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ELSEVIER

Tunneling nanotubes: Reshaping connectivity

Chiara Zurzolo

Abstract

Tunneling nanotubes (TNTs), open membranous channels
between connected cells, represent a novel direct way of
communication between distant cells for the diffusion of
various cellular material, including survival or death signals,
genetic material, organelles, and pathogens. Their discovery
prompted us to review our understanding of many physiolog-
ical and pathological processes involving cellular communi-
cation but also allowed us to discover new mechanisms of
communication at a distance. While this has enriched the field,
it has also generated some confusion, as different TNT-like
protrusions have been described, and it is not clear whether
they have the same structure—function. Most studies have
been based on low-resolution imaging methods, and one of the
major problems is the inconsistency in demonstrating the ca-
pacity of these various connections to transfer material be-
tween cells belonging to different populations. This brief review
examines the fundamental properties of TNTs. In adult tissues,
TNTs are stimulated by different diseases, stresses, and in-
flammatory signals. ‘Moreover’, based on the similarity of the
processes of development of synaptic spines and TNT for-
mation, we argue that TNTs in the brain predate synaptic
transmission, being instrumental in the orchestration of the
immature neuronal circuit.
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Introduction

In 2004, Gerdes and colleagues reported a previously
unrecognized form of cell-to-cell communication: long,
membranous protrusions connecting distant cells in
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culture named tunneling nanotubes (TNTs) [1]. These
cellular extensions are unique as they allow the transfer
of various-sized cargoes, from small molecules (e.g.
calcium ions) and macromolecules (nucleic acids, pro-
teins, etc.) to entire organelles (vesicles, lysosomes,
mitochondria, autophagosomes, etc.) between connec-
ted cells [2]. The connection of multiple cells by TNTs
leads to the formation of functional cellular networks

[3].

Gerdes’ seminal paper defined TN'Ts very clearly:
“TNTs are open-ended channels mediating mem-
brane continuity between connected cells” [1] (See
Box 1). In this definition resides the revolutionary
concept that has shaken the cell biology field and
incited great debate amongst the scientific commu-
nity [4]. This discovery challenged the very dogma of
cells, the basic structural, functional, and biological
unit of all known organisms, as distinct entities.
Indeed, the discovery of TNTs established the
concept of super-cellularity [5]. Super-cellularity
allows for the rapid balance of metabolic needs, nu-
trients, nucleic acids, as well as stress factors and or-
ganelles through long-range exchanges between cells
not immediately in contact; thus, TNTs facilitate fast
and specific responses between cells regardless of
distance and diversity of tissue. Another mechanism
that allows rapid communication between distant
cellsis represented by the synapse that is exclusive to
the brain; rapid and fast communication between
brain areas and between the brain and the rest of the
body is assured by long specialized cellular pro-
trusions called axons. Through a synaptic connection,
the axons propagate electrochemical signaling to
downstream populations, which can be very distant
from the input-originating cell.

Following a survey of recent literature, I will argue
that TNTs represent an early feature of cells (See Box
2). In the specific case of neuronal cells, TNTs would
predate brain development and synaptic trans-
mission, as we know it. This hypothesis is based on the
eukaryotic presence of TN'Ts in nondifferentiated
cell-states showing this ‘presynaptic’ ability for fast
and specific long-distance communication. Thus, in
many ways and in more specific cases that I will
analyze below, this discovery has the potential to re-
write some pages of biology text books.
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140 Membrane Trafficking

Box 1. TNT variety and definition

According to the original definition, “TNTs are open-ended channels mediating membrane continuity between connected cells” [1] (Figure 1).
TNTs are membrane protrusions directly connecting cells that do not derive from cell division. In tissue culture, they fulfill the following criteria:

Have a diameter between 50 and 700 nm (with an average of 200 nm)

Have a length from tens up to several hundred microns (average between 20 and 100 pum)
Hover on top of the substratum and are very dynamic

Contain actin®

Provide cargo transport

Establish continuity of the plasma membrane of the connected cells

Are open-ended

NO oA~ WN =

*Regarding the cytoskeletal composition, in addition to actin, TNT-like protrusions have also been shown to contain microtubules [6]. We have
excluded this from the specific characteristics of bona fide TNTs as the tubulin-containing structures are thicker than average TNTs and appear to
be closed-ended [6]. Some cells have been shown to contain both types of connections: actin only and actin and microtubules [7,8]. Nevertheless,
their functionality seems to be rather disrupted by the use of drugs that depolymerise actin rather than tubulin [7,9].

Since their discovery, multiple studies have reported the presence of TNTs between cell types of various origins in vitro, namely epithelial,
endothelial, mesenchymal, neuronal, muscle and immune [6]. The TNTs described up-to-date in the various conditions and cellular contexts show
high variability in their morphology, in terms of length, thickness and cytoskeleton content [6]. This morphological heterogeneity, the lack of
molecular targets for TNT identification and structural characterization, combined with low-resolution imaging methods used to date [10] are major
limitations in TNT investigation. More clarity is needed in addressing the existence of either one or several types of bona fide TNTs and whether
different structures allow for different cellular functions.

A major shortcoming of current studies is the inconsistency in assessing or demonstrating the capacity of these various connections to transfer
material between cells belonging to different populations. As the distinguishing property of TNTs, compared to other similar structures, is their
transfer capacity, the term TNT should be used only when this condition is fulfilled and experimentally demonstrated [10]. Indeed, the use of
ambiguous nomenclature (e.g.; nanoscale conduit, interpericyte (IP)-TNTs, Ras homolog enriched in the striatum (Rhes)-Tunnels, microtubule
(MT)-nanotubes or simply nanotubes [6,7,11,12], in the last 10 years has diverged from the original and precise definition of TNTs given by
Gerdes and collaborators [1]; this necessitates better technical approaches and more rigor in the study of TNTs.

Nevertheless, this does not mean that protrusions that do not fulfill the aforementioned characteristics are not important nor involved in inter-
cellular communication. On the contrary, the discovery of TNTs has aroused a new interest into the exploration of new remote communication
mechanisms [6,7,11—-13]. Yet, consistent reporting is crucial in new discoveries. When the membranous protrusions do not ensure direct
communication between cells (i.e., they do not enable the formation of an open tunnel, but rather resemble closed filopodia-like protrusions), or
when transfer capacity is not verified, a more appropriate appellation or the general term ‘TNT-like’ should be used (Figure 1).

Open-ended TNTs and the mystery of fusion

Questions still linger on the open- or close-endedness of
TNTs. This can be addressed by studying their ultra-
structure using electron microscopy (EM)-based ap-
proaches. Yet, conventional embedding and dehydration
methods for sample preparation in transmission and
scanning EM (TEM and SEM, respectively) are not
suitable for preserving the fragile structure of TINIs and
their actin cytoskeleton [14—16]. The cryo-correlative
light EM (cryo-CLLEM) approach, albeit technically
quite challenging, is the best option to preserve the
membrane structures identified to date by fluorescence
microscopy (FM) and live-cell imaging [14]. In practice,
cryo-CLEM, cryo-electron tomography (ET) and
focused ion beam SEM (FIB-SEM) have revealed that
the structure of TN'Ts is very different from filopodia as
TNTs can form bundles of thin parallel tubes (named
individual TNTs, iTNTs) in human and mouse neuronal
cells. These i'TN'Ts contain actin bundles and vesicles
and are held together by linkers containing N-Cadherin
[14]. In addition, FIB-SEM data also shows that iTNTs

can be open-ended and closed-ended (Figure 1); this
technique can be further improved to better resolve the
membrane structure at the contact site, for example, by
using cryo-FIB-SEM [17]. Insofar as these advanced EM
microscopy approaches are technically demanding, and
require specific, costly instruments and trained
personnel, there is a lack of studies to date, which have
tried to approach this problem [10]. In light of the
continuous improvement and larger availability of
technologies [18], these issues will be fully addressed in
different physio-pathological conditions and diverse
tissues in the near future. Notwithstanding, the use of
live and quantitative fluorescent and super-resolution
microscopy can discriminate TNTs from other struc-
tures with a reasonable margin of error [10,16].

While the mechanism of TNT formation has been the
subject of a few studies that have identified the critical
role of actin remodeling and membrane trafficking
[19,20], little effort has been put into investigating the
molecular mechanisms of fusion that must occur
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Figure 1

Tunneling nanotubes Zurzolo 141

W e N

filopodia ﬁ\/

a OPEN-ENDED TNT

W N

filopodia —, A

b CLOSE-ENDED TNT

/‘\ Actin +

filopodia — \/

c TNT-LIKE STRUCTURE

A

y N

filopodia — \/

d TNT-LIKE OR PRE-FUSION ?

Current Opinion in Cell Biology

Schematic representation of the main types of open- and closed-ended TNTs and alike protrusions observed in vitro. (a). Classical thin open-ended TNTs
supported by filamentous actin. (b). Closed-ended actin supported TNTs allowing transfer of electrical signals and small molecules through a Gap
Junction placed at one end. (c). Thicker TNT-Like structures containing both actin filaments and microtubules, closed-ended. These structures allow
communication at the tip (e.g., exchange by receptor-mediated signaling or by vesicle budding/uptake, not depicted, but indicated by “?’). (d). Closed-
ended TNT-like structures poking into the connecting cell or prefusion event of a classical TNT. The actin depicted in the receiving cell has not been
observed but is hypothesized to be present by analogy with Drosophila myoblast fusion (Original schematic from Diego Cordero-Cervantes, modified by
Beatrice de Cougny, “Service Communication Institutionnelle et Image de I'Institut Pasteur”).

between the tip of a nascent TNT and the plasma
membrane of the opposing cell, or between the mem-
branes of two TNTs coming from opposite directions
(Figure 1). The discovery showing that neuronal cell
"TNTs often correspond to a bundle of iTNTs, connec-
ted through N-Cadherin linkers [14], may hint at this
fusion mechanism [21], in which case these i'TNT
bundles would be the precursors of thicker single tubes.

Cell adhesion molecules (CAMs), like N-Cadherin can
promote membrane juxtaposition that allows mixing of
the lipids and initiation of the fusion pore formation
[22]. CAM function, however, must be differently
regulated beyond its role in the formation of cell junc-
tions in order to avoid the formation of a classic junc-
tional complex and a massive fusion of adjacent cells,
which establish junctional complexes (e.g., epithelial
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tissue or neuromuscular junctions). A revealing example
comes from studies of Drosophila myoblast fusion where
a genetic screen has identified CAMs, adaptor proteins,
actin cytoskeletal regulators, and vesicle trafficking
proteins (reviewed in Ref. [22]). More specifically,
Chen and collaborators have elegantly uncovered the
critical role of the actin cytoskeleton in cell—cell
membrane fusion. They showed that, while the fusion-
competent myoblast (FCM) drills actin
polymerization-mediated fingerlike protrusions into the
founder cell, the latter builds a stiffer actin cortex to
resist the invasive forces. They propose that following

Box 2. TNT purpose and origin

Over the last 15 years, TNTs have been shown to transfer organ-
elles, pathogens, ions, genetic material, and misfolded proteins
[8,15,21,26—28] and proposed to participate in a range of physio-
logical processes such as differentiation, tissue regeneration, and
immune responses [3]. Current data suggest that TNTs are mini-
mally present in adult tissues (perhaps excluding the immune
system) in physiological conditions [3,29]. Rather, it appears that
they are stimulated by different diseases, stresses, and inflamma-
tory stimuli and may be implicated in disease transmission [3,5,13].
For example, several pathogens have evolved to adapt, or even
hijack, TNTs to amplify their capacity for infection and to spread
toxicity between connected cells [8,21]. We unequivocally demon-
strated that TNTs transfer prions and other amyloid proteins (e.g.,
tau and a-synuclein involved in Alzheimer's and Parkinson’s dis-
eases, respectively) between neuronal cells in vitro [30,31] and
proposed that they may play a major role in the progression of
neurodegenerative diseases [26]. Conversely, TNTs are involved in
metabolic rescue mechanisms by transferring healthy second
messengers, mitochondria or lysosomes, into damaged cells [27].
This rescue mechanism, in the case of cystinosis [32], contributes to
disease rescue, yet, it may promote the progression of several
cancers [33—-35].

The observation that diverse pathogens like viruses, bacteria, and
prions can exploit TNTs and TNT-like structures to invade eukaryotic
cells is compelling; it implies these structures may have an ancient
evolutionary origin and a function in intercellular communication that
has hitherto been underestimated. Emerging evidence supports the
existence of various TNT-like connections (called cytonemes,
signaling filopodia, MT-TNTs) [6,29] in embryonic development.
Here, they play a role in signaling, as well as material exchange
between distant cells; they determine cell synchronization, posi-
tioning, and fate in the embryo [36]. The most prominent feature
distinguishing these other types of cell protrusions from TNTs is that
they are closed-ended. Thus, while TNTs allow the transfer of
cargoes through establishing cytoplasm continuity the latter allows
signal transduction and transfer of proteins through a receptor-
dependent mechanism. Open-ended TNTs have not been found in
the embryo [29]. Given their electrical coupling and signaling ca-
pacity, TNTs in the embryo may regulate morphogenic migratory
activity [37], and contribute to synchronizing cell divisions and
programmed cell death by exchanging cell death signals. As shown
in vitro in the case of muscle cells and cardiomyocyte differentiation
from stem cells, TNTs may also contribute to cell fate determination
in the embryo [38]. Whether TNTs coexist in vivo with other pro-
trusions and whether some of these other ‘specialized filopodia’
connections could indeed be true TNTs needs further investigation.

CAM-mediated contact, the mechanical interactions
between the two fusion partners push the two cell
membranes close enough to promote fusion and that
spectrin functions as a mechanosensor of the shear
forces at the fusion synapse [22,23]. Similar invasive
actin protrusions have been found in mammalian cell
fusion sites [24], and many of the molecules involved in
the fusion of Drosophila myoblasts are also present in
mammals [25].

Strikingly this is also reminiscent of the images we ob-
tained by FIB-SEM; we observed closed-tip TNTs
invaginating within recipient cells [14] (Figure 1). It is
conceivable to hypothesize that the combination of
adhesion and mechanical forces is also involved in TNT
tip fusion. These premises open the TNT field of study
to further exciting exploration. Assessing the role of
actin and other molecules shown to be involved in cell-
to-cell fusion may give interesting hints on the mecha-
nism of fusion in TNTs.

The case of the brain

One of the most difficult questions asks whether clas-
sical, open-ended TN'Ts exist in living organisms. In
addition to developmental biology, this quest is partic-
ularly interesting in the brain. In its complexity, the
brain is a fascinating organ where synaptic transmission
is very reminiscent of TNT-mediated signaling. Inter-
estingly, signaling mediated by cytonemes in the embryo
shares morphological and molecular characteristics with
neuronal synapses; thus, the creation of the term
morphogenetic synapsis has been coined [36].

Exciting new data shows that decapentaplegic (DPP)
signaling at the air sac primordium ASP, the precursors
to the dorsal thoracic air sacs found in adult Drosophila,
could be mediated by functional glutamatergic synapses
on cytonemes [39]. This is consistent with the presence
of an evolutionarily conserved mechanism for cellular
communication that might be functioning in different
tissues and contexts. Is it possible that T'N'Ts facilitate a
form of presynaptic communication at a distance in the
brain? Furthermore, is it possible that the establishment
of TN'T connections contributes to the shaping of
mature neuronal circuits?

Our hypothesis is that TNTs could serve as a nonsy-
naptic mechanism for intercellular communication; they
are instrumental in the orchestration of the immature
neuronal circuit and partially responsible for mature
synapse-based circuitry.

Open-ended TNTs and closed-ended TNTs
in brain development

The possibility that open-ended TN'Ts may exist in the
developing brain is supported by several facts. For
example, the similarity of processes involving actin
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remodeling and filopodia intercalation in spine devel-
opment and TNT formation [20,40].

The actin regulator Eps8 is a potent inducer of TN'Ts in
neuronal cells [41]. The formation of dendritic spines is
regulated by Eps8 through its capping and bundling
activity [42]. In the brain, Eps8 is localized post-
synaptically in the dendritic articulations of cerebellar
granule neurons and in axons of cultured hippocampal
neurons, where it regulates the formation of filopodia.
Finally, Eps8 knockout (K/O) mice display immature
spines and impaired cognitive functions, and Eps8 levels
are reduced in the brains of patients affected by autism
[42]. Altogether these data support a possible role of
EPSS in the regulation of TN'T formation during brain
development.

The Wnt/Ca2+ pathway regulates TNTs in primary
neurons in culture in early brain development through
Ca2+/calmodulin-dependent  protein  kinase  II
(CaMKII) [43]. BCaMKII has been shown to regulate
synaptic plasticity in the hippocampus and the cere-
bellum through actin remodeling [44]. The Wnt
pathway is also involved in the formation of cytonemes.
However, the downstream players are different. While
the downstream activation of beta-catenin regulates
cytonemes, TNTs are stimulated by the Ca-calmodulin
pathway [43,45]. This suggests that cytonemes and
'TNTs are, in fact, different structures that might have
diverse developmental functions. Thus, it will be
interesting to investigate the role of Eps8 and Wnt in
the formation of presynaptic TNT-like protrusions
during brain development.

One of the earlier discovered TNT inducers in neuronal
cells that further supports our hypothesis that TNT
plays a role in shaping brain circuitry during develop-
ment is Myosinl0 (Myol10) [46]. Myol0 is highly
regulated during nervous system development and
exists in two forms [47], the full-length and the ‘head-
less’ isoform; the ‘headless’ isoform lacks motor activity
and is differently regulated during development
[47,48]. In cortical neurons, these two forms seem to
have opposite effects on axon outgrowth, as full length
and headless Myo10 respectively stimulate and reduce
axons [48]. Headless Myol0 also suppresses the
filopodia-inducing activity of the full-length protein
when coexpressed in cultured fibroblasts [48]. Coex-
pression of both isoforms does not block TNT induction
in neuronal cells, thus highlighting regulation differ-
ences of filopodia and TNTs [46]. Knocking-out (KO) or
knocking-down (KD) Myo 10 in cortical neurons of
embryonic mouse brain impairs axon initiation and
contralateral branching/targeting. Similar axon deficits
are detected in Netrin-1-KO or netrin receptor Deleted
in Colorectal Cancer (DCC)-KD cortical neurons [49].
DCC and neogenin (NEOT1) have different affinities for
full-length Myo10 and the short headless form in
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filopodia elongation (mediated only by DCC, thus
different Myol0 expression levels in the developing
brain could be a mechanism for regulating TN'Ts during
development. Intriguingly Myo10 forms complexes with
N-Cadherin adhesion molecules in order to allow
neuronal radial migration [50] during neocortical brain
development. Together with our recent data showing a
possible role of N-Cadherin in TNTs, it would be
interesting to assess whether these two molecules
cooperate in the formation of TN'Ts in the brain.

TNTs could be instrumental in brain development due
to their capacity for transmitting electrical signals.
Indeed, a subset of ‘closed-ended’ TNTs facilitate
electrical coupling between cells through gap junctions
(GJ)), in particular connexin 43 (Cx43), at the tip of the
protrusion and the recipient cell [2,37].

Communication through GJ is a major signaling mech-
anism in early brain development as neural progenitors
are not excitable by chemical synapses [51,52]. These
structures could therefore play a role in neuronal
migratory processes via the propagation of depolariza-
tion signals to synchronize actin remodeling during brain
development [2,37]. During corticogenesis, connexin-
43 and connexin-26 are required to ensure that glia
guide the proper migration of embryonic neurons from
the ventricular region to the cortical plate [53]. It would
be interesting to assess whether glial guidance could be
mediated by TNTs that are electrically coupled to gap
junctions. Furthermore, connexin-36-dependent dye
coupling has been shown to occur between mature
neurons separated by more than 100 pm [54]. These
observations have not been followed up by subsequent
studies; however, they could be explained by the
intervention of TINTs as they span over such distances.

TNTs in the adult brain in health and
diseases

Recently protrusions comparable to closed-ended TNTs
have been described in the retina of a mouse 7z vivo [11].
In this elegant study, the authors showed the existence
of interpericyte bridges called interpericyte tunneling
nanotubes (IP-TNTs) that mediate bidirectional trans-
fer of Ca2+ between distant pericytes on two separate
capillary systems, forming a functional network in the
vasculature plexus. This network allows a spatial—
temporal regulation for the rapid redistribution of a
limited amount of blood between connected capillary
systems through IP-TNTs; the regulation phenomenon
is called neurovascular coupling and enables more blood
flow to run towards more active areas of the brain.
Human pericytes were previously shown to connect to
neuronal cells z vitro through 'TN'Ts and exchange both
a-synuclein aggregates and electrical signals [55].
Furthermore, TN'T-like protrusions originating from
pericytes, connecting to other pericytes or endothelial
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cells, have been shown to connect distant vessels in the
fetal cortex and glioblastoma explants. Thus, they may
play an essential role in the early phases of both physi-
ological conditions and in tumor angiogenesis in the
brain [56].

Interestingly Cx43, together with growth-associated
protein 43 (GAP-43), appears to be responsible for the
functional networking between glioma patient-derived
stem cells (GSCs) implanted in a mouse brain [57].
Cells were interconnected by tumor microtubes (TMs),
long and thick membrane protrusions containing actin
and microtubules, which are able to propagate ion
fluxes. Tumors of higher malignant grades formed more
TMs and were more resistant to irradiation, while
knockdown of Cx43 resulted in a decrease in TM-
mediated connections and increased sensitivity to
radiotherapy [57]. TMs are clearly distinct from TNTs
[35] yet, these data support the role of protrusion-
mediated signaling in the brain other than synaptic
connections. Furthermore, our recent data indicate that
organoids from Glioblastoma (GBM) patient stem cells
(GSGs) can form TMs but also classical TN'Ts that allow
the exchange of entire organelles like mitochondria
between interconnected cancer cells [35]. TNTs appear
prior to TMs in these organoids, suggesting that the
TNT-mediated network may be instrumental in the
formation of TMs and the invasive therapy-resistant
GBM phenotype observed # vivo in mice xenografts.

The upregulation of Myol10 in the brain during nerve
regeneration following sciatic axotomy or following pe-
ripheral nerve injury [58,59] suggests its role in
resuming TNT formation in the adult brain. This is
consistent with the fact that TNTs are stimulated by
different stresses and inflammatory stimuli. Typically,
amyloid aggregates increase the number of TN'Ts, and
Myo10 overexpression appears to increase the spreading
of prions and amyloid proteins between neurons [26].
Further studies should investigate whether Myol0 is
upregulated in the brain in neurodegenerative diseases.

Consistent with this hypothesis, our recent data indi-
cate that Eps8 overexpression also increases o-synuclein
spreading between neurons, while we have shown that
this is reduced in primary neurons derived from
BCaMKII K/O mice (Pepe et al., unpublished, [43]).
Exciting recent data indicate that neuron dedifferenti-
ation is one of the mechanisms of neurodegeneration in
early-onset familial Alzheimer’s disease [60]. Because
TN'Ts are more abundant in immature neurons, as well
as neuronal precursors, this could be again a mechanism
for disease progression [43].

Opverall, these results allow us to postulate that both
open-ended and closed-ended TNTs might have a
fundamental role in brain development. This hypothesis

extends the landscape for the investigation of TNT-
mediated communication in brain function and
dysfunction. I would suggest paying particular focus on
their possible role in neurodevelopmental disorders,
neurodegenerative diseases, and cancer.

Conclusions and perspectives

In 2004, the seminal discovery of TN'Ts as enabling a
novel mechanism of cell-to cell communication chal-
lenged my understanding of many physio-pathological
processes. TNT-mediated communication is already
proven  wvitro in multiple events/conditions, demon-
strating their tremendous potential in many fields
(immunology, virology, cancer, neuroscience, develop-
ment, therapy). Yet, no important undertaking comes
without challenges. On the one hand, we need to discover
the molecular, structural, and biophysical characteristics
of "T'N'Is iz vitro to enable our understanding of how they
facilitate cell communication. On the other hand, we
need to demonstrate their occurrence # vivo.

This review outlines that TNTs most likely exist
during development and likely play a major role in the
brain. This nonsynaptic intercellular mechanism of
communication may be instrumental in orchestrating
neuronal migration and in establishing functional
neural circuits. While the construction of the synaptic-
mediated circuitry may replace TNT-mediated
communication in most of the brain, TNTs might
still be present in selected areas during adult life.
Although the previous hypothesis is speculative, we
definitively know that TNTs can be exacerbated/
highjacked in diseases (e.g., cancer, Neurodegenerative
Diseases, infections) in response to stress and inflam-
matory signals [1,5,26,34].

In 1906, Camillo Golgi and Santiago Ramén y Cajal
shared the Nobel prize in « recognition of their work on
the structure of the nervous system » (https:/www.
nobelprize.org/prizes/medicine/1906/golgi/lecture/;
https://www.nobelprize.org/prizes/medicine/1906/cajal/
lecture/. Yet, the two scientists did not agree on the
fundamentals; Golgi believed that brain cells were
physically connected, allowing the brain to function as a
whole (reticulon theory), while Cajal believed that brain
cells worked as individual units (the neuron theory).
Cajal had the unique intuition that they communicated
through juxtapositions (later called synapses by Sher-
rington); he was correct, and this built a modern
neuroscience principle on which tremendous advances
have been based. Conversely, science works two ways, so
in the light of these new TN'T discoveries, should we go
back and reconsider?
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