment (Fig. 1).
Exosomes, depending on their parental origin, contain a variety of proteins, lipids, non-
coding RNAs, mRNA, and miRNA, collectively termed as “cargo” contents, and are
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delivered to the surrounding cells or carried to the distal cells. Due to their cargo ability,
exosomes represent a novel form of intercellular communication among cells without cell-
to-cell direct contact [4, 5]. Exosomes are selectively taken up by the surrounding or distal
cells and can reprogram the recipient cells due to their active cargo content [6].

Exosomes contain surface membrane proteins which act as markers for exosome identity
and selection, and along with molecular cargo, these surface proteins provide a rich source
of biomarkers for various pathological conditions [7]. Exosomes also aid in antigen
presentation by immune cells, involved in cell signaling, and exhibit anti-inflammatory or
pro-inflammatory properties [8, 9].

Furthermore, tumor-derived exosomes may deliver mRNAs, miRNAs, or proteins to the
surrounding cells, which may aid in angiogenesis, cell proliferation, and cell survival.
Interestingly, many cells of the nervous system have been shown to release exosomes in the
form of extracellular membrane vesicles, which indicates their active role in function,
development, and pathologies of this system [10]. Recent findings insist the involvement of
exosomes in the transfer of pathogens between cells, for example, the prion, the infectious
particle responsible for the transmissible neurodegenerative diseases such as Creutzfeldt–
Jakob disease (CJD) in humans or bovine spongiform encephalopathy (BSE) in cattle [11].
Apart from that, exosomes are also found to be associated with other proteins such as
superoxide dismutase I and alpha-synuclein which are involved in amyotrophic lateral
sclerosis and Parkinson's disease. Similarly, amyloid precursor protein (APP) associated
with Alzheimer's disease has been reported to be processed through exosomes [12].

Although exosomes have been implicated in neurodegenerative diseases where they carry
information on the biological alteration in their cells of origin, however, little is known
about their role in neurodegenerative diseases. Exosomes not only act as vehicles for the
transfer of biomolecules and pathoges associated with neurodegenerative diseases, but also
help in neuroprotection by encapsidating biomolecules and this needs to be explored. Apart
from diagnosis and pathogenesis, exosomes have also been implicated in therapeutics where
they are used to deliver drugs or genetic elements like siRNA or miRNA to target tissues,
e.g., in the treatment of neuroinflammatory diseases and gene therapy. Therefore, this
review aims to highlight the role of exosomes in neurodegeneration and how they can be
utilized in therapeutics for neuroprotection.

Biogenesis and Contents of Exosomes
The exosomal content varies from diverse proteins to lipids and nucleic acids. Exploring the
biogenesis and trafficking of exosomes may be helpful in understanding how cells utilize
exosomes for cell-to-cell communication and environment modification. The generation of
exosomes is initiated by inward invaginations of clathrin-coated microdomains on the
plasma membrane [13]. After invagination, the endosomal sorting complex required for
transport (ESCRT) facilitates the development of invaginated vacuoles into early endosomes
(EE) that carry ubiquitinated cargos. This is followed by secondary invagination into the
EEs to form intraluminal vesicles (ILVs) which accumulate and mature inside the
endosomes that are now referred to as large multivesicular bodies [13]. The multivesicular
bodies have two fates: either they can be processed to lysosomes for degradation
(degradative MVBs) or fused with plasma membrane (exocytic MVBs) for the release of
ILVs into the extracellular space where they are referred to be as exosomes [14]. Trajkovic
et al. demonstrated that in oligodendrocytes, the release of ILVs is ESCRT-dependent, and
the distribution of sphingolipid ceramide in MVBs guides the extracellular release of ILVs
as exosomes [15]. Some studies demonstrate that the release of exosomes depends upon
Rab27 and Rab35 and can be blocked with an inhibitor of neutral sphingomyelinase [15–
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17]. In another study, the release of exosomes is shown to be induced by Ca2+ and
ionophore A23187 treatment [18].

Since exosomes originate from endosomes, they contain membrane transport and fusion
proteins (GTPases, annexins, flotillin), tetraspanins (CD9, CD63, CD81, and CD82), heat
shock proteins (heat shock cognate (Hsc70), heat shock protein (Hsp 90)), proteins involved
in MVB biogenesis (Alix and TSG101), and lipid-related proteins and phospholipases [19].
These proteins are used as positive ‘markers’, although there are wide variations in proteins
among exosomes derived from different origins. The most widely used markers include
TSG101, Alix, flotillin, and Rab5b which are detected by antibody-based techniques such as
western blot and ELISA to confirm the presence of exosomes. Apart from the membrane-
associated proteins, over 4,400 different proteins have been identified usually by mass
spectrometry and were found to be associated with exosomes and serving as cargo for cell-
to-cell communication [20].

Exosomes are rich in lipids, and different types of exosomes have different lipid
composition, depending upon their cells of origin. A variety of lipid compounds have been
identified to form exosomes, which include phosphatidylcholine, phosphatidylethanolamine,
phosphatidylserine (PS), lysobisphosphatidic acid, ceramide, cholesterol, and sphingomyelin
[21]. The lipid composition contributes different biophysical properties to exosomes and
determines their rigidity and delivery efficiency, e.g., sphingomyelin and N-
acetylneuraminyl-galactosylglucosylceramide (GM3) [22]. Phosphatidylserine is expressed
on the exosome membrane through floppase, flippase, and scramblase activities, and it is
involved in signaling and fusion to plasma membrane by docking the outer proteins [23].
Hence, the difference in the levels of PS on exosomal membrane may affect the
communication functions of exosomes. Exosomes have also been reported to contain
saccharide groups on their surface membranes. Batista et al. have reported mannose,
polylactosamine, α-2,6 sialic acid, and complex N-linked glycans in exosomes [24].

Apart from proteins and lipids, exosomes contain nucleic acids in the form of miRNA,
mRNA, and other non-coding RNAs [19, 25]. Many studies report that the RNA cargo of
exosomes is different from that of the parent cell [19, 26, 27]. Others have shown that
exosomes originating from cancer cells contain the same miRNA content as their parent
cells which can be used as biomarkers [19, 28, 29]. miRNA may provide a better tool for the
confirmation of exosomal presence and disease biomarkers since verification of exosomes
through EM is costly and time consuming. The mRNAs carried by exosomes can be
translated in the recipient cells, while the miRNA and ncRNAs may regulate the gene
expression. Exosomes also contain DNA, but their function has yet to be validated [30, 31].
Due to large increase in finding the exosomal contents, there is a need to accommodate these
molecules in web-based database, and in this direction, ExoCarta has been introduced to
record exosomal proteins, RNA, and lipids (http://www.exocarta.org/) [20]. Table 1 shows
the important content of neuronal exosomes and their roles.

Overall, exosomes are secreted by a vast range of cells and contain constituents such as
proteins, lipids, and nucleic acids from their parent cells. Thus, exosomes can be viewed as
transporters, bridging the communicatory gap between cells, shuttling material from their
cells of origin to the other cells. By observing the contents and considering candidates for
potential biomarkers, experimental investigation can give credence to the neuroprotective
role of exosome in neurodegenerative disease. Further explication of the proposed
functionality of exosomes in cell-to-cell communication will tender this credence.
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Neuronal Communication Via Exosome
Exosomes function as a means of cell-to-cell communication and interact with the
neighboring cells to facilitate the delivery of active molecules (Fig. 2). Studies by Skog et al.
have shown the transfer of proteins and micro-RNAs from glial cells to axons [32]. In
response to glutamatergic synaptic activity, the hippocampal neurons and cultured cortical
cells release exosomes into the extracellular environment that carry GluR2/3 subunits which
are receptor molecules [33]. The characteristic myelin lipids—galactocerebrosides,
sulfatides, and cholesterol—are released into the exosomes via oligodendrocytes which are
characteristics of myelin sheath and nerve conduction [34].

In pathological condition, microglial cells, which are macrophages of the CNS, become
activated and serve as antigenpresenting cells via secreting exosomes [35]. The exosomes
released from the plasma membranes of the microglial cells and astrocytes in response to
ATP stimulation and sphingomyelinase activation contain the pro-inflammatory cytokine
IL-β [36]. Cultural astrocytes release exosomes in response to oxidative and heat stress that
contains heat shock protein 70 and synapsin-1 [37]. Guescini et al. have reported that
exosomes released from astrocytes contain mitochondrial DNA [38]. Brain tumor cells
which originate from astrocytes and glioblastomas release exosomes that carry
immunosuppressive and oncogenic factors [39]. Hence, exosomes serve as vehicles for cell-
to-cell communication via transferring molecules of diverse origin.

Exosome in Neurodegeneration
One of the major causes of neurodegeneration is neuronal cell death which is a hallmark of
neurodegenerative disorders such as Alzheimer's disease (AD), Huntington's disease (HD),
Parkinson's disease (PD), Niemann–Pick disease, frontotemporal dementia, and amyotrophic
lateral sclerosis. All these diseases have been realized to have a common molecular and
cellular mechanism which involves protein aggregation and the formation of inclusion
bodies in selected areas of the nervous system. Sorting of proteins correctly inside the cells
and the degradation of cellular proteins is important for the health of neurons [40] (Fig. 2).
Exosomes are involved in the spread of ‘toxic’ proteins in neurodegenerative disorders
which are mutated or ‘misfolded’ proteins and serve as template for the formation of
oligomers [34, 41, 42]. Neurons try to get rid of these accumulated proteins by processing
them through endosomal pathway which either leads to degradation into lysosomes or
incorporation into MVBs and release into extracellular space as exosomes. In this context,
studies have described the incorporation of normal prion protein (PrP) and misfolded
pathogenic prion protein (PrPsc) into exosome [43, 44]. Vella et al. have shown that PrPsc

which is associated with exosome is transferred to normal cells containing PrP. This
mechanism by which proteins tend to seed their own aggregation with ‘infectious’ delivery
via exosomes is involved in a number of neurodegenerative diseases [45]. Table 2
summarized some of the neurodegenerative diseases and disease-associated molecules. In
such diseases, there is a spatiotemporal propagation of pathology, suggesting cell-to-cell
spread, and for nonsecreted proteins, it is mediated by exosomes or nanotubes [46, 47]. The
involvements of exosomes in different neurode-generative diseases have been studied, and
some of the studies are summarized below.

Alzheimer's Disease
The involvement of MVBs was first suggested in 1970 in Alzheimer's disease patients when
it was found that MVBs were enlarged more in number in the cortical neurons of the
forebrain [48]. Amyloid β42 (Aβ42), a peptide fragment which is found to be accumulated in
the MVBs, is the main constituent of plaque characteristic of Alzheimer's disease [49]. The
oligomeric fibrils of the Aβ peptide initiate the accumulation by serving as a seeding center
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for AD pathology in naïve mice and become neurotoxic [50]. The amyloid precursor protein
is proteolytically processed to generate peptides at the plasma membrane which are taken up
into endosomes, further processed in the MVBs, and are released as exosomes from the cell
[51]. The role of exosomes in Alzheimer's disease is attributed to the inappropriate sorting
and accumulation of amyloid-beta and spread to other tissues through exosomes. Oral
administration of amyloid A1 (amyloidosis) among cheetahs suggests their transmission
with exosomes present in saliva and fecal matter [52]. Exosomes play a role in both the
degradation of toxic Aβ and the accumulation of toxic peptides when the clearance pathway
is overwhelmed [12]. However, it is unclear whether the protein aggregates caused the
impaired clearing or the impaired clearing caused the amyloid-beta aggregates and
transmission.

Huntington's Disease
Huntington's disease is a progressive neurodegenerative disease, and the role of MVBs in
this disease was first discovered in 1997 when the huntingtin protein that is mutated in the
disease was found to be accumulated in MVBs [53, 54]. Apart from MVBs, huntingtin has
been also found in other membrane structures such as endoplasmic reticulum, lipid rafts, and
late endosomes [55–57]. Huntington's associated protein (HAP-1) interacts with ESCRT-O,
and its overexpression is associated with impaired trafficking of the EGF receptor through
the MVBs and lysosomes [58]. It is speculated that the pathology of HD is closely related to
the recycling and sorting of cellular proteins through MVBs and maintaining efficient
endosomal–lysosomal trafficking [56, 59].

Parkinson's Disease
Parkinson's disease is the second most common neurodegenerative disorder after
Alzheimer's disease and is characterized by selective degeneration of dopaminergic neurons
in the substantia nigra of the Lewy bodies that are composed of fibrillar α-synuclein (α-syn)
and ubiquitinated proteins in the surviving neurons [60, 61]. Ninety percent of PD are
sporadic, but familial cases have also been associated to different genes such as α-syn,
leucine-rich receptor kinase 2 (LRRK2). However, the exact mechanism for the disease
onset and progression are unclear. Exosomes play a role in PD by transferring the toxic form
of α-syn to other cells, and α-syn deposits are released by exosomes [2, 62–64]. α-syn
which is transferred from one neuron to another is able to form aggregates in the recipient
cells [64, 65]. The α-syn deposits which are released by neurons are cleared by astrocytes
and microglia by endocytosis [66–68]. However, excessive uptake of α-syn can produce
glial inclusions and trigger inflammatory response [68, 69]. Understanding the cell-to-cell
transmissions of the toxic forms of α-syn and inflammatory mechanisms in the brain cells
may provide an insight into the disease onset and progression of PD and help in identifying
novel strategies for PD therapeutics.

LRRK2 plays an important role in exosome secretion and fusion of MVBs with plasma
membrane as it has been found to co-localize with MVBs [70]. Shin et al. (2008) have
demonstrated that LRRK2 interacts with Rab5b which is a regulator of endocytic vesicle
trafficking [71]. A mutation in the LRRK2 gene R1441C induces the formation of skein-like
abnormal MVBs. These abnormally large MVBs due to the pathological LRRK2 activity
release large number of exosomes which may contain the toxic form of α-syn and thus lead
to the spread of the disease [70]. Tau protein which is involved in the pathogenesis of
Alzheimer's disease can accelerate exosome-mediated release of α-syn toxin from injured
neurons as it can interact with α-syn, promoting oligomerization and toxicity of these
proteins [72]. Vacuolar sorting protein 35 (VPS35) which is involved in PD is an essential
component of the retromer complex (which performs retrograde transport from an endosome
to the golgi apparatus). Sullivan et al. have reported that cells with defective retromer
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activity have increased exosomal secretion of APP [73]. In conclusion, exploring the
LRRK2, tau, and VPS35 in context with exosomes may provide important clues about the
spreading of α-syn and progression of PD.

Prion Diseases
Prion diseases are neurodegenerative disorders that are transmissible and often fatal, e.g.,
CJD, Gerstmann–Straüssler– Scheinker syndrome in humans, BSE in cattle, and scrapie in
sheep. Prion disease is caused by the abnormal form of the prion protein PrPsc which is a
toxic scrapie confirmation of the normal prion protein PrPc and eventually results in
neuronal death causing large spongioform vacuoles in the brain tissue [74]. Both forms of
prion protein PrPc and PrPsc have been found to be associated with exosomes, and
exosomecontaining PrPsc was infectious in both animal and cell bioassays [44, 75]. Apart
from cell cultures used to isolate the exosomal vesicles, primary cultured neurons and CSF
have also been used as a source of exosomes for detecting prion particles [76, 77]. It has
been suggested that the conversion of PrPc to PrPsc occurs in the lipid raft region as PrPc is
attached to the plasma membrane by a glycosylphasphatidylinositol anchor [78]. Baron et al.
[79] suggested that the generation of new PrPsc during infection requires the insertion of
PrPsc into lipid rafts, showing that the presence of lipid rafts in exosomes aids in their ability
to transmit PrPsc. The observation that MVBs are abnormal and increased in prion disease
state [80, 81] provides a strong evidence of the role of exosomes in the progression of prion
pathology.

Aging
Aging is associated with neurodegenerative changes, and there is an increase in the exosome
number in degenerating neurons such as neuromuscular junctions of aging mouse, exon
terminals of sympathetic ganglia, and dorsal column nuclei [82]. In rats also, the increase in
the accumulation of exosomes has been found along with other neurodegenerative changes,
e.g., in neurons and oligodendrocytes [83]. An increase in exosomes was also noted in
monkeys and in humans as a response to aging and degeneration [84, 85]. In aged brains,
ultrastructural changes, for example, increase in exosome number, are most likely to be
related to neurodegenerative changes that occur with aging.

Besides chronic neurodegenerative diseases, exosomes have also been reported in acute
degenerative diseases for example stroke. A recent study by Xin et al. describes the role of
exosome in neurological recovery after stroke [86]. They genetically engineered
mesenchymal stem cells (MSC) to release exosomes laden with microRNAs (particularly
miR133b) and injected these MSCs in the blood stream of rats after 24 h of stroke. These
MSCs enter the brain and release exosomes enriched with miR133b. The rats injected with
miR133b-enriched MSCs showed more neurological recovery and axonal plasticity as
compared to the rats injected with MSCs deprived of miR133b.

Exosomes in Neuroprotection
Many studies have shown the role of exosomes in neuronal protection, nerve regeneration,
neuronal development, and synaptic plasticity, indicating the release of exosomes by
neurons [76], microglia [87], astrocytes [88], oligodendrocytes [89], and neural stem cells
[90]. During early neurogenesis in developing mouse brain, exosomes are released into the
ventricular fluid in the neural tube of small (50– 80 nm) and large (600 nm) vesicles [90].
The transfer of mRNAs that encode pleuripotent transcription factors may be mediated by
exosomes which have the capacity to reprogram the recipient cells [6]. Spatial and temporal
gradients, which are critical in neuronal development, are thought to be mediated by
exosomes [91]. Coufal et al. have demonstrated that exosomes may participate in the
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genomic plasticity (genomic changes) of embryonic cells by mediating retroposon
sequences and allowing cell-to-cell transfer of genomic plasticity and changes in gene
expression [92].

The role of exosomes in different developmental processes has been shown in Drosophila.
Exosome-like bodies in drosophila are termed as argosomes, and during wing development,
they transport morphogenic Wnt signaling proteins along the spatial and temporal gradients
[93]. Argosomes may also carry Hedgehog, Notch, decapentaplegic, and wingless signaling
proteins for the developmental gradients in other tissues [94, 95]. Hence, exosomes are
involved in the systemic and local interneuronal transfer of information which is superior to
direct cell-to-cell contact [96].

Role of Exosomes in Synaptic Activity
Faure et al. have shown that undifferentiated cortical neurons in culture release exosomes
and are stimulated by depolarization [76]. The exosomes contain GluR2/3 subunits of
subunits of AMPA receptors and a neuronal cell adhesion protein L1, which shows their role
in the synaptic function. In agreement to this study, another study by Lachenal et al. showed
the same phenomena in fully differentiated cortical neurons in culture. In this study, the
exosome was stimulated by GABAA receptors which result in increased spontaneous
neuronal activity [33]. In another experiment, exosomes were found to incorporate heavy
chains of tetanus toxin in neurons; it was demonstrated that exosome contained GluR2
subunits, and there was an increased release with depolarization which could modulate the
synaptic activity [97].

Role of Exosomes in the Regeneration of Peripheral Nerves
Exosomes play a protective role in injury and regeneration. Brain injury accumulates toxic
proteins, and their degradation is mediated by the expression of Ndfip1 which interacts with
Nedd4 ubiquitin ligases [98]. These two proteins, Ndfip1 and Nedd4, are postulated to serve
important roles in removing toxic proteins after injury and are found in exosomes released
by neurons [99]. Bianco et al. have demonstrated that during the damage of the nervous
tissue, there is an increase in extracellular ATP which leads to the release of exosomes from
microglia and astrocytes via sphingomylinase-dependent process [36]. These exosomes
contain inflammatory cytokine IL-1β which induces inflammatory response. In stress
conditions, exosomes released by astrocytes contain synapsin 1, which is a neuronal specific
protein and is associated with synaptic vesicles. Exosomes are also released by
oligodendrocytes which contain myelin and stress protective proteins [89]. Schwann cells
which surround a damaged or degenerating peripheral nerve translocate vesicles containing
polyribosomes into the axon, and the contents are released here [100, 101]. Hence,
exosomes serve as a medium for delivering mRNA and ribosomes to injured nerves and
promote local protein synthesis which is needed for regeneration. In this context, Court et al.
have shown that labeled ribosomes in the nerve are derived from the Schwann cells [102].

Exosomes in Therapeutics—As Delivery Vehicles
The use of exosomes has several advantages over liposomes as delivery vehicles which were
used as a nanodelivery system over the past decades. Ideal liposomes should evade immune
detection system and should have a longer half-life in the circulation system for therapeutic
cargo delivery, and all these properties are well presented by exosomes [103]. Due to low
immnogenicity, remarkable delivering properties, and the ability to cross the BBB,
exosomes have been used efficiently for therapeutic delivery systems [104–107]. The MVBs
that produce exosomes can be genetically engineered to package mRNA, siRNA, proteins,
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and drugs into exosomes or into exosome lipid bilayers. Hence, exosomes are now
efficiently being used in the RNAi therapy, immunotherapy, and drug delivery (Fig. 3).

Exosomes in RNAi therapy
RNAi therapies have been explored for targeting human diseases like cancer, genetic
disorders, and HIV, and may involve the use of ribozymes, aptamers, and siRNA [108].
siRNAs are short (∼21–23 nt) single-stranded RNA molecules that bind to mRNAs with
perfect or imperfect Watson–Crick base pairing and lead to post-transcriptional gene
silencing [109, 110]. The siRNA is loaded onto the RISC complex for mRNA targeting, and
after binding, it leads to the degradation of mRNA by endonuclease Argonaute 2. The
siRNA is protected from the degradation by the RISC complex and can be used repeatedly
to degrade other mRNAs [111, 112]. Hence, siRNA serves as an ideal candidate for RNAi
therapy [108]. siRNAs can be immunogenic and are susceptible to degradation by
endonucleases present in the serum, cells, and extracellular space [113]. They require
efficient delivery vehicles like exosomes which can cross the BBB, preserve mRNAs and
miRNAs, and deliver functional RNAs to the target cells [25, 27]. Alvarez-Erviti et al.
demonstrated the delivery of siRNA into the mouse brain by systemic injection of targeted
exosomes [3]. In this study, self-derived dendritic cells were genetically engineered to
express Lamp2b, an exosomal membrane protein, fused with rabies glycoprotein for
targeting brain cells. Purified exosomes expressing RGV+Lamp2b on the membrane were
loaded with siRNA by electroporation and intravenously injected into mouse [3]. The
exosomes specifically delivered siRNA (for GAPDH) to the neurons, microglia, and
oligodendrocytes in the brain, resulting in specific gene knockdown [3]. Hence, exosomes
can be used efficiently as delivery vehicles for targeting RNA molecules to specific cells,
though more studies are required to address their use in clinical trials.

Exosomes in Drug Delivery
The first experiment to demonstrate the potential of exosomes as drug delivery system was
done by Sun et al. [106]. The study reported successful loading of curcumin into exosomes
which provided higher bioavailability and solubility than curcumin alone. The exosomal
curcumin significantly decreased LPS-induced inflammatory activity. The curcuminloaded
exosomes could be purified at 45–60 % sucrose density gradient instead of 30–45 % for
empty exosomes. Similar to this study, Zhuang et al. reported successful delivery of
exosomal curcumin and JS1124 (a signal transducer and activator of stat3 inhibitor) to the
rodent brain via intranasal injection, crossing the BBB [105]. Exosome-mediated delivery of
curcumin significantly decreased the LPS-mediated inflammation and myelin
oligodendrocyte glycoproteininduced experimental autoimmune encephalomyelitis [105].
Adding to this, the glioma growth in the brain was suppressed by the intranasal
administration of GL26. These studies encourage the use of exosomes as delivery vehicles,
though safety parameters like immunogenicity should be taken into account.

Exosomes as Biomarkers in Neuronal Injury
Exosome are the tiny surrogates of their cells of origin and possess unique signature, or
biomarkers, which describe the status of the cell. Skog et al. have shown that exosomes
derived from the human glioblastoma cells contain proteins and micro-RNAs specific to the
tumor cells and can be detected in the patients' serum [32]. The study suggests the potential
role of exosomes to be used as non-invasive diagnostic and therapeutic tools in patients with
brain tumors. The glioblastoma cells increase the number and type of exosomes released
during transformation to malignant brain tumor cells and progression. This has been shown
in vitro by Balaj et al. who compared the glioblastoma cells and normal cells in conditioned
media [31]. The tumor cells use exosomes to modify the normal cells in their vicinity to
promote tumor growth [31]. These modifications include (1) suppression of immune
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response to tumor, (2) facilitating tumor growth and invasion, and (3) stimulation of
angiogenesis [114, 115]. The micro-RNAs specific to these tumor progressions can be
detected in the serum and can be used as biomarkers [32].

Conclusion
Exosomes represent a novel area to explore, stimulating and groundbreaking the field of
neuroscience. Their involvement in neuronal diseases and their use in neurotherapeutics
could be further checked and used as drug delivery vehicles.

Acknowledgments
This work was supported by the NIH grant HL-107640 to NT.

References
1. Thery C, Boussac M, Veron P, Ricciardi-Castagnoli P, Raposo G, Garin J, et al. Proteomic analysis

of dendritic cell-derived exosomes: a secreted subcellular compartment distinct from apoptotic
vesicles. J Immunol. 2001; 166:7309–7318. [PubMed: 11390481]

2. Alvarez-Erviti L, Seow Y, Schapira AH, Gardiner C, Sargent IL, Wood MJ, et al. Lysosomal
dysfunction increases exosome-mediated alpha-synuclein release and transmission. Neurobiol Dis.
2011; 42:360–367. [PubMed: 21303699]

3. Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ. Delivery of siRNA to the mouse
brain by systemic injection of targeted exosomes. Nat Biotechnol. 2011; 29:341–345. [PubMed:
21423189]

4. Ramachandran S, Palanisamy V. Horizontal transfer of RNAs: exosomes as mediators of
intercellular communication. Wiley Interdiscip Rev RNA. 2012; 3:286–293. [PubMed: 22012863]

5. Chen X, Liang H, Zhang J, Zen K, Zhang CY. Horizontal transfer of microRNAs: molecular
mechanisms and clinical applications. Protein Cell. 2012; 3:28–37. [PubMed: 22314808]

6. Ratajczak J, Miekus K, Kucia M, Zhang J, Reca R, Dvorak P, et al. Embryonic stem cell-derived
microvesicles reprogram hematopoietic progenitors: evidence for horizontal transfer of mRNA and
protein delivery. Leukemia. 2006; 20:847–856. [PubMed: 16453000]

7. Muller G. Microvesicles/exosomes as potential novel bio-markers of metabolic diseases. Diabetes
Metab SyndrObes. 2012; 5:247–282.

8. Iero M, Valenti R, Huber V, Filipazzi P, Parmiani G, Fais S, Rivoltini L. Tumour-released
exosomes and their implications in cancer immunity. Cell Death Differ. 2008; 15:80–88. [PubMed:
17932500]

9. Thery C, Ostrowski M, Segura E. Membrane vesicles as conveyors of immune responses. Nat Rev
Immunol. 2009; 9:581–593. [PubMed: 19498381]

10. Lai CP, Breakefield XO. Role of exosomes/microvesicles in the nervous system and use in
emerging therapies. Front Physiol. 2012; 3:228. [PubMed: 22754538]

11. Fevrier B, Vilette D, Laude H, Raposo G. Exosomes: a bubble ride for prions? Traffic. 2005; 6:10–
17. [PubMed: 15569241]

12. Yuyama K, Sun H, Mtsutake S, Igarashi Y. Sphingolipidmodulated exosome secretion promotes
clearance of amyloid-beta by microglia. J Biol Chem. 2012; 287:10977–10989. [PubMed:
22303002]

13. Denzer K, Kleijmeer MJ, Heijnen HF, Stoorvogel W, Geuze HJ. Exosome: from internal vesicle of
the multivesicular body to intercellular signaling device. J Cell Sci. 2000; 113:3365–3374.
[PubMed: 10984428]

14. Mathivanan S, Ji H, Simpson RJ. Exosomes: extracellular organelles important in intercellular
communication. J Proteomics. 2010; 73:1907–1920. [PubMed: 20601276]

15. Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland F, et al. Ceramide triggers
budding of exosome vesicles into multivesicular endosomes. Science. 2008; 319:1244–1247.
[PubMed: 18309083]

Kalani et al. Page 9

Mol Neurobiol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



16. Ostrowski M, Carmo NB, Krumeich S, Fanget I, Raposo G, et al. Rab27a and Rab27b control
different steps of the exosome secretion pathway. Nat Cell Biol. 2010; 12:19–30. [PubMed:
19966785]

17. Hsu C, Morohashi Y, Yoshimura S, Manrique-Hoyos N, Jung S, Lauterbach MA, et al. Regulation
of exosome secretion by Rab35 and its GTPase-activating proteins TBC1D10A-C. J Cell Biol.
2010; 189:223–232. [PubMed: 20404108]

18. Allan D, Thomas P, Limbrick AR. The isolation and characterization of 60 nm vesicles
(‘nanovesicles’) produced during ionophore A23187-induced budding of human erythrocytes.
Biochem J. 1980; 188:881–887. [PubMed: 6781476]

19. Vlassov AV, Magdaleno S, Setterquist R, Conrad R. Exosomes: current knowledge of their
composition, biological functions, and diagnostic and therapeutic potentials. Biochim Biophys
Acta. 2012; 1820:940–948. [PubMed: 22503788]

20. Mathivanan S, Simpson RJ. ExoCarta: a compendium of exosomal proteins and RNA. Proteomics.
2009; 9:4997–5000. [PubMed: 19810033]

21. Chu Z, Witte DP, Qi X. Saposin C-LBPA interaction in late-endosomes/lysosomes. Exp Cell Res.
2005; 303:300–307. [PubMed: 15652344]

22. Parolini I, Federici C, Raggi C, Lugini L, Palleschi S, De MA, et al. Microenvironmental pH is a
key factor for exosome traffic in tumor cells. J Biol Chem. 2009; 284:34211–34222. [PubMed:
19801663]

23. Piccin A, Murphy WG, Smith OP. Circulating microparticles: pathophysiology and clinical
implications. Blood Rev. 2007; 21:157–171. [PubMed: 17118501]

24. Batista BS, Eng WS, Pilobello KT, Hendricks-Munoz KD, Mahal LK. Identification of a
conserved glycan signature for microvesicles. J Proteome Res. 2011; 10:4624–4633. [PubMed:
21859146]

25. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell Biol.
2007; 9:654–659. [PubMed: 17486113]

26. Mittelbrunn M, Gutierrez-Vazquez C, Villarroya-Beltri C, Gonzalez S, Sanchez-Cabo F, Gonzalez
MA, et al. Unidirectional transfer of microRNA-loaded exosomes from T cells to
antigenpresenting cells. Nat Commun. 2011; 2:282. [PubMed: 21505438]

27. Zomer A, Vendrig T, Hopmans ES, van Eijndhoven M, Middeldorp JM, Pegtel DM. Exosomes: fit
to deliver small RNA. Commun Integr Biol. 2010; 3:447–450. [PubMed: 21057637]

28. Rabinowits G, Gercel-Taylor C, Day JM, Taylor DD, Kloecker GH. Exosomal microRNA: a
diagnostic marker for lung cancer. Clin Lung Cancer. 2009; 10:42–46. [PubMed: 19289371]

29. Taylor DD, Gercel-Taylor C. MicroRNA signatures of tumor-derived exosomes as diagnostic
biomarkers of ovarian cancer. Gynecol Oncol. 2008; 110:13–21. [PubMed: 18589210]

30. Waldenstrom A, Genneback N, Hellman U, Ronquist G. Cardiomyocyte microvesicles contain
DNA/RNA and convey biological messages to target cells. PLoS One. 2012; 7:e34653. [PubMed:
22506041]

31. Balaj L, Lessard R, Dai L, Cho YJ, Pomeroy SL, Breakefield XO, et al. Tumour microvesicles
contain retrotransposon elements and amplified oncogene sequences. Nat Commun. 2011; 2:180.
[PubMed: 21285958]

32. Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M, et al. Glioblastoma
microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic
biomarkers. Nat Cell Biol. 2008; 10:1470–1476. [PubMed: 19011622]

33. Lachenal G, Pernet-Gallay K, Chivet M, Hemming FJ, Belly A, Bodon G, et al. Release of
exosomes from differentiated neurons and its regulation by synaptic glutamatergic activity. Mol
Cell Neurosci. 2011; 46:409–418. [PubMed: 21111824]

34. Fruhbeis C, Frohlich D, Kramer-Albers EM. Emerging roles of exosomes in neuron-glia
communication. Front Physiol. 2012; 3:119. [PubMed: 22557979]

35. Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of microglia. Physiol Rev.
2011; 91:461–553. [PubMed: 21527731]

Kalani et al. Page 10

Mol Neurobiol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



36. Bianco F, Perrotta C, Novellino L, Francolini M, Riganti L, Menna E, et al. Acid
sphingomyelinase activity triggers microparticle release from glial cells. EMBO J. 2009; 28:1043–
1054. [PubMed: 19300439]

37. Wang S, Cesca F, Loers G, Schweizer M, Buck F, Benfenati F, et al. Synapsin I is an
oligomannose-carrying glycoprotein, acts as an oligomannose-binding lectin, and promotes neurite
outgrowth and neuronal survival when released via glia-derived exosomes. J Neurosci. 2011;
31:7275–7290. [PubMed: 21593312]

38. Guescini M, Genedani S, Stocchi V, Agnati LF. Astrocytes and glioblastoma cells release
exosomes carrying mtDNA. J Neural Transm. 2010; 117:1–4. [PubMed: 19680595]

39. van der Vos KE, Balaj L, Skog J, Breakefield XO. Brain tumor microvesicles: insights into
intercellular communication in the nervous system. Cell Mol Neurobiol. 2011; 31:949–959.
[PubMed: 21553248]

40. Nixon RA. Endosome function and dysfunction in Alzheimer's disease and other
neurodegenerative diseases. Neurobiol Aging. 2005; 26:373–382. [PubMed: 15639316]

41. Vella LJ, Sharples RA, Nisbet RM, Cappai R, Hill AF. The role of exosomes in the processing of
proteins associated with neurodegenerative diseases. Eur Biophys J. 2008; 37:323–332. [PubMed:
18064447]

42. Guest WC, Silverman JM, Pokrishevsky E, O'Neill MA, Grad LI, Cashman NR. Generalization of
the prion hypothesis to other neurodegenerative diseases: an imperfect fit. J Toxicol Environ
Health A. 2011; 74:1433–1459. [PubMed: 22043906]

43. Ecroyd H, Sarradin P, Dacheux JL, Gatti JL. Compartmentalization of prion isoforms within the
reproductive tract of the ram. Biol Reprod. 2004; 71:993–1001. [PubMed: 15163617]

44. Fevrier B, Vilette D, Archer F, Loew D, Faigle W, Vidal M, et al. Cells release prions in
association with exosomes. Proc Natl Acad Sci U S A. 2004; 101:9683–9688. [PubMed:
15210972]

45. Vella LJ, Sharples RA, Lawson VA, Masters CL, Cappai R, Hill AF. Packaging of prions into
exosomes is associated with a novel pathway of PrP processing. J Pathol. 2007; 211:582–590.
[PubMed: 17334982]

46. Rustom A, Saffrich R, Markovic I, Walther P, Gerdes HH. Nanotubular highways for intercellular
organelle transport. Science. 2004; 303:1007–1010. [PubMed: 14963329]

47. Gousset K, Zurzolo C. Tunnelling nanotubes: a highway for prion spreading? Prion. 2009; 3:94–
98. [PubMed: 19471116]

48. Paula-Barbosa MM, Mota CR, Faria R, Cruz C. Multivesicular bodies in cortical dendrites of two
patients with Alzheimer's disease. J Neurol Sci. 1978; 36:259–264. [PubMed: 650258]

49. Takahashi RH, Milner TA, Li F, Nam EE, Edgar MA, Yamaguchi H, et al. Intraneuronal
Alzheimer abeta42 accumulates in multivesicular bodies and is associated with synaptic
pathology. Am J Pathol. 2002; 161:1869–1879. [PubMed: 12414533]

50. Lublin AL, Gandy S. Amyloid-beta oligomers: possible roles as key neurotoxins in Alzheimer's
disease. Mt Sinai J Med. 2010; 77:43–49. [PubMed: 20101723]

51. Rajendran L, Honsho M, Zahn TR, Keller P, Geiger KD, Verkade P, et al. Alzheimer's disease
beta-amyloid peptides are released in association with exosomes. Proc Natl Acad Sci U S A. 2006;
103:11172–11177. [PubMed: 16837572]

52. Zhang B, Une Y, Fu X, Yan J, Ge F, Yao J, et al. Fecal transmission of AA amyloidosis in the
cheetah contributes to high incidence of disease. Proc Natl Acad Sci U S A. 2008; 105:7263–7268.
[PubMed: 18474855]

53. Aronin N, Kim M, Laforet G, DiFiglia M. Are there multiple pathways in the pathogenesis of
Huntington's disease? Philos Trans R Soc Lond B Biol Sci. 1999; 354:995–1003. [PubMed:
10434298]

54. Sapp E, Schwarz C, Chase K, Bhide PG, Young AB, Penney J, et al. Huntingtin localization in
brains of normal and Huntington's disease patients. Ann Neurol. 1997; 42:604–612. [PubMed:
9382472]

55. Atwal RS, Truant R. A stress sensitive ER membrane-association domain in Huntingtin protein
defines a potential role for Huntingtin in the regulation of autophagy. Autophagy. 2008; 4:91–93.
[PubMed: 17986868]

Kalani et al. Page 11

Mol Neurobiol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



56. Kegel KB, Kim M, Sapp E, McIntyre C, Castano JG, Aronin N, et al. Huntingtin expression
stimulates endosomal-lysosomal activity, endosome tubulation, and autophagy. J Neurosci. 2000;
20:7268–7278. [PubMed: 11007884]

57. Valencia A, Reeves PB, Sapp E, Li X, Alexander J, Kegel KB, et al. Mutant huntingtin and
glycogen synthase kinase 3-beta accumulate in neuronal lipid rafts of a presymptomatic knock-in
mouse model of Huntington's disease. J Neurosci Res. 2010; 88:179–190. [PubMed: 19642201]

58. Li Y, Chin LS, Levey AI, Li L. Huntingtin-associated protein 1 interacts with hepatocyte growth
factor-regulated tyrosine kinase substrate and functions in endosomal trafficking. J Biol Chem.
2002; 277:28212–28221. [PubMed: 12021262]

59. Li X, Valencia A, Sapp E, Masso N, Alexander J, Reeves P, et al. Aberrant Rab11-dependent
trafficking of the neuronal glutamate transporter EAAC1 causes oxidative stress and cell death in
Huntington's disease. J Neurosci. 2010; 30:4552–4561. [PubMed: 20357106]

60. Lees AJ, Hardy J, Revesz T. Parkinson's disease. Lancet. 2009; 373:2055–2066. [PubMed:
19524782]

61. Forno LS. Neuropathology of Parkinson's disease. J Neuropathol Exp Neurol. 1996; 55:259–272.
[PubMed: 8786384]

62. Bellingham SA, Guo BB, Coleman BM, Hill AF. Exosomes: vehicles for the transfer of toxic
proteins associated with neurodegenerative diseases? Front Physiol. 2012; 3:124. [PubMed:
22563321]

63. Emmanouilidou E, Melachroinou K, Roumeliotis T, Garbis SD, Ntzouni M, Margaritis LH, et al.
Cell-produced alpha-synuclein is secreted in a calcium-dependent manner by exosomes and
impacts neuronal survival. J Neurosci. 2010; 30:6838–6851. [PubMed: 20484626]

64. Desplats P, Lee HJ, Bae EJ, Patrick C, Rockenstein E, Crews L, et al. Inclusion formation and
neuronal cell death through neuron-to-neuron transmission of alpha-synuclein. Proc Natl Acad Sci
U S A. 2009; 106:13010–13015. [PubMed: 19651612]

65. Hansen C, Angot E, Bergstrom AL, Steiner JA, Pieri L, Paul G, et al. alpha-Synuclein propagates
from mouse brain to grafted dopaminergic neurons and seeds aggregation in cultured human cells.
J Clin Invest. 2011; 121:715–725. [PubMed: 21245577]

66. Schneider A, Simons M. Exosomes: vesicular carriers for intercellular communication in
neurodegenerative disorders. Cell Tissue Res. 2013; 352:33–47. [PubMed: 22610588]

67. Lee HJ, Suk JE, Bae EJ, Lee JH, Paik SR, Lee SJ. Assembly-dependent endocytosis and clearance
of extracellular alpha-synuclein. Int J Biochem Cell Biol. 2008; 40:1835–1849. [PubMed:
18291704]

68. Lee HJ, Suk JE, Patrick C, Bae EJ, Cho JH, Rho S, et al. Direct transfer of alpha-synuclein from
neuron to astroglia causes inflammatory responses in synucleinopathies. J Biol Chem. 2010;
285:9262–9272. [PubMed: 20071342]

69. Vekrellis K, Xilouri M, Emmanouilidou E, Rideout HJ, Stefanis L. Pathological roles of alpha-
synuclein in neurological disorders. Lancet Neurol. 2011; 10:1015–1025. [PubMed: 22014436]

70. Alegre-Abarrategui J, Christian H, Lufino MM, Mutihac R, Venda LL, Ansorge O, et al. LRRK2
regulates autophagic activity and localizes to specific membrane microdomains in a novel human
genomic reporter cellular model. Hum Mol Genet. 2009; 18:4022–4034. [PubMed: 19640926]

71. Shin N, Jeong H, Kwon J, Heo HY, Kwon JJ, Yun HJ, et al. LRRK2 regulates synaptic vesicle
endocytosis. Exp Cell Res. 2008; 314:2055–2065. [PubMed: 18445495]

72. Giasson BI, Forman MS, Higuchi M, Golbe LI, Graves CL, Kotzbauer PT, et al. Initiation and
synergistic fibrillization of tau and alpha-synuclein. Science. 2003; 300:636–640. [PubMed:
12714745]

73. Sullivan CP, Jay AG, Stack EC, Pakaluk M, Wadlinger E, Fine RE, et al. Retromer disruption
promotes amyloidogenic APP processing. Neurobiol Dis. 2011; 43:338–345. [PubMed: 21515373]

74. Aguzzi A, Heikenwalder M. Pathogenesis of prion diseases: current status and future outlook. Nat
Rev Microbiol. 2006; 4:765–775. [PubMed: 16980938]

75. Alais S, Simoes S, Baas D, Lehmann S, Raposo G, Darlix JL, et al. Mouse neuroblastoma cells
release prion infectivity associated with exosomal vesicles. Biol Cell. 2008; 100:603–615.
[PubMed: 18422484]

Kalani et al. Page 12

Mol Neurobiol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



76. Faure J, Lachenal G, Court M, Hirrlinger J, Chatellard-Causse C, Blot B, et al. Exosomes are
released by cultured cortical neurones. Mol Cell Neurosci. 2006; 31:642–648. [PubMed:
16446100]

77. Vella LJ, Greenwood DL, Cappai R, Scheerlinck JP, Hill AF. Enrichment of prion protein in
exosomes derived from ovine cerebral spinal fluid. Vet Immunol Immunopathol. 2008; 124:385–
393. [PubMed: 18501435]

78. Taylor DR, Hooper NM. The prion protein and lipid rafts. Mol Membr Biol. 2006; 23:89–99.
[PubMed: 16611584]

79. Baron GS, Wehrly K, Dorward DW, Chesebro B, Caughey B. Conversion of raft associated prion
protein to the protease-resistant state requires insertion of PrP-res (PrP(Sc)) into contiguous
membranes. EMBO J. 2002; 2:1031–40. [PubMed: 11867531]

80. Ersdal C, Goodsir CM, Simmons MM, McGovern G, Jeffrey M. Abnormal prion protein is
associated with changes of plasma membranes and endocytosis in bovine spongiform
encephalopathy (BSE)-affected cattle brains. Neuropathol Appl Neurobiol. 2009; 35:259–271.
[PubMed: 19473293]

81. Laszlo L, Lowe J, Self T, Kenward N, Landon M, McBride T, et al. Lysosomes as key organelles
in the pathogenesis of prion encephalopathies. J Pathol. 1992; 166:333–341. [PubMed: 1355530]

82. Johnson JE, Mehler WR, Miquel J. A fine structural study of degenerative changes in the dorsal
column nuclei of aging mice Lack of protection by vitamin E. J Gerontol. 1975; 30:395–411.
[PubMed: 1141671]

83. de la Roza C, Cano J, Reinoso-Suarez F. An electron microscopic study of astroglia and
oligodendroglia in the lateral geniculate nucleus of aged rats. Mech Ageing Dev. 1985; 29:267–
281. [PubMed: 3990383]

84. Townes-Anderson E, Raviola G. Degeneration and regeneration of autonomic nerve endings in the
anterior part of rhesus monkey ciliary muscle. J Neurocytol. 1978; 7:583–600. [PubMed: 102735]

85. Schroer JA, Plurad SB, Schmidt RE. Fine structure of presynaptic axonal terminals in sympathetic
autonomic ganglia of aging and diabetic human subjects. Synapse. 1992; 12:1–13. [PubMed:
1411960]

86. Xin H, Li Y, Liu Z, Wang X, Shang X, Cui Y, et al. Mir-133b promotes neural plasticity and
functional recovery after treatment of stroke with multipotent mesenchymal stromal cells in rats
via transfer of exosome-enriched extracellular particles. Stem Cells. 201310.1002/stem.1409

87. Potolicchio I, Carven GJ, Xu X, Stipp C, Riese RJ, Stern LJ, et al. Proteomic analysis of microglia-
derived exosomes: metabolic role of the aminopeptidase CD13 in neuropeptide catabolism. J
Immunol. 2005; 175:2237–2243. [PubMed: 16081791]

88. Taylor AR, Robinson MB, Gifondorwa DJ, Tytell M, Milligan CE. Regulation of heat shock
protein 70 release in astrocytes: role of signaling kinases. Dev Neurobiol. 2007; 67:1815–1829.
[PubMed: 17701989]

89. Kramer-Albers EM, Bretz N, Tenzer S, Winterstein C, Mobius W, Berger H, et al.
Oligodendrocytes secrete exosomes containing major myelin and stress-protective proteins:
trophic support for axons? Proteomics Clin Appl. 2007; 1:1446–1461. [PubMed: 21136642]

90. Marzesco AM, Janich P, Wilsch-Brauninger M, Dubreuil V, Langenfeld K, Corbeil D, et al.
Release of extracellular membrane particles carrying the stem cell marker prominin-1 (CD133)
from neural progenitors and other epithelial cells. J Cell Sci. 2005; 118:2849–2858. [PubMed:
15976444]

91. Campbell RM, Peterson AC. Expression of a lacZ transgene reveals floor plate cell morphology
and macromolecular transfer to commissural axons. Development. 1993; 119:1217–1228.
[PubMed: 8306884]

92. Coufal NG, Garcia-Perez JL, Peng GE, Yeo GW, Mu Y, Lovci MT, et al. L1 retrotransposition in
human neural progenitor cells. Nature. 2009; 460:1127–1131. [PubMed: 19657334]

93. Greco V, Hannus M, Eaton S. Argosomes: a potential vehicle for the spread of morphogens
through epithelia. Cell. 2001; 106:633–645. [PubMed: 11551510]

94. Cadigan KM. Regulating morphogen gradients in the Drosophila wing. Semin Cell Dev Biol.
2002; 13:83–90. [PubMed: 12127140]

Kalani et al. Page 13

Mol Neurobiol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



95. Lakkaraju A, Rodriguez-Boulan E. Itinerant exosomes: emerging roles in cell and tissue polarity.
Trends Cell Biol. 2008; 18:199–209. [PubMed: 18396047]

96. Belting M, Wittrup A. Nanotubes, exosomes, and nucleic acid-binding peptides provide novel
mechanisms of intercellular communication in eukaryotic cells: implications in health and disease.
J Cell Biol. 2008; 183:1187–1191. [PubMed: 19103810]

97. Smalheiser NR. Exosomal transfer of proteins and RNAs at synapses in the nervous system. Biol
Direct. 2007; 2:35. [PubMed: 18053135]

98. Sang Q, Kim MH, Kumar S, Bye N, Morganti-Kossman MC, Gunnersen J, et al. Nedd4-WW
domain-binding protein 5 (Ndfip1) is associated with neuronal survival after acute cortical brain
injury. J Neurosci. 2006; 26:7234–7244. [PubMed: 16822981]

99. Putz U, Howitt J, Lackovic J, Foot N, Kumar S, Silke J, et al. Nedd4 family-interacting protein 1
(Ndfip1) is required for the exosomal secretion of Nedd4 family proteins. J Biol Chem. 2008;
283:32621–32627. [PubMed: 18819914]

100. Court FA, Hendriks WT, MacGillavry HD, Alvarez J, van Minnen J. Schwann cell to axon
transfer of ribosomes: toward a novel understanding of the role of glia in the nervous system. J
Neurosci. 2008; 28:11024–11029. [PubMed: 18945910]

101. Twiss JL, Fainzilber M. Ribosomes in axons–scrounging from the neighbors? Trends Cell Biol.
2009; 19:236–243. [PubMed: 19359177]

102. Court FA, Midha R, Cisterna BA, Grochmal J, Shakhbazau A, Hendriks WT, et al.
Morphological evidence for a transport of ribosomes from Schwann cells to regenerating axons.
Glia. 2011; 59:1529–1539. [PubMed: 21656857]

103. Immordino ML, Dosio F, Cattel L. Stealth liposomes: review of the basic science, rationale, and
clinical applications, existing and potential. Int J Nanomedicine. 2006; 1:297–315. [PubMed:
17717971]

104. Zhang Y, Liu D, Chen X, Li J, Li L, Bian Z, et al. Secreted monocytic miR-150 enhances targeted
endothelial cell migration. Mol Cell. 2010; 39:133–144. [PubMed: 20603081]

105. Zhuang X, Xiang X, Grizzle W, Sun D, Zhang S, Axtell RC, et al. Treatment of brain
inflammatory diseases by delivering exosome encapsulated anti-inflammatory drugs from the
nasal region to the brain. Mol Ther. 2011; 19:1769–1779. [PubMed: 21915101]

106. Sun D, Zhuang X, Xiang X, Liu Y, Zhang S, Liu C, et al. A novel nanoparticle drug delivery
system: the anti-inflammatory activity of curcumin is enhanced when encapsulated in exosomes.
Mol Ther. 2010; 18:1606–1614. [PubMed: 20571541]

107. Bolukbasi MF, Mizrak A, Ozdener GB, Madlener S, Strobel T, Erkan EP, et al. miR-1289 and
“Zipcode”-like sequence enrich mRNAs in microvesicles. Mol Ther Nucleic Acids. 2012; 1:e10.
[PubMed: 23344721]

108. Burnett JC, Rossi JJ. RNA-based therapeutics: current progress and future prospects. Chem Biol.
2012; 19:60–71. [PubMed: 22284355]

109. Bernstein E, Caudy AA, Hammond SM, Hannon GJ. Role for a bidentate ribonuclease in the
initiation step of RNA interference. Nature. 2001; 409:363–366. [PubMed: 11201747]

110. Martinez J, Patkaniowska A, Urlaub H, Luhrmann R, Tuschl T. Single-stranded antisense siRNAs
guide target RNA cleavage in RNAi. Cell. 2002; 110:563–574. [PubMed: 12230974]

111. Matranga C, Tomari Y, Shin C, Bartel DP, Zamore PD. Passenger-strand cleavage facilitates
assembly of siRNA into Ago2-containing RNAi enzyme complexes. Cell. 2005; 123:607–620.
[PubMed: 16271386]

112. Rand TA, Petersen S, Du F, Wang X. Argonaute2 cleaves the anti-guide strand of siRNA during
RISC activation. Cell. 2005; 123:621–629. [PubMed: 16271385]

113. Whitehead KA, Dahlman JE, Langer RS, Anderson DG. Silencing or stimulation? siRNA
delivery and the immune system. Annu Rev Chem Biomol Eng. 2011; 2:77–96. [PubMed:
22432611]

114. Al-Nedawi K, Meehan B, Rak J. Microvesicles: messengers and mediators of tumor progression.
Cell Cycle. 2009; 8:2014–2018. [PubMed: 19535896]

115. Muralidharan-Chari V, Clancy JW, Sedgwick A, D'Souza-Schorey C. Microvesicles: mediators
of extracellular communication during cancer progression. J Cell Sci. 2010; 123:1603–1611.
[PubMed: 20445011]

Kalani et al. Page 14

Mol Neurobiol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1. Exosome shedding from neuronal cells
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Fig. 2.
Cell-to-cell communication through exosomes and processing of neurologic toxin proteins
via exosomes. Cell-to-cell communication showing the exosome release from injured
neuronal cell and processing to healthy neuronal cells. The release of neuronal toxins or
disease-associated molecules is done via exosomes that are processed through multivesicular
bodies and released to the extracellular spaces
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Fig. 3.
Exosome makeup and their use as delivery vehicles. The figure showing the exosome
makeup with biological molecules, genetic element (such as miRNA and siRNA) or
potential drugs for vascular-neuroassociated pathologies. The exosome could also be
processed/trained in artificial multivesicular bodies (MVBs). Because of their nanometer
size, they could cross the blood–brain barrier; therefore, desired exosome could be targeted
to the brain in order to cure brain-associated pathologies.  Exosome transmembrane
proteins,  desired drug embedded in exosome bilayer membrane, artificially processed
transmembrane proteins,  artificially processed exosome,  artificially unprocessed
exosome,  genetic element,   natural or artificial biomolecules,  lipid
molecule
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Table 1
Exosome constituents and their roles

Exosomes/biomolecules Examples Role Reference

Membrane transport and fusion
proteins

GTPases, annexins, flotillin Helps in membrane transport and fusion [14, 17]

Tetraspannins CD9, CD63, CD81, CD82 Morphogenesis, fission, and fusion
processes

[14, 19, 20]

Heat-shock proteins Hsc70, Hsp 90 Inherent characteristic of exosomes [14, 19, 20]

Multivesicular body biogenesis
proteins

Alix, TSG101 Proteins involved in multivesicular body
biogenesis and potentially used as markers
for the identification of exosomes

[14, 19, 20]

Lipid-related proteins and
phospholipases

Phosphatidylcholine,
phosphatidylethanolamine,
phosphatidylserine, lysobisphosphatidic
acid, ceramide, cholesterol, sphingomyelin,
N-acetylneuraminyl-
galactosylglucosylceramide, mannose,

Determines exosome rigidity and delivery
efficiency, helps in signaling and fusion to
plasma, helps in cell to celll communication

[20, 21]

Saccharides Polylactosamine, α-2,6 sialic acid, and
complex N-linked glycans

Inherent characteristic of exosomes [24]

Genetic material miRNA, mRNA, and other non-coding
RNAs

Regulation of gene expression, transfer of
information

[19, 25, 30]
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Table 2
Neurodegenerative diseases and associated molecules of exosomes

Neurodegenerative disease Associated molecules in
exosomes

Role Reference

Alzheimer's disease Aβ42 Accumulated in MVBs and are released as exosomes, spread to
other tissues through exosomes

[49, 50]

Huntington's disease Huntingtin protein Mutated huntingtin protein was found to be accumulated in
MVBs and speculated that the pathology of HD is closely
determined through exosomes

[53, 54]

Parkinson's disease α-syn, LRRK2, VPS35 Toxic form of α-syn is deposited and transferred from one to
other cells by exosomes, LRRK2 plays an important role in
exosome secretion and fusion of MVBs with plasma membrane;
a mutation in the LRRK2 gene R1441C induces the formation of
skein-like abnormal MVBs that induce large number of
exosomes that contain toxic form of α-syn; essential component
of retromer complex and dysfunction of retromer causes
increased exosomal secretion of APP

[2, 62–64, 70,
74]

Prion diseases PrPc and PrPsc Associated with exosomes and infectious in both animal and cell
bioassays

[44, 76]

Aβ42 amyloid beta 42, α-syn α-synuclein, LRRK2 leucine-rich receptor kinase 2, VPS35 vacuolar-sorting protein 35, PrPc and PrPsc prion
proteins, APP amyloid-β precursor protein
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