Downloaded from http://rstb.royalsocietypublishing.org/ on July 19, 2018

PHILOSOPHICAL
TRANSACTIONS

OF
THE ROYAL
SOCIETY

rsth.royalsocietypublishing.org

REVI ew CrossMark

click for updates

Cite this article: Agnati LF, Fuxe K. 2014
Extracellular-vesicle type of volume
transmission and tunnelling-nanotube type of
wiring transmission add a new dimension to
brain neuro-glial networks. Phil. Trans. R. Soc.
B 369: 20130505.
http://dx.doi.org/10.1098/rstb.2013.0505

One contribution of 19 to a Theme Issue
‘Epigenetic information-processing mechanisms
in the brain’.

Subject Areas:
neuroscience, physiology, cellular biology

Keywords:

wiring transmission, volume transmission,
tunnelling nanotubes, extracellular vesicles,
exosomes, microvesicles

Author for correspondence:
Kjell Fuxe
e-mail: kjell.fuxe@ki.se

%’Royal Society Publishing

Extracellular-vesicle type of volume
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dimension to brain neuro-glial networks
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Two major types of intercellular communication are found in the central
nervous system (CNS), namely wiring transmission (WT; point-to-point
communication via private channels, e.g. synaptic transmission) and
volume transmission (VT;, communication in the extracellular fluid and
in the cerebrospinal fluid). Volume and synaptic transmission become
integrated because their chemical signals activate different types of interact-
ing receptors in heteroreceptor complexes located synaptically and
extrasynaptically in the plasma membrane. In VT, we focus on the role of
the extracellular-vesicle type of VT, and in WT, on the potential role of the
tunnelling-nanotube (TNT) type of WT. The so-called exosomes appear to
be the major vesicular carrier for intercellular communication but the larger
microvesicles also participate. Extracellular vesicles are released from cul-
tured cortical neurons and different types of glial cells and modulate the
signalling of the neuronal-glial networks of the CNS. This type of VT has
pathological relevance, and epigenetic mechanisms may participate in the
modulation of extracellular-vesicle-mediated VT. Gerdes and co-workers pro-
posed the existence of a novel type of WT based on TNTs, which are straight
transcellular channels leading to the formation in vitro of syncytial cellular
networks found also in neuronal and glial cultures.

1. Introduction

Two major complementary modes of intercellular communication exist in the cen-
tral nervous system (CNS), namely wiring transmission (WT) and volume
transmission (VT) [1-11]. WT is a point-to-point communication in the CNS
via private channels involving synapses between nerve cells or gap junctions
(GJs) directly connecting the cytoplasm of two cells, mainly found between astro-
glial cells (table 1 and figure 1). VT makes communication possible between cells
of the brain and the spinal cord via diffusion and flow of neurotransmitters,
neuromodulators, ions, trophic factors, etc., in the extracellular fluid (ECF) and
cerebrospinal fluid (CSF) mainly targeting high-affinity receptors (table 1 and
figure 1). Here, they act as VT signals enabling information handling and trophic
communication between cells, including neuronal-glial, glial-glial and neur-
onal-glial-endothelial interactions via extrasynaptic and long-distance VT
mainly along paravascular and paraaxonal channels and also involving CSF
(table 1 and figure 1). Criteria for VT features and experimental evidence for its
existence and its functional implications have been provided [3,12-15]. The pro-
totype of WT is synaptic transmission where the channels are private, represented
by axons and nerve terminals. However, in VT, the channels are open extracellular
communication pathways formed within the matrix of the extracellular space in
the CNS parenchyma and also using the CSF.

VT becomes mainly integrated with synaptic transmission via receptor—receptor
interactions which are based on the existence of heteroreceptor complexes loca-
ted synaptically and extrasynaptically [16—-19]. Of special interest is that they
can be built up of ion channel receptors and G-protein-coupled receptors
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Figure 1. Schematic of wiring transmission and volume transmission in neural networks. Wiring transmission is illustrated by means of a synaptic contact. Volume
transmission is the diffusion and flow of signals in the extracellular space (ECS) of the brain and in the cerebrospinal fluid (CSF) along the energy gradients. Thus, VT
is illustrated as: the local extrasynaptic diffusion of neurotransmitters in the ECS; the long-distance diffusion and flow of some classical neurotransmitters and
neuropeptides in the ECS; the flow of VT chemical signals via the CSF. Finally, the effects of the pressure waves in cerebral arteries on the diffusion and flow

of the VT signals in the ECS and CSF are indicated (see [6,7,12,13]).

Table 1. Classical dichotomy dlassification of communication modes in the central nervous system. ‘Private channel’ in WT means that the communication
channel is a physically delimited pathway represented by, for example, the axon and its terminals forming synapses. ‘Widespread (diffuse)’ in VT means that the
available extracellular and cerebrospinal fluid between the source and target can be used to transfer the signal.

channel main features

wiring transmission (WT): point-to-point communication via private channels

synaptic contacts private and highly localized transmission of transmitter vs'ivgnals in the synaptic
cleft between neurons

” gap juvn'ct'io'rv\s . brivéfe 'ar'ld”highly' localized transmission of 'si;qn'al'sv mediated byan intercellular

network of protein channels that facilitates the cell-to-cell passage of

- Vo/uhfé.tfaﬁs.m‘is.sibh ( VD W/despread (dlffuse)communlcatlon/nthe é}(irbfé//ular space via extracellular channel pléxa and in the CSF
local extracellular channel plexa mainly in the ph range . broadcasted transmission linked to synaptic tr'ansmission;'through extrésynaptic

(extrasynaptic VIT) release and synapse spillover involving a role of local field potentials, the ions

and transmitters diffuse at the local circuit level to influence nerve cells, glial

cells and endothelial cells, mainly via targeting local receptors

molecules, e.g. ions and neurotransmitters, mainly between astrocytes

extracellular fluid pathways mainly along paravascular and
paraaxonal extracellular channels; long-distance migration, also
above T mm

cerebrospinal fluid pathways;

long-distance migration, also above 1 mm

(GPCRs) [20] highly suited to integrate the signals of synaptic
transmission and VT at the plasma membrane level. In addi-
tion, the impact of GPCR-receptor tyrosine kinase (RTK)
interactions in heteroreceptor complexes as mediators of inte-
grative VT signalling on the plasma membrane in neuronal
plasticity and trophism was recently introduced [4,21-23].
This review deals with novel types of VT and WT in the
CNS. In VT, we focus on the role of extracellular-vesicle-
mediated VT, also called the roamer type of VT (table 2)
[13,26]. This communication is based on original work

v broadcasted transmission; long-distance diffusion and flow of signalé invthe ECF v
involving mainly peptides and proteins targeting distant receptors; flow is
generated by temperature and pressure gradients

* broadcasted transmission; long-distance transmission of signals in the CSF,

facilitated by flow generated by the arterial pulse

in the 1980s on receptor externalization and shedding in
reticulocytes [27,28] and in the 1990s on secretion of anti-
gen-presenting vesicles [29,30]. Of special interest is the
paper by Simons & Raposo [31] giving an increased under-
standing of the mechanisms underlying the function of
exosomes as vesicular carriers of intercellular communication
in the body.

In WT, the focus is on the potential role of the tunnelling-
nanotube type of WT in the brain (table 2) [3,13] based on the
original work of Gerdes and co-workers [32-34].
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Table 2. Classification of the tunnelling-nanotube (TNT)- and extracellular-vesicle (EV)-mediated intercellular communication in the central nervous system into  [JEJi}

wiring transmission and volume transmission, respectively. See Schneider and Simons [24] and van der Pol et al. [25] for further information on extracellular-

vesicle-mediated intercellular communication.

intercellular

communication mode channel

TNT type of WT (cultures
of neuronal and glial

TNT (15—-60 pm long;
50-200 nm diameter)

cells) transient, membrane

continuity between

cargo transfer

organelles (especially vesicles),
but also mtDNA, proteins,

mechanism of
transport origin

no in vivo data in
the CNS

actin-driven

inside or along the TNT
plasma membrane surface

cells
EVtypeof VT(CNS R extracellularspace VR exosomes(40—100nm) o ceIItypes o
neurons, glial cells, CSF containing proteins, lipids, along energy plasma
brain endothelial cells) mRNA, miRNA, mtDNA gradients in the membrane;
extracellular space endosomes

} sheddmgveSIdes B
microvesicles (100—1000 nm)
insufficiently known
composition

} apoptot/cbod/es (1_4Mm) B
histones, DNA

2. Different forms of volume transmission and

integration with synaptic transmission

There are different forms of VT in the CNS. There is extrasynap-
tic VT operating at the local circuit level through diffusion
over short distances (um range) upon synaptic spillover or
extrasynaptic release to activate especially high-affinity
GPCRs [12,35]. An ephaptic VT has also been discussed
based on flow of ions between neurons in the ECF (electrical
VT) [13], first proposed by Golgi in 1906 [36].

(a) Long-distance and cerebrospinal fluid volume
transmission

Peptide neurons likely operate via long-distance VT with
distances over 1 mm also involving flow in the CSF [3].
One of the best examples is CSF-delivered beta-endorphin
(2500 pmol in 5 pl) which could accumulate in nerve cell
body populations and their dendrites all over the paraventric-
ular hypothalamus as seen 15 min after CSF injection [37].
Striatally microinjected beta-endorphin can also reach the
CSF as an intact peptide as shown with mass spectrometry
[38]. The results taken together give strong indications
that beta-endorphin can migrate for long distances in the
ECF and CSF after its release from beta-endorphin immuno-
reactivity nerve terminal networks.

These results are also of relevance for understanding
cotransmission in monoamine neurons often containing
neuropeptides. The release of neuropeptides may allow the
monoamine neurons to send VT signals to cellular networks
further away from the monoamine terminals. Peptides and
proteins may have a high stability and/or act via active peptide
fragments which can make long-distance VT possible also
involving CSF VT [3]. A temporal code of VT related to

most cell types:
plasma
membrane

all cell types:
plasma
membrane

dynamic changes in release of transmitters is likely to exist
especially over short distances. Thus, a phasic control of,
for example, local circuits can occur via extrasynaptic VT.
However, with long distances of diffusion/flow (mainly pep-
tides/proteins), especially along extracellular channels of
myelinated fibre bundles and paravascular extracellular chan-
nels, the dynamic changes in VT modulating the wired
networks may be less pronounced but of high relevance for a
tonic control of cell network function [3]. This was illustrated
in the demonstration of the critical role of long-distance
oxytocin VT in social attachment [15,39]. In this review,
we summarize the interesting role of extracellular-vesicle-
mediated VT in the CNS [13,31].

3. Different forms of wiring transmission

The specific feature of this mode of intercellular communi-
cation is the existence of a virtual wire connecting the cell
source of the signal (message) with the cell target of the signal.

(a) Synaptic transmission

The most important and well known is certainly the synaptic
transmission. Classic synaptic wiring, which depends on the
transmission of action potentials, is the most important
example of WT and the primary mechanism through which
neurons transmit information and control behaviour. It rep-
resents the prototype of WT because it is characterized by a
virtually continuous wire connecting the source of the mess-
age with its targets [3,13].

(b) Gap junctions
Connexins, a large family of homologous membrane proteins
in vertebrates, form GJ channels that provide a direct
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pathway for electrical and metabolic signalling between cells,
especially astrocytes [40-42]. Usually, different astrocytes are
coupled through GJs to form large intercellular networks
[43,44]. The function of these GJs is to minimize the differ-
ences not only between individual processes of the same
astrocyte, but also between astrocytes by mediating the
sharing of substrates such as glucose.

Furthermore, they play a role in dissipating extracellular
K* or glutamate, whose extracellular accumulation can be
detrimental for proper neuronal function. The communi-
cation network generated by GJs in astrocytes is of
significant support to the main processing network formed
by the synaptic wiring among neurons. A potential new
type of wiring communication in the CNS can be represented
by the tunnelling nanotubes (TNTs) [32]. We summarize the
exciting role of this type of WT later.

4. Extracellular-vesicle-mediated volume
transmission, the roamer type of volume
transmission

Extracellular vesicles were first shown to be released from reti-
culocytes with an origin in multivesicular bodies (MVBs)
[27,28]. Today, it is believed that almost all cells can release ves-
icles into the ECF and send a set of messages to surrounding
and distant cells [31]. A large number of possibly different
extracellular vesicles were described, but it proved difficult to
subdivide them into well-defined classes [24,25]. The so-
called exosomes (endosome-derived), however, appear to be
the major vesicular carrier for intercellular communication
(table 2) [31,45] but microvesicles (shedding vesicles from the
plasma membrane) also play a significant role (table 2) [46-49].

Exosomes are endosome-derived vesicles (diameter
40-100 nm) produced during the formation of MVBs. Occasio-
nally, the MVBs fuse with the plasma membrane releasing their
intraluminal vesicles into the extracellular media, which are
then known as exosomes (figure 2 and table 2).

As there are no exosome-specific markers, proteins that
are enriched in exosomes from different cellular origins are
commonly used for exosome detection. These are proteins
such as tetraspanins (e.g. CD9, CD63 and CD81), cytoskele-
ton-associated protein (e.g. ezrin) and proteins involved in
multivesicular biogenesis (e.g. Tsgl0l and Alix). However,
there are also cell-specific proteins found in exosomes such as
A33 (intestinal epithelial cells), CD3 (T cells) and MHC class II
(antigen-presenting cells). Thus, depending on from what cell
type the exosomes are released, the markers for detection vary.

Detection of proteins enriched in exosomes, such as
CD63, Tsgl01 and Alix, and the concomitant absence of pro-
teins such as the endoplasmic reticulum protein calnexin, is
an indication that the exosome-enriched pellet is indeed of
exosomes and not contaminating vesicles from other
compartments of the cell [50].

A major question was how proteins and lipids in multive-
sicular endosomes can be sorted into different types of
intraluminal vesicles, one type destined for degradation in
lysosomes and one destined to become exosomes with release
into the extracellular space. A major breakthrough came with
the paper of Simons and co-workers [51] demonstrating
that the sphingolipid ceramide induces budding of exosomes
into multivesicular endosomes. This process was independent

of the action of the endosomal sorting complex required for
transport but promoted by neutral sphingomyelinases, the inhi-
bition of which reduces the release of exosomes from cells [45].
Thus, ceramide may have a key role in exosome secretion and
thus in accomplishing the pathway leading to vesicular intercel-
lular communication [31]. As mentioned above, the MVBs can
fuse with the plasma membrane releasing their intraluminal
vesicles (exosomes) into the extracellular media [29]. However,
they can also be formed from endosome-like domains of the
plasma membrane [52].

Exosomes appear as round vesicles under electron
microscopy and it was shown that they can transfer lipids and
proteins, including receptors, Rab GTPases, tetraspanins, choles-
terol, sphingolipids and ceramide. Within them, we can also
find subsets of mMRNAs and non-coding regulatory microRNAs
[31,53,54]. They probably have a major role in moving the target
cells into a novel but transient phenotypic state. Circulating
miRNAs are also used as biomarkers for, for example, cardiovas-
cular disease and are proposed to be novel types of signalling
molecules in exosomal communication [55]. It should be noted
that higher-order oligomerization targets plasma membrane
proteins to exosomal sorting and release [56]. Thus, it seems
possible that high-order hetero- and homoreceptor complexes
[14] also are present in some exosomes.

Microvesicles, however, are usually regarded as extra-
cellular vesicles formed in the plasma membrane through
shedding (also called shedding vesicles). They have a variable
size from 100 to 1000 nm (table 2). The microvesicles are
produced directly through the outward budding and fission
of membrane vesicles from the plasma membrane. They
show surface markers largely dependent on the composition
of the membrane of origin. Size, density, profile of several
markers and indications of origin are used to classify them
and separate them from exosomes.

(a) Epigenetic mechanisms in the modulation of

extracellular-vesicle-mediated volume transmission
A set of histones H2A, H2B, H3 and H4 are known to package
DNA. Their N-terminal tails play a major role because their
covalent modification by acetylation, methylation, phosphoryl-
ation and ubiquination markedly changes the chromatin
architecture and leads to changes in gene expression [57]. It is
therefore of interest that histone methylation can influence
the release of extracellular vesicles from adipocytes carrying
specific RNAs and glycosylphosphatidylinositol-anchored
proteins [58]. Inhibition of histone H3 lysine9 methyltransfer-
ase GYa or inhibition of histone H3 lysine4 demethylase
LSD1 diminished the release of extracellular vesicles from
large but not small adipocytes in response to a hydrogen
peroxide challenge. It was associated with an upregulation
of lipid synthesis and a downregulation of lipolysis. There
were no effects on release of extracellular vesicles with com-
bined inhibition of the two enzymes. Therefore, it seems as if
H3 methylation at lysine 4 and 9 influences the release of extra-
cellular vesicles in an interdependent way and is an epigenetic
mechanism in control of extracellular vesicle release [58].
Usually, methylation of lysine9 in histone H3 correlates with
transcriptional silencing, whereas methylation of lysine4
usually correlates with transcriptional activation [59,60]. It is
of interest that histone H3 lysine4 demethylation is a target
for non-selective antidepressant medications [61]. Thus, tranyl-
cypromine is a potent inhibitor of histone demethylation, an
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the roamer type of volume transmission is mediated by
extracellular vesicles (EVs)

exosomes (40—100 nm) are ‘safe
containers’of signals (mtDNA, mRNA,
miRNA, proteins, lipids, ...) released by cells

the roamer type of VT
EVs (such as exosomes) allow the transfer of
molecules from a source cell to a target cell

‘ exosomes O

-

eX0CyLoSIS W insertion in
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O™\
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\ insertion in cell
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cell B (TARGET):

cell A (SOURCE):

internalization of EVs
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cell B that transiently modifies its biochemical
machinery (i.e. the cell neurochemical
phenotype)

Figure 2. Schematic of some main aspects of the roamer type of VT and of its possible implications for integrative actions in the CNS. It was shown inter alia that
(i) exosomes can mediate oligodendrocyte —neuron communication [77]; (ii) exosomes can play a role in interconnections between brain and peripheral organs since,
for example, cardiac myocytes release exosomes [84] and exosomes can cross the blood —brain barrier [85]; and (iii) exosomes can cause transient cell phenotype
changes. Thus, it was shown that exosomes allow intercellular transfer of GPCRs [53].

action which is 10 times greater than its ability to inhibit mono-
amine oxidases. It opens up the possibility that demethylation
mechanisms are overactive in depression and can be a target for
novel antidepressant drugs. It may be speculated that tran-
scriptional activation via inhibition of demethylation at
histone H3 lysine4 leading to possible increases inter alia in
extracellular-vesicle-mediated VT could be one mechanism
involved in such a scenario.

(b) On the function of the extracellular vesicles

The major function of the exosomes and microvesicles appears
to be in cell-cell communication [31] although they also have a
role in the cellular clearance of biomolecular waste and in cell
migration by extracellular delivery of chemoattractants [62].
Of special relevance for cell-cell communication is their ability
through their expression of, for example, different patterns of
cell adhesion molecules to specifically target cells in their
environment. Cell types in the immune system can, for
example, catch exosomes via their expression of intercellular
adhesion molecule 1 [63]. Phosphatidylserine receptors on
target cells can also capture exosomes via phosphatidylserine
located on their membrane surface [64].

Functional complexes of different types exist in the exo-
somes which can regulate the cell function in multiple ways.
However, we have only begun to understand the mechanisms
by which exosomes regulate these functions [31]. One mechan-
ism is internalization of the exosome into the endosomes from
which it can deliver its contents into the cytoplasm after
fusion with the limiting endosomal membrane. Protein and
lipid ligands on the surface of the exosomes can also directly
activate cell surface receptors, dissociate from them and migrate
towards other cells leading to potential activation of multiple
cells. Still another type of interaction involves a merger
(fusion) with the plasma membrane with transfer of exosome

membrane receptors and other membrane-linked molecules
into the plasma membrane of the recipient cell and delivery of
the exosome contents into the cytoplasm. Multiple types of exo-
somes exist with different molecular composition, and therefore
each exosomal subtype may have its own preference with
regard to its mechanism of interaction with the recipient cell.

(c) Central nervous system
In 2006, it was possible to demonstrate that ‘exosomes and
microvesicles’, used as an umbrella term (EMV) [24], can be
released from cultured cortical neurons [65,66]. The AMPA
GluR2/3 subunits (a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptor; a non-NMDA-type ionotropic
transmembrane receptor for glutamate), the specific cell
adhesion molecule L1 and the GPI-anchored prion protein
were found in the EMV fractions of these cultures and the
EMV release was enhanced by potassium-induced depolariz-
ation. It was proposed that EMV can have a regulatory
function at synapses [65]. It is possible that that the presence
of the GluR2/3 subunits of AMPA receptors in MEV, known
to be enriched in the somatodendritic compartment, can lead
to an increased transient formation of heterotetrameric
AMPA receptors built up of dimeric GluR2 and dimeric
GluR3 subunits in the cortical neurons. Thus, AMPA receptor-
mediated glutamate transmission may be speculated to have
become altered by EMV-mediated VT between neurons [67].
Because GPCRs are key molecules in decoding neurotrans-
mitter information and previous studies have demonstrated
that extracellular vesicles carry some G proteins, we investiga-
ted whether extracellular vesicles can transport functionally
competent GPCRs from a donor to a target cell. Thus, the
ability was investigated whether target cells can recognize
and decode signals by means of receptors that they did not pre-
viously express [54]. The findings demonstrated that adenosine
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Table 3. Characterization of the extracellular-vesicle-mediated volume transmission from the various cell types of the CNS.

cell type type of EVs
neurons exosomes and

microvesicles plasticity
astrocytes exosomes and

microvesicles

oligodendrocytes exosomes

transfer compounds, acceptor cells, function

Hsp, Flottilin, miRNA, GIuR2; nerve cells; synaptic and extrasynaptic exocytosis leading to neuronal

mitochondria,vAvTP, Hsp70, Synapsin1; fvunctionalvgvlut‘amate trénéporters, FGF-2, VEGF, matrix métalld-
proteinases, microRNA-29; astrocytes and neurons; potential role in repair and neurodegeneration
myelin proteins (e.g. PLP, CNP), mRNA miRNA, glycolytic enzymes, tetraspanins, Hsp; neurons, especially

axons, oligodendroglia (autocrine role), MHC class Il microglia (degradation); trophic support of axons via

internalization of oligodendrocyte exosomes

. m|crogl|a e exosomesand R
microvesicles

neurotransmission

enddthelial cells endothelial

microparticles

externalized phosphatidylserine (high levels), interleukin-Tbeta, caspase-1, P2X7 receptor, aminopeptidase N,
MHC dass II, monocarboxylate transporter 1; recipient microglia, neurons; enhanced inflammation and

shedding from plasma membrane (less than 1 m in diameter); phosphatidyl overexpression, adhesion
molecules specific for mature endothelial cells; in circulation, interacting especially with monocytes; role

in stroke and CNS inflammation

A2A receptors capable of recognizing and decoding extracellu-
lar signals can be safely transferred via extracellular vesicles
from source to target cells in cellular models. The evidence
indicated that GPCRs could be transported via extracellular
vesicles to recipient cells likely mainly in the form of mRNA
but also as proteins, which adds a further level of plasticity.
In fact, a recipient cell, after receiving the extracellular vesicle
cargo, can induce the translation process of the extracellular
vesicle-derived mRNA, and the receptor formed can acquire
the ability to respond to its neurotransmitter ligand [54]. This
mechanism can increase the plasticity of the cells. However,
it is also possible that an unspecific delivery of GPCRs via
this mechanism can induce a misresponse to the neurotrans-
mitter in the acceptor cells, which can lead to malfunction.

In addition, other cells in the CNS such as astrocytes
[68,69], microglial cells [70] and oligodendrocytes [71] release
EMVs (table 3). Astrocytes can release EMVs by an ATP-
induced stimulation of P2X7 receptors followed by an
action of acid sphingomyelinase [72]. The astrocytic EMVs
move into the extracellular space and carry a large number
of transfer compounds such as mitochondria, mitochondrial
DNA (mtDNA), ATP, Hsp70, functional glutamate transpor-
ters, FGF-2, miRNA, etc. (table 3) [68,73-78]. The acceptor
cells are both astrocytes and neurons and dependent on the
cargo in the EMVs they may produce, for example, neuropro-
tection or degeneration [68,79,80]. It is of substantial interest
that astrocytic EMVs can contain excitatory functional
amino acid transporters (table 3) which are targeted to
EMVs by protein kinase C and the activity of cells [75].
Thus, these types of EMVs from astrocytes may have a special
role in VT by scavenging glutamate in the ECF, reducing
excitation and neurodegeneration.

The microglia are regarded as dynamic sensors of CNS dis-
ease, trauma and degeneration [81]. EMVs containing P2X7
receptors (belonging to the family of ionotropic purinoceptors
for ATP), interleukin-1beta (IL-1beta) and its processing enzyme
caspase-1 are released from reactive microglia by ATP activation
(table 3) [82]. Furthermore, activation of the P2X7 receptors in
the microglial EMVs may lead to IL-1beta processing and release
of IL-1beta into the ECF from the EMVs and development and
spread of inflammation in the CNS [48]. This involves the

transmission of the microglial EMVs to recipient microglia
(table 3) with upregulation of the expression of genes enhancing
inflammation (IL-1beta, IL-6, cyclooxygenase-2, etc.) [47]. Micro-
glial/ macrophage EMV-mediated VT appears to play a relevant
role in neuroinflammation, for example, in multiple sclerosis
and represents a target for treatment of CNS inflammation. The
possible differential roles in VT of diffusion and flow of soluble
peptides and proteins in the ECF versus their transport in EMVs
which diffuse and flow in ECF remain to be determined.

Microglial EMVs via VT also communicate with neurons
and enhance excitatory transmission [46,76,77]. These EMVs
can also express a number of proteins found also in
EMVs from B cells and dendritic cells [70,83]. Microglial
EMVs also express MHC class II molecules upregulated
by interferon-gamma [70]. Their relevance for antigen
presentation and CNS immunity is, however, unknown
[76]. In inflammation, T cells can penetrate the blood—brain
barrier and reach antigens presented by microglia which pro-
duces a number of effector functions, including cytotoxic
functions [83].

It is of interest that microglial EMVs inter alia contain
aminopeptidase CD13 which inactivates leucine- and meth-
ionine-enkephalins [70]. Thus, it seems possible that this
may result in an extracellular-vesicle-mediated increase in
enkephalin VT.

The oligodendrocyte exosomes contain myelin proteins
such as PLP and CNP, glycolytic enzymes, stress protective
proteins, mRNA and miRNA [71] (table 3). Axonally released
glutamate activates exosome release from oligodendroglia
mediated mainly by glial NMDA receptors [77]. It is linked
to the electrical activity of neurons which in turn can interna-
lize the oligodendroglial exosomes. This process also takes
place in vivo and occurs especially at the axonal but also at
the somatodendritic level leading to maintenance of axonal
integrity and protection of neurons from oxidative stress. It
demonstrates that glutamate-triggered exosome transfer
mediates oligodendrocyte—neuron communication maintain-
ing the health of axons [77]. In our group, glutamate (100 wM,
24 h) was also found to increase extracellular vesicle release
from glioblastoma cells as demonstrated with atomic force
microscopy (figure 3).
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glutamate effects on extrasynaptic vesicles release by astrocytes
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Figure 3. Effects of glutamate (100 M) for 24 h on the release of extracellular vesicles from glioblastoma cultures (U87MG). Conditioned medium (33 ml) was collected
and processed for exosome isolation. Extracellular vesicles were purified by differential centrifugation at 4°C, starting with a centrifugation at 300g (10 min) and followed
by centrifugations at 12 000g for (20 min), and 100 000g (120 min). The resulting extracellular vesicle pellets were washed with phosphate-buffered saline (PBS) and then
collected again by ultracentrifugation at 100 000g (120 min) and resuspended in 500 .l PBS. Purified exosomes were further diluted up to 1: 150 ratio with PBS and
evaluated for number and size by atomic force microscopy (AFM) analysis. In detail, 10 ! of the obtained suspension was adsorbed to freshly cleaved mica sheets for
15 min at room temperature, rinsed with deionized water, and air dried. A nanoscope llla multimode AFM (Veeco) in tapping mode with silicon probes (K = 50 N m™")
was used. Constant force was maintained for imaging all samples. Topographic (height) and amplitude images were recorded simultaneously at 512 x 512 pixels at a
scan rate of 2.03 Hz. The height and amplitude (equivalent to a map of the slope of the sample) images are representative of the exosome morphological characteristics.
Height image processing was performed using Gwyooio 2.5 software. Data are presented as number of extracellular vesicles um 2 + s.e. (7 = 9—12). The colour scale
on the right expresses the height of the surface features in intrinsic units (voltage), representing the voltage generated by the piezoelectric cantilever when the tip is
moved at each given z-coordinate. This voltage is linearly related to the height in natural coordinates (nm). Thus, the colour bar has as a minimum value of elevation, the
brown colour, and as a maximum value of elevation, the white colour (L. F. Agnati, D. Guidolin, G. Maura, C.Tortorella, M. Marcoli, G. Leo, C. Carone, S. Genedani,
D.0. Borroto-Escuela and K. Fuxe 2013, unpublished data). (Online version in colour.)

A possible fundamental role could be played by extra-
cellular vesicles called endothelial microparticles (EMPs)
released from the brain endothelial cells lining capillaries
and forming part of the blood-brain barrier for the bidirec-
tional brain—body connections [83]. Brain endothelial cell
extracellular vesicles can externalize brain-specific bio-
markers into the blood stream and, via transcytosis, allow
the migration of blood-borne molecules into the brain
[86,87]. They are present in the circulation and are increased
in infectious and thrombotic states indicating an involvement
in such states [87,88]. Their blood levels are positively corre-
lated to stroke severity [83]. In brain inflammation, cytokines
such as IFN-gamma increase the release of EMPs from the
brain endothelial cells. EMPs appear to preferentially interact
with monocytes and EMP-monocyte conjugates are elevated
in multiple sclerosis [89]. Such complexes also demonstrate
an increased ability to migrate through human brain micro-
vascular endothelial cell monolayers. These observations
open up new perspectives for diagnosis and therapeutic
interventions in brain diseases. Thus, endothelial cells can
release EMPs to be used as diagnostic/prognostic blood-

accessible biomarkers for some brain pathologies. Further-
more, the administration of suitable extracellular vesicles can
allow drug delivery via transcytosis across the blood—brain
barrier [85]. Thus, exosomes derived from dendritic cells can
be used as targeted vehicles of drug delivery to the brain.
Another example is the use of T-cell-derived exosomes to deli-
ver anti-inflammatory drugs to the mouse brain via their
injection into the nasal region [90]. It is of high interest that
intravenous administration in rats of exosomes released from
mesenchymal stromal cells promotes functional recovery and
neurovascular plasticity after stroke [91]. In addition, it is poss-
ible that extracellular vesicles from brain endothelial cells can
target and modulate the signalling of the trophic/neurovascu-
lar units of the CNS [92-94] via the roamer type of VT. Thus,
the VT signalling of these units between the neuronal-glial
networks and the endothelial cells may not only involve the
ECEF diffusion of soluble signalling molecules such as transmit-
ters and trophic factors but also the roamer type of VT.

The extracellular vesicles in the CNS use the extracellu-
lar space for migration to target cells by means of pressure,
temperature and concentration gradients. This extracellular

S0S0£107 695 9 205 Yy ‘suny] g BuoBusygndkenosiedorgs: |


http://rstb.royalsocietypublishing.org/

Downloaded from http://rstb.royalsocietypublishing.org/ on July 19, 2018

A new type of wiring transmission: the TNT type of WT

@ radius of 25-100 nm; length 15-60 um

TNT

main features of tunnelling nanotubes (TNT) wiring transmission:

@ straight, transient connections between cells

tunnelling nanotubes allow intercellular

cargo transfer of organelles, endosome-derived
vesicles and membrane-anchored proteins, mtDNA,
inside or along the plasma membrane surface

3 um

Figure 4. Upper panel: schematic of some main aspects of the tunnelling nanotubes (TNTs) WT [32—34,107]. Lower panel: morphological evidence that TNTs can
connect rat primary neuronal cells. The experimental procedure was as follows: TNT fluorescence labelling was performed by a fluorescent wheat germ agglutinin
conjugate (WGA; Alexa Fluor 594 conjugate, 1 mg ml~": Molecular Probes, Invitrogen, Eugene, OR, USA) directly added to the culture medium (1:400) at room
temperature for 10 min. Subsequently, cells were washed with serum-free medium, and fresh medium was added. Live cell images were taken with a Leica DMIRE2

confocal microscope equipped with a 63 oil objective. (Online version in colour.)

vesicle-mediated communication therefore represents a special
type of VT [13,26]. It has been called the roamer type of VT,
because the extracellular vesicles, like the roamer’s bag, are
filled with important material. This type of VT may have the
unique feature of building up a new molecular network of
receptors in the target cells by intercellular transfer via the
extracellular vesicles of competent GPCRs not otherwise
expressed by the target cell [53].

(d) Pathological relevance in the central nervous system
Exosomes appear to be vehicles for transfer of toxic proteins
such as amyloid-beta-derived peptides and alpha-synuclein
in the brain increasing the spread of neurodegeneration in
Alzheimer’s disease and Parkinson’s disease, respectively
[95,96]. Furthermore, there is the transfer of the chemokine
receptor CCR5 between cells by extracellular vesicles which
is a mechanism for the spread of cellular human immunode-
ficiency virus 1 infection (HIV1) [97]. CCRS5 is the principal
coreceptor for HIV1.

Extracellular vesicles are also vehicles for cancer genes [98].
They, for example, transfer the oncogenic receptor epidermal
growth factor receptor EGFRVII from glioma cells to neigh-
bouring glial and endothelial cells inducing proliferation, and
vascular endothelial growth factor, which leads to increased
vascularization [99]. Furthermore, epigenetic reprogramming
takes place via mRNA and/or miRNA transfer importantly
contributing to the change in the phenotypic state of the recipi-
ent cells [53]. Glioblastoma cells can also transfer EGFR via
extracellular vesicles [100] underlining that RTK transfer via
this type of VT can play a major role in tumour growth.
Novel therapeutic avenues will emerge by targeting different
types of mechanisms in the extracellular vesicles [31].

It is of substantial interest that the extracellular-vesicle-
mediated VT appears to modulate the plasticity of the
neuronal—-glial networks of the CNS via transfer especially of
ion channel receptors, GPCRs and/or RTKSs through receptor
mRNA and/or protein which become functional in the target
cells. Receptor homomers and heteromers may also be trans-
ferred. However, experimental support for this view is needed.

5. Tunnelling-nanotube type of wiring
transmission

In a breakthrough paper, Gerdes and co-workers proposed
the existence of a novel type of intercellular communication
based on nanotubular highways for intercellular organelle
transport and transport of membrane vesicles [32]. They
were identified in a variety of cultured cell systems, including
cells of the immune system, kidney cells, PC12 cells and
cells from human glioblastoma (figure 4 and table 2)
[13,32,33,101,102]. TNTs have a diameter of 50—-200 nm and
a length up to several cell diameters. These straight transcel-
lular channels could lead to the formation of syncytial
cellular networks [32,33,103,104]. They are transient struc-
tures having variable lifetimes ranging from less than
60 min (T cells, neuronal cells) up to several hours (PC12
cells) [101]. There are two processes that can lead to the for-
mation of TNTs [104]. We have actin-driven protrusions from
one cell which can connect with another cell via open-ended
or closed TNTs. The possibility that protrusions from two
cells can meet should be considered, but has so far not been
demonstrated. The other process can involve the coming
together of two cells which then move away from each other.
It is a time-dependent process taking several minutes.
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(a) Neuronal cells

In neuronal cells (figure 4), there is an actin-driven protrusion
of the TNT which may connect with a close-by cell. F-actin
is the cytoskeletal component and membrane continuity
exists [32]. Cargo transfer of endosome-derived vesicles and
membrane-anchored proteins takes place. The mechanism
involves a unidirectional vesicle transfer which is based on
actin action [101]. It seems possible that membrane receptors
can move via TNTs from the plasma membrane of one cell to
the plasma membrane of another cell [53]. Through such a
mechanism, one cell can acquire for a transient time period
the capability to recognize and transduce signals which
otherwise would not be recognized.

Thus, TNTs likely represent an interesting and significant
type of WT in the CNS. Strong support exists for the view
that this WT mode of communication is indeed used by neur-
ons and/or by the other cell types in the CNS [3,13]. In fact,
blockade of TNTs by cytochalasin B, which inhibits both the
rate of actin polymerization and the interaction of actin fila-
ments in solution, inhibits intercellular transfer between
neuronal cells [105]. However, studies are required to better
characterize not only the cell types that in vivo can use this
possible mode of WT but also the triggering mechanisms
for the formation of TNTs from the initiating cells and the sig-
nals allowing the TNT connection with the proper target cell.
Significant in vivo data, however, do exist. The first in vivo
experimental evidence of TNTs was found in bone-marrow-
derived MHC class II+ cells in the corneal stroma of green
fluorescent protein (GFP) chimeric mice [106]. In corneal
whole mounts from wild-type, transgenic and enhanced
GFP chimeric mice, long fine cellular processes were found
originating from MH class II4- dendritic cells in the corneal
stroma. Some of these structures formed distinct intercellular
bridges between MHC class II4 dendritic cells. Furthermore,
a number of in vivo studies demonstrate TNT-like structures
during developmental processes in embryogenic tissues of
vertebrates and invertebrates [107].

(b) Astrocytes

In some types of neuronal cells such as PC12 cells, TNT
formation is independent of p53 expression [108]. However,
in astrocytes, it was found that the TNT formation is dependent
on p53 activation, a tumour suppressor protein giving cellular
and genomic stability [74]. When p53 function is deleted by
either dominant negative constructs or siRNAs, TNT develop-
ment is inhibited. It was also shown that among the genes
activated by p53, the epidermal growth factor receptor
was important for TNT development. Akt, phosphoinositide
3-kinase and mTOR also play a role forming a signalling
cascade activated by p53. It is of substantial interest that the
mammalian protein M-Sec in immune cells and in astrocytes
appears to have a key role in membrane nanotube formation
by interacting with Ral, a small GTPase, and its downstream
effector, the exocyst complex [109]. The M—Sec—Ral-exocyst
pathway seems activated by both p53 and the p53-induced
Akt-PI3BK-mTOR cascade. Furthermore, hydrogen peroxide
changed membrane and cytoskeleton properties and increased
TNT connections in astrocytes [110] and induced TNT in hip-
pocampal astrocytes and neurons [74]. Taken together, TNT
development in cells appears to take place particularly under
stress and may be one way to transfer cellular substances
from stressed cells to healthy cells which may increase their

stress resistance. However, TNT existence is not always
dependent on stress and is also linked to cell type [33,34].

(c) Astrocyte—neuron crosstalk in development

Developing hippocampal neurons were demonstrated to form
transient nanotubes with distant astrocytes [107,111]. TNTs
were found to mediate both transient calcium signals and
depolarization from distant astrocytes to neurons within a
limited maturation period. This was associated with high
expression of neuronal connexin 43. The TNTs may offer an
interesting mechanism for how astrocytes may give instruc-
tions for neuronal migration. It is of interest that calcium
signalling in the developing neurons was absent when they
were not electrically coupled with astrocytes. A model of cal-
cium diffusion alone through TNTs was therefore not
supported. Instead, the findings indicated a local influx of cal-
cium ions into neurons through activated low-voltage calcium
channels which open at low depolarization thresholds [111]. It
may be that VT via ATP and glutamate released from astro-
cytes in development is not as effective in producing
depolarization and increasing neuronal calcium signalling
via purinoceptors and NMDA receptors, respectively.

(d) Direction determination in neurons and astrocytes

It was recently demonstrated that the small calcium binding
protein S100A4 has a role in guiding TNTs as well as its
potential receptor (receptor for advanced glycation end pro-
ducts) [112]. For TNTs between astrocytes, S100A4 was
sufficient. However, for TNTs between neurons and astroglia,
neuronal activation was also required for targeting. This may
be a mechanism for TNTs to recognize healthy nerve cells
[112]. The mechanism for the S100A4 action appears to be
that in TNT-initiating cells, p53 activates caspase-3, which
leads to S100A4 cleavage and its subsequent decrease in cellu-
lar concentration. The decrease in cellular SI00A4 induces the
formation of a gradient of S100A4, from a low concentration
in initiating cells towards a high concentration in target cells.

(e) Pathological relevance of tunnelling nanotubes in

the central nervous system

It was reported that prions (PrP*) hijack TNTs for intercellu-
lar spread [113]. In neuronal CATHa-differentiated (CAD)
cells (CNS catecholaminergic cell line) PrP> spread between
infected and naive cells via TNTs. Transfer also occurred via
TNTs between bone-marrow-derived dendritic cells and pri-
mary neurons. Thus, it is likely that PrP*° can spread among
CNS neurons via TNTs. It is also of substantial interest that
Brundin ef al. [114] found a prion-like transmission of protein
aggregates in neurodegenerative diseases. It is therefore poss-
ible that TNTs can participate in the spread of pathological
proteins and their aggregates in conformational protein dis-
orders. Support for this view was recently obtained by the
demonstration of transfer of polyglutamine aggregates in
neuronal cells through TNTs [115]. It should also be noted
that mutated but not wild-type Huntington fragments
increased the number of TNTs, which increases the capacity
for transfer. Secreted aggregates did not become transfer-
red to naive cells. In rotenone-poisoned glioblastoma
cells, mitochondria were transferred via TNTs to healthy
cells, and amyloid precursor protein was found in TNTs
from glioblastoma cell cultures [13].

S050£L07 ‘69 § 205 'y "Subd] g Buo'Buysygnd/aaposiedorguss H


http://rstb.royalsocietypublishing.org/

Downloaded from http://rstb.royalsocietypublishing.org/ on July 19, 2018

New concepts are being developed on WT in the CNS
based on the discovery of TNTs in neuronal and glial cul-
tures. This exciting field of research will, in the future, give
the answer as to their existence in vivo in the brain and to
their functional and pathological significance.

6. Future developments

For CNS communication, it will become of paramount
importance to validate and understand the role of extracellu-
lar-vesicle-mediated VT and tunnelling-nanotube-mediated
WT in the neuronal-glial-endothelial networks of the
CNS. What functions can these types of VT and WT trans-
missions perform that cannot be executed by other classical
forms of VT (extrasynaptic and long-distance communication
in ECF and CSF) and WT (synaptic and GJ communication)?

The specificity and distance of extracellular vesicle communi-
cation in the CNS is still unclear, but it certainly offers an
exciting new way to change the phenotype of CNS cell popu-
lations. A substantial number of observations by many
groups give strong support to the concept that these novel
forms of VT and WT can strongly contribute to the spread
of prions and of prion-like neurodegenerative diseases such
as Alzheimer’s disease and Parkinson’s disease as well as
of human immunodeficiency virus type 1.
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