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ABSTRACT  Intercellular communication is a fundamental property of 
multicellular organisms, necessary for their adequate responses to 
changing environment. Tunneling nanotubes (TNTs) represent a novel 
means of intercellular communication being a long cell-to-cell conduit. 
TNTs are actively formed under a broad range of stresses and are also 
proposed to exist under physiological conditions. Development is a 
physiological condition of particular interest, as it requires fine coordi-
nation. Here we discuss whether protrusions shown to exist during em-
bryonic development of different species could be TNTs or if they rep-
resent other types of cell structure, like cytonemes or intercellular 
bridges, that are suggested to play an important role in development. 
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INTRODUCTION 

In 2004, Rustom and colleagues observed ultrafine, short 
lived, intercellular connections formed between cultured 
rat pheochromocytoma PC12 cells, human embryonic kid-
ney (HEK) cells and normal rat kidney (NRK) cells [1]. These 
structures appeared to transfer vesicles between connect-
ed cells and were named tunneling nanotubes (TNTs) to 
distinguish them from other cell protrusions, and for their 
unique property to provide a seamless continuity between 
the cytosols of connected cells, as tunnels would do. TNTs 
were hovering above the substrate and bridging cells over 
long distances. Strikingly, while TNTs could reach the 
length of several cell diameters without attaching to a sub-
strate, they didn’t appear to contain microtubules, but only 
actin filaments. Based on their evidence, the authors pro-
posed that the key characteristic of TNTs was that they 
were able to establish cytoplasmic continuity and this in 
turn would allow the transfer of membrane vesicles be-
tween connected cells [1]. Cells had long been known to 

form informational networks by contacting neighboring 
cells as well as by releasing diffusible messengers that 
spread over long distances, but the possibility that cells 
could open up to each other (even if only transiently) for a 
direct long-distance communication was not taken into 
consideration as it went against the dogma of cells as dis-
tinct entities. Indeed, the hypothesis was received with 
some skepticism from the scientific community [2]. 

However, during the past 15 years TNT-like structures 
have been observed in various cell lines in culture, in pri-
mary cells and in tissues, and were shown to allow the 
transfer of different cargoes, ranging from ions to orga-
nelles [reviewed in 3, 4-7]. Based on the observations of 
the transfer of various cargoes, several functions of TNTs 
have been proposed. Among these, TNTs were shown to 
be able to electrically couple cells over long distances, en-
abling Ca2+-signaling between connected cells through gap 
junctions or IP3 receptors [3, 8]. This could be consistent 
with the involvement of TNTs in development, when elec-
trical coupling could help to orchestrate morphogenetic 
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movements, that allow cells to reach their specific niche 
where differentiation in different tissues or cell types will 
occur [9, 10]. Specifically, electrical coupling through TNTs 
could be crucial during early brain development, when 
neural progenitors have not yet established mature chemi-
cal synapses [3-5, 11]. Calcium transfer through TNTs, es-
tablished between myeloid cells, further suggests the in-
volvement of TNTs in immune cell activation and immune 
response [8, 12]. TNT involvement in immune response is 
also supported by the observation of TNT-mediated trans-
fer of the death signal Fas ligand and active caspases, that 
results in the induction of apoptosis in receiving cells [13].  

Last but not least TNTs are also considered to contrib-
ute to various pathological conditions. Likewise, the ability 
of TNTs to form between tumor cells and to connect tumor 
cells with stromal cells, enabling the transfer of micro-
RNAs and mitochondria between connected cells, proposes 
the involvement of TNTs in cancer progression [7, 14-16]. 
TNT-like structures were shown to transfer HIV-1 between 
T-cells and between macrophages [17, 18], which suggests 
the involvement of TNT-like structures in HIV-1 spreading. 
Prions and prion-like proteins were also shown to utilize 
TNTs for their spreading. Specifically, TNTs were shown to 
transfer PrPSc, alpha-synuclein, tau, beta-amyloid, polyglu-
tamine huntingtin and disrupted-in-schizophrenia 1 (DISC1) 
aggregates [19-23]. Therefore, it has been proposed that 
by allowing prion-like protein spreading in the brain, TNTs 
could have a prominent role in the pathogenesis of differ-
ent neurodegenerative diseases [22]. 

One of the major problems in the TNT field is that many 
different TNT-like structures in different cell types and dif-
ferent conditions have been described [reviewed in 24, 25-
28]. As the field still lacks TNT-specific markers, it is still 
unknown whether there exist one or several types of bona 
fide TNTs (open-ended structures that allow direct com-
munication between cells), and whether there is a struc-
ture-function relationship between the different struc-
tures. While it is clear that TNTs are different from other 
closed and shorter cellular protrusions like cilia and sub-
strate attached filopodia [29, 30], it is still problematic to 
differentiate them from similar structures connecting dis-
tant cells like cytonemes and intercellular bridges.  

Considering the recent identification of the unique 
structure of TNTs formed between neuronal cells in culture 
[31], in this review we will specifically focus on the differ-
ences between TNTs and other intercellular structures (e.g. 
intercellular bridges and cytonemes) both from the struc-
tural and functional point of view.   

 
UNIQUE MORPHOLOGY OF TNTs 
The possible TNT involvement in the pathogenesis of dis-
eases such as cancer, AIDS and neurodegenerative diseases 
has inspired a growing number of studies aimed at TNT 
characterization. However, TNT investigations face meth-
odological difficulties due to TNT fragility, namely their 
sensitivity to chemical fixation, mechanical stress and pro-
longed light excitation [1, 32]. Another problem is the ab-
sence of TNT-specific markers, which makes it challenging 

to identify TNTs and study their functions in tissues. In this 
context, morphological properties remain the main criteria 
for TNT identification. The properties commonly used to 
identify TNTs are: straight, F-actin based bridge-like struc-
ture, interconnecting cell pairs; length over several cell 
diameters and thickness below 1 μm. However, both diam-
eter and length of TNTs vary highly. It was shown that TNT 
lengths could vary as the connected cells move apart or 
migrate and therefore the distances between them 
change. TNT diameter usually ranges between 50 and  
700 nm, which also depends on the method used for TNT 
identification [reviewed in 26, 33]. Moreover, in certain 
conditions, TNTs were also shown to contain microtubules. 
As such, apoptotic PC12 cells were shown to form microtu-
bule-containing TNTs, while TNTs of the same PC12 cells 
formed in normal conditions lack microtubules [34]. TNT-
like structures generated by T-cells, that mediate long-
distance HIV-1 protein transfer appear to contain microtu-
bules. However, it is not clear whether these are canonical 
open-ended TNTs or close-ended protrusions (see below) 
[17]. There is a suggestion to categorize TNTs according to 
their diameter [35], where «thin» nanotubes display a di-
ameter of up to few hundreds of nanometers and «thick» 
nanotubes have a diameter of over several hundreds of 
nanometers. It has also been proposed that «thin» nano-
tubes could end with gap junctions and allow the exchange 
of smaller cargo such as molecules below 1.2 kDa, includ-
ing second messengers and small peptides, while «thick» 
TNTs can contain microtubules and thus be more stable 
and be able to mobilize larger cargo such as organelles or 
viruses [33, 35]. However, these criteria are not stringent 
enough and seem not to be applicable to all cell types. 

The recent use of correlative light and cryo-electron 
microscopy has provided several structural details about 
TNT morphology, that suggest that the terms «thin» and 
«thick» TNTs should be used with caution [31]. In this 
study, TNTs were preserved closer to their native status 
owing to fixation by rapid freezing. This allowed imaging at 
nanometer resolution by correlative cryo-fluorescent and 
cryo-electron microscopy and tomography under fully hy-
drated conditions, which are the best to preserve mem-
brane structures. The findings indicate that the structures 
that appear to be thicker TNTs by fluorescence microscopy, 
could in fact be made up of several individual tunneling 
nanotubes (named iTNTs) (Figure 1). Each iTNT contained 
actin bundles, which in most cases filled the entire lumen 
of the tube. The average diameter of iTNTs of about  
120 nm and such close-packing of acting bundles did not 
seem to impede iTNTs to transfer vesicular compartments 
and even mitochondria within their lumen, as the mem-
brane was often observed to bulge to accommodate the 
passage of the vesicle (Figure 1). Furthermore, cryo-
electron tomography demonstrated the existence of thin 
short filaments labeled by N-cadherin antibodies, that ap-
peared to connect iTNTs between each other, possibly for 
holding them in a bundle and conferring higher mechanical 
stability [31] (Figure 1). In addition to iTNT bundles, single 
thicker TNTs (600-900 nm in diameter) were also observed. 
It is important to note that the iTNT bundles and the thick-
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er single TNTs could not be distinguished by fluorescence 
microscopy as they had similar appearance. These findings 
suggest that it might be inaccurate to apply diameter-
based TNT categorization for TNT identification by fluores-
cence microscopy, as «thick» TNTs could equally represent 
bundles of iTNTs which initially have the same diameter as 
«thin» TNTs.  

Moreover, cryo-electron tomography in neuronal cells 
showed that both thin and thicker iTNTs contained only 
actin and not microtubules [31], differently from what was 
proposed as a distinctive feature of thick TNTs in macro-
phages [35]. Of specific interest, mitochondria were shown 
to be transported within iTNTs presumably on actin rails, in 
a tubulin-independent mechanism. This suggests that TNTs 
do not necessarily need microtubules to allow the transfer 
of larger cargoes, such as vesicles and organelles [31]. 

Overall, we propose that such morphological parame-
ters as length, thickness and extension between two cells 
are insufficient characteristics for TNT identification. On 
the other hand, as originally proposed by Gerdes and col-
leagues, the prominent TNT features to be considered for 
the TNT definition are: 1) establishing cytoplasmic continu-
ity and 2) allowing the transfer of various cargoes including 
organelles such as lysosomes, endosomes and mitochon-
dria.  

Although cytoplasmic continuity has been listed as a 
fundamental definition criterion of TNTs, it has been chal-
lenging to clearly demonstrate it. We specifically addressed 
the question whether the TNTs we observed in neuronal 
CAD and SHSY5Y cell lines are in fact connecting the cytosol 
of two cells. To this aim, we performed Focused Ion Beam 
Scanning Electron Microscopy (FIB-SEM), which allowed us 
to image the ends (or contact sites) of TNTs. Interestingly, 
we were able to identify both open- and close-ended con-

nections such as invaginations at contact zones (Figure 1). 
We could not discriminate whether the differences ob-
served were the result of the existence of distinct types of 
TNTs or whether it is due to temporal pre- or post-fusion 
events. Nonetheless these data represent the first direct 
confirmation that open-ended TNTs exist and could corre-
spond to the functional TNT structures observed by fluo-
rescent microscopy [31]. Interestingly, we could not ob-
serve the presence of gap junction complexes at the end of 
the thin iTNTs as compared to the thick ones, while they 
were observed in other cell types [27, 36]. It could be in-
teresting to further investigate TNT structures in the future 
to understand whether the presence of connexins at the 
tip of TNTs is cell type specific and/or could be used to 
define a specific TNT type. 

Cryo-electron tomography analysis has also allowed 
addressing the morphological differences between filopo-
dia and TNTs in neuronal cells. Filopodia in neuronal cells 
are isolated protrusions with a similar to TNT average di-
ameter of 200 nm. Compared to TNTs, filopodia have a 
shorter length range, between one and several microns 
and do not appear to contain vesicles. Interestingly, filopo-
dia also display various actin arrangements compared to 
TNTs, namely either tight parallel bundles, but of shorter 
length compared to TNTs, or parallel bundles intermingled 
with short-branched filaments that were not observed in 
iTNTs. However, when observing cross-sections of filopo-
dia, actin filaments were shown to be arranged in a hexag-
onal array similar to that observed in iTNTs [31].  

The fact that TNTs display some differences from filo-
podia in the actin arrangement suggests that TNTs could be 
formed as distinct structures from the beginning, rather 
than from filopodia with subsequent fusion of its tip with 
the recipient cell. Previous findings on TNT-regulating mol-

FIGURE 1: “Thick” and “thin” TNT 
connections. Cryo-electron mi-
croscopy shows that TNTs can 
either be a single thick connection 
or a bundle of thin individual TNTs 
(iTNTs). Both open-ended and 
closed-ended protrusions can be 
present within a bundle. Each iTNT 
contain actin bundles, can contain 
vesicles and mitochondria. Thin 
and short membrane threads 
connect several iTNTs, which ap-
pear to grow in opposite direc-
tions. Adapted from Sartori-Rupp 
et al. [31]. 
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ecules support this hypothesis. Indeed, actin regulatory 
molecules can have opposite effects on the formation of 
TNTs and filopodia. Specifically, filopodia inducing 
CDC42/IRSp53/VASP network decreased the number of 
TNT-connected cells and down-regulated TNT-mediated 
vesicle transfer [30]. Similarly, fascin, previously shown to 
induce dorsal filopodia in mouse neuronal CAD cells [37], 
failed to promote TNT formation in the same cells [38]. On 
the contrary, Eps8 (EGF receptor pathway substrate 8), 
another actin regulator that has been shown to inhibit filo-
podia formation in neurons, was shown to be a positive 
regulator of TNT formation and vesicle transfer in CAD cells 
[30]. Futhermore, our unpublished data shows that Eps8 
increases TNT formation and the transfer of α-synuclein in 
human neuronal SHSY5Y cells, which suggests that it might 
be a common TNT activator molecule for neuronal cells. 
However, it should be noted, that TNTs and filopodia can 
also share the regulators of their formation. Likewise, My-
osin X upregulates the formation of both dorsal filopodia 
and TNTs in CAD neuronal cells [38]. Hence, the possibility 
that TNTs could arise from dorsal filopodia should not be 
excluded. 

Overall, we propose that morphological parameters as 
defined by light microscopy are insufficient characteristics 
for TNT identification, and studies on TNTs should always 
be able to assess their functionality in transferring mole-
cules or organelles between connected cells. On the other 
hand, TNTs have a distinct structure that can be identified 
by electron microscopy. Nonetheless, it should be noted 
that there exists another type of protrusion that share with 
TNTs the ability to allow cytoplasmic continuity and cargo 
transfer. These are intercellular bridges (IBs), known to 
interconnect germline cells [39, 40]. In the next section we 

examine the similarities and differences between IBs and 
TNTs. 

 
INTERCELLULAR BRIDGES 
Intercellular bridges (IBs) are cytoplasmic bridges that form 
by incomplete cytokinesis and interconnect cells in syncyt-
ia. Stable IBs are found in the female and male germline in 
different organisms ranging from insects to humans. This 
evolutionary conservation suggests that this germ cell in-
terconnection is important, and stable intercellular bridges 
have indeed been shown to be required for fertility [40]. 
They establish cytoplasmic continuity and are large enough 
(diameter range of 0.2–10 μm) to allow organelles and/or 
macromolecules to pass through [41]. Actin and anillin are 
common components of IBs, while tubulin was only found 
in male germline IBs (Figure 2C) [40]. In many insects, the 
IBs between female germline cells allow the directional 
transport of nutrients to promote the growth of one of the 
cells that will develop into the oocyte, whereas the other 
cells, after contributing their cytoplasmic contents to the 
oocyte, retract and die [42]. Such IBs in Drosophila mela-
nogaster are called ring canals and grow from a diameter 
of about 0.5–1.5 μm in the germarium to approximately  
10 μm at late stages of oogenesis [42, 43]. As the diameter 
of the ring canal increases, its length also changes (from 
0.22 μm at early stages to 1.87 μm at late stages) [43], 
however, it remains quite short as compared to TNT length 
(5-200 μm) (Table 1). Mammalian female germ cells are 
also connected by IBs, however, their diameter does not 
exceed 1 μm [40]. Male germline IBs of different species 
have the same average diameter of 1–1.5 μm, and pro-
mote germ cell communication and sharing of cytoplasmic 
constituents, thereby synchronizing mitotic cell divisions 

TABLE 1. Key characteristics of tunneling nanotubes, intercellular bridges and cytonemes. 

 
Tunneling nano-
tubes (TNTs) 

Intercellular bridges (IBs) 

Cytonemes 

Germline IBs Somatic IBs 

Diameter 50-700 nm 0,5-10 μm 200-1000 nm 100-400 nm 

Length 5-200 μm 0,2-2 μm 
Average 0,4 μm, re-

ported up to 350 μm 
1-700 μm 

Composi-
tion 

Actin Actin, anillin, δ-tubulin Actin, anillin Actin 

For-
mation 

Actin-driven pro-
trusion, Cell dis-

lodgement 
Incomplete cytokinesis 

Incomplete cytokine-
sis 

Actin-driven protru-
sion 

Function 

Electrical coupling, 
organelle transfer, 

transfer of infectious 
agents 

Germ cell communica-
tion, sharing of nutrients, 

synchronisation of cell divi-
sion 

Coordination of cell 
division and differentia-

tion during develop-
ment 

Morphogen transfer, 
morphogen signaling, 
maintenance of the 

stem cell niche 
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and entry into meiosis [40]. Interestingly, in addition to 
germline bridges, somatic stable IBs have been described 
in certain developing invertebrates. The morphology of 
Drosophila somatic IBs differs from that of ring canals. 
They have a stable diameter of about 0.25 to 1 μm (which 
is closer to TNT diameter of 0.2 - 0.7 μm), and a length of 
0.40 μm (which is very small compared to TNT length of  
5-200 μm) (Table 1) [44]. It is considered that somatic IBs 
promote exchange of cytoplasm and maybe organelles, 
thereby facilitating intercellular communication, synchro-
nization of cell division or differentiation, and coordination 
of cell behavior during development [40].  

In most cases, distinct morphology of IBs makes them 
easier to distinguish from TNTs (Figure 2). Intercellular 
bridges generally have shorter and thicker dimensions, 
interconnecting neighboring cells, while TNTs are generally 
thin and long, and thus can connect cells over long distanc-
es. Nonetheless, a recent study in developing zebrafish 
gastrula showed that IBs are also able to connect cells over 
long distances (see below) [45]. In this light, the difference 
in the mechanisms of formation becomes a more im-
portant criterion to distinguish these two structures. While 
intercellular bridges are formed between dividing cells by 
incomplete cytokinesis, TNTs are not the result of incom-
plete cytokinesis and are formed de novo between two 
distinct cells either by growing a filopodia-like protrusion 
[1] or by dislodgement of two attached cells, leaving TNT 
as a tether [17] (Figure 3). Thus, while the proposed func-

tions of IBs could overlap with the proposed functions of 
TNTs during development, they clearly represent distinct 
structures and, therefore, their purpose should also be 
different. Specifically, TNTs can also connect cells of differ-
ent origins. This could happen, for example, in the case of 
filopodial connections observed during development be-
tween ectodermal and mesenchymal cells in sea urchin 
gastrula [46] or between the cells of inner cell mass and 
mural trophectoderm cells in mouse blastocyst [47]. More 
studies will be needed to investigate whether the filopodial 
connections established in these cases between different 
cell types are veritable TNTs (see below). 

Cytonemes represent another type of cell protrusion 
morphologically close to TNTs, but having a distinct func-
tion (Table 1). Therefore, they might be confused with 
TNTs if functional characterization is missing. In the next 
sections we discuss their roles and similarities to TNTs in 
detail. 

 
CYTONEMES 
Cytonemes were first noted as long cellular extensions that 
protrude from Drosophila wing imaginal disc cells. These 
protrusions contained actin, but not microtubules, had the 
length of several cell diameters (up to 700 µm) and the 
maximum diameter of 200 nm. They were named cy-
tonemes («cell threads») to distinguish them as filopodia of 
a special type [48]. But the defining characteristic of these 
protrusions was that, irrespective of cell location in the 

FIGURE 2: Similarities and differences 
between TNTs, cytonemes and intercel-
lular bridges at optical microscopy level. 
TNTs (A) and cytonemes (B) have similar 
morphologies, they contain actin but not 
tubulin. However, TNTs are open-ended 
and allow cytoplasm continuity, while 
cytonemes are closed-ended, and allow 
protein-protein interactions. Intercellular 
bridges (C) are open-ended, but are gen-
erally shorter and wider than TNTs. Some 
intercellular bridges were also reported 
to contain tubulin. All three types of cell 
structures are able to transfer cargo. 
However, while cytonemes transfer vesi-
cles on their surface, TNTs and intercellu-
lar bridges are able to transfer such orga-
nelles as mitochondria in their lumen. As 
TNT diameter is generally smaller than 
the diameter of mitochondria, the trans-
fer requires membrane bulging. 
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wing primordium, they oriented uniformly toward the disc 
midline where the morphogen signaling protein 
Decapentaplegic (Dpp) is expressed. The presence of such 
long filopodia that extend between wing disc morphogen-
receiving cells and the morphogen-expressing cells sug-
gested an alternative possibility to diffusion-based models 
of morphogen dispersion [48, 49].  

Morphogens are defined as form-giving substances that 
serve for the generation of positional information in the 
embryo. According to the model proposed by Lewis 
Wolpert, morphogens form concentration gradients within 
a tissue and a specific threshold of each morphogen de-
termines cellular identity [50]. The classic view is that the 
concentration gradient is formed by simple diffusion. How-
ever, a diffusion model appears to be poorly applicable for 
distinct morphogens, as in the case of Wnt [discussed in 
detail in 51]. In fact, Wnt ligands are post-translationally 
lipidated, which generates a poorly soluble, hydrophobic 
molecule. Numeric simulation suggests that diffusion 
mechanisms require several tens of hours to establish a 
stable morphogen gradient and to ensure an appropriate 
tissue pattern. In contrast, the Wnt morphogenetic gradi-
ent operates during a few hours of gastrulation. Moreover, 
the gastrula stage of embryo development is characterized 
by highly intensive cellular reorganizations that are likely to 
impede signaling gradients formed by extracellular diffu-
sion [51]. In this context, cytonemes appear to be a likely 
mechanism for establishing morphogen gradients not only 
for Drosophila, but also for vertebrates. Indeed, Wnt cy-
tonemes of the zebrafish embryo were shown to allow fast 
signaling activation and gradient formation in the recipient 
cell within minutes [52]. Compared to diffusion-based gra-
dient formation, in the case of cytonemes, Wnt gradients 
could be dependent on cytoneme length and on the fre-
quency of contact with the recipient cells. Cells that are 
located closer to the ligand source are contacted more 
often by Wnt cytonemes than cells further away [51].  

In addition to Dpp and Wnt morphogens, cytonemes 
were shown to contribute to signal transduction in fibro-
blast growth factor (FGF), epidermal growth factor (EGF), 
Wingless (Wg), Hedgehog (Hh) and Delta/Notch pathways 
in Drosophila [reviewed in 29, 49, 51]. Moreover, in addi-
tion to Wnt transfer in zebrafish embryo [52, 53], cy-
toneme-based transfer of Shh (sonic hedgehog) and BMP7 
was reported in chicken embryo [54, 55]. Interestingly, it 
was shown that cells can extend cytonemes that are specif-
ic to different morphogens and thus can respond to multi-
ple signals. Specifically, cells of the Drosophila tracheal air 
sac primordium (ASP) were shown to extend cytonemes 
containing Dpp-receptor Tkv toward nearby Dpp-producing 
cells of the wing disc while also directing FGFR-containing 
cytonemes toward wing disc cells that express FGF. Nota-
bly, the examined cytonemes contained only one type of 
receptor, either Tkv or FGFR, meaning that each cytoneme 
is specific to only one ligand [56]. Thus, cytonemes could 
represent a highly specific means of direct intercellular 
communication during development. 

In the context of morphological similarities between 
TNTs and cytonemes, together with presumably high signif-

icance of cytonemes during development, we consider it 
necessary to clearly discriminate TNTs from cytonemes 
when studying TNT functions during development. To gain 
more insight into similarities and differences between cy-
tonemes and TNTs, we will discuss this topic in detail in the 
next section. 

 
TNTs AND CYTONEMES: SIMILARITIES AND DIFFER-
ENCES 
As previously described, both TNTs and cytonemes are long 
and thin, F-actin based protrusions and thus morphologi-
cally they look very similar. The most prominent feature 
distinguishing these two types of cell protrusion is that 
cytonemes are closed-ended, whereas TNTs are open-
ended (Figure 2). Subsequently, another key difference lies 
in their function: while cytonemes allow signal transduc-
tion through protein-protein interactions [49], TNTs allow 
transfer of cargoes through establishing cytoplasm conti-
nuity [1, 57]. 

Given that transfer function is a key feature of TNTs, it 
is necessary to emphasize that cytonemes also appear to 
transfer proteins, although this transfer seems to be recep-
tor-dependent [28]. Interestingly, in the pioneering study 
on Drosophila cytonemes, the authors reported vesicle 
translocation along their surfaces (Figure 2B) [48]. More 
recently, Shh molecules were shown to transfer in vesicles 
along the surface of Drosophila cytonemes [58]. Zebrafish 
cytonemes were also shown to transfer Shh in particles, 
associated with the external leaflet of the cytoneme mem-
brane [54]. These observations indicate that morphology 
and the ability to transfer proteins and/or vesicles may be 
insufficient characteristics to categorize a cell protrusion as 
a tunneling nanotube, although in the case of TNTs the 
cargo has been demonstrated to travel inside the tube and 
not along the membrane surface (Figure 2) [31]. 

As long as both cytonemes and TNTs are F-actin based 
protrusions, recruitment of the same actin regulators 
seems likely. Indeed, Myosin X was shown to be associated 
both with cytonemes [52] and with TNTs [38]. However, in 
the case of the CDC42/IRSp53 filopodia-inducing pathway 
[59, 60] it has been shown that while these molecules are 
able to induce cytoneme formation [52], they appear to 
inhibit TNT formation [30]. Nonetheless, it should be noted 
that CDC42 was shown to induce TNTs in non-neuronal cell 
lines [61]. This suggests that TNT-formation mechanisms 
could differ in different cells, thus the picture is more com-
plex than anticipated. 

For both cytonemes and TNTs, both donor and receiver 
cells are able to contribute to their formation (Figure 3). 
Cytonemes were shown to emanate from producing to 
receiving cells [52], from receiving to producing cells [48], 
as well as from both of them, resulting in two times elon-
gation of the signaling bridge [51] (Figure 3D, F). An ele-
gant mechanism of cytoneme formation and function was 
recently proposed for Wnt8a-cytonemes in zebrafish [53]. 
Wnt8a was shown to activate both the PCP (planar cell 
polarity) pathway by interaction with Ror2 and the  
β-catenin pathway by interaction with Lrp6. This allows 
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Wnt8a to regulate the formation of cytonemes and its own 
propagation. In the source cells, Wnt8a binds and activates 
the PCP pathway. Wnt/PCP influences convergent exten-
sion movement and activates GTPase CDC42, which leads 
to the outgrowth of signaling filopodia. Wnt8a is subse-
quently loaded onto these cytonemes, and is transported 
through the tissue to activate the β-catenin pathway in the 
responding cells, leading to target-gene induction [53]. 

On the other hand, TNTs can be formed by two differ-
ent mechanisms. The first one, named actin-driven protru-
sion mechanism, is based on the ability of either one or 
both of the cells involved in cell–cell contact to induce the 
outgrowth of filopodia-like protrusions (Figure 3C, E). The 
elongation should then be followed by establishing the 
contact and membrane fusion [1, 3]. The second mecha-
nism of TNT formation is based on cell dislodgment (Figure 
3A), when cells first make contact and then form a nano-

tube while migrating in the opposite directions [3, 17]. 
Several pathways involving actin remodeling, Ras GTPases, 
M-Sec, Rab proteins, and also p53 and EGFR have been 
described to promote TNT formation in different cellular 
contexts, suggesting also cell type specificity [30, 38, 62-
64]. These mechanisms have been described in details 
elsewhere [reviewed in 5, 61, 65]. Moreover, a recent 
study from our laboratory has shown that TNT formation in 
developing neurons and neuronal cells can be stimulated 
by the Wnt pathway. However, differently from cy-
tonemes, TNTs are formed following activation of the Wnt 
downstream Ca2+ calmodulin but not of the β–catenin 
pathway [53, 66]. However, to date the molecular details 
of the mechanism of TNT formation are largely unclear, 
notably the molecular machinery mediating cell-to-cell 
fusion is still obscure.  

 

FIGURE 3: Mechanisms of formation 
of TNTs, cytonemes and intercellular 
bridges, according to optical live 
microscopy. TNTs can be formed by 
cell dislodgment (A), when cells first 
make contact and then form a nano-
tube while migrating in the opposite 
directions. Morphologically it resem-
bles the formation of intercellular 
bridges (B). However, intercellular 
bridges are formed only between 
dividing cells by incomplete cytokine-
sis, while TNTs can be formed by cells 
of different origin. Thus, formation of 
TNTs requires membrane fusion prior 
to cell dislodgement, while formation 
of intercellular bridges requires inhi-
bition of abscission after cell division. 
Another mechanism of TNT for-
mation, called “actin-driven”, takes 
place when either one (C) or both (E) 
of the cells induce the outgrowth of 
filopodia-like protrusions. Similar 
mechanism is shown for cytonemes. 
Cytonemes can be formed from pro-
ducing to receiving cells and vice 
versa (D), as well as from both of 
them (F). However, in case of cy-
tonemes, the outgrowth is finalized 
by establishing the contact, while TNT 
formation require subsequent mem-
brane fusion. 
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Interestingly, numerous stimuli that were shown to 
trigger TNT formation could be defined as «stress». A 
broad range of stresses, including H2O2, UV, inflammatory 
conditions, virus infection, prion aggregation, serum star-
vation and high-glucose concentration can trigger TNT 
formation [61, 63, 67-69]. This fact suggests that TNT for-
mation may represent a type of stress response. Once 
damaged cells connect with healthy cells, cytoplasmic 
transfer through TNTs could rescue their phenotype and 
prolong survival [28]. On the other hand, TNTs and TNT-like 
structures are also frequently observed in stem cells, can-
cer cells and developing cells [4, 70, 71]. This might indi-
cate that an undifferentiated status could also favor TNT 
formation. This suggests another possible function of TNTs 
- as a means of cell fate determination. Overall, these ob-
servations support the hypothesis of TNT as a type of in-
tercellular communication: whether there is an external 
signal, stress or development process, these all are condi-
tions of the changing environment, conditions when com-
munication is actually needed, and when TNTs readily form. 
More studies will be needed to address this hypothesis and 
precisely define the molecular signals and components 
involved in TNT formation both in physiological and patho-
logical conditions. 

 
INTERCELLULAR CONNECTIONS DURING DEVELOP-
MENT: TNTs, CYTONEMES OR INTERCELLULAR BRIDG-
ES? 
As TNTs are considered to be a means of intercellular 
communication, one would expect them to form when 
such communication is needed, namely in the changing 
environment and in a multicellular organism. In this con-
text, developmental models represent a unique opportuni-
ty to investigate native TNTs in physiological conditions.  

From the literature discussed above it seems clear that 

TNTs, cytonemes and IBs are different structures 33, 40. 
However, in many cases it turns out to be difficult to defi-
nitely categorize the identified protrusion. Likewise, sever-
al studies have reported the presence of long thin protru-
sions during embryonic development of different verte-
brate species (Table 2) [45-47, 72-75]. Interestingly, pro-
trusions observed in these studies were further referred to 
as «TNT-like» [4] or «cytoneme-like» [29]. However, none 
of these studies confirmed the presence of functional TNTs 
or cytonemes in their models. Some of them rather pro-
posed the presence of IBs of unusual morphology. Here we 
discuss the studies that describe structures that were not 
clearly categorized, and compare them with “canonical” 
TNTs. 

The first description of TNT/cytoneme-like structures in 
the embryo was in 1995, when Miller and coworkers re-
ported the presence of thin actin-containing filopodia, ex-
tending from ectodermal cells, primary mesenchyme cells 
and secondary mesenchyme cells in sea urchin gastrula 
[46]. The thin filopodia extended by ectoderm cells were 
short (5-10 μm) and short-lived, relative to those extended 
by mesenchyme cells. Primary mesenchyme cells (PMC) 
formed filopodia with average length of 12 to 20 μm, with 

distinct filopodia reaching the length of over 80 μm. The 
diameter was approximately 200-400 nm, although the 
uniformity in the diameter of thin filopodia was sometimes 
interrupted by a bulge that travelled towards the cell body. 
During their migratory phase PMCs were shown to extend 
few thin filopodia, whereas the greatest abundance of thin 
filopodia appeared when active PMC migration was over. 
Moreover, thin filopodia were prevalent at positions in the 
embryo and at times when earlier studies showed PMCs 
interacting either with the ectoderm or with secondary 
mesenchyme cells to transfer patterning or lineage infor-
mation. Given this fact and that formation of observed 
filopodia was not associated with migration, the authors 
suggested a signaling function for these protrusions. 
Moreover, the authors speculated that given the thin and 
long morphology of filopodia, diffusion would be too slow 
for signal transduction and thus an active process, such as 
electrical stimuli or a second messenger cascade, is more 
likely to be involved. The authors also proposed that retro-
grade transport may provide an active means of cell com-
munication, as evidenced by the bulges that were observed 
moving from filopodial tip to cell body [46]. In other words, 
the authors proposed the involvement of cytonemes 
and/or TNTs in cell communication in sea urchin embryo 
before the terms «cytonemes» and «TNTs» were actually 
designated. 

The study of Salas-Vidal and Lomeli of 2004 represents 
another study that proposed the presence of TNTs and/or 
cytonemes during development without actually using 
these terms [47]. These authors studied the possible 
means of communication between cells of inner cell mass 
(ICM) and mural trophectoderm (mTE) cells in a whole 
mouse blastocyst culture. During growth of the blastocyst, 
cell proliferation in the trophectoderm (TE) depends on 
interactions with the ICM and thus becomes progressively 
restricted to the polar region, which remains close to the 
ICM. However, some TE cells in the mural region, which 
lose contact with ICM cells in the course of blastulation, 
still divide for some time. The authors questioned how 
these distant cells could receive proliferating signals from 
the ICM. In fact, they managed to detect long cell projec-
tions extending across the blastocoele and linking ICM cells 
to mTE cells. The projections were straight and long (up to 
34.6 µm), the length depending on the degree of blasto-
coele expansion. These traversing filopodia had the diame-
ter of 200-400 nm at the narrowest point and were shown 
to contain cytoplasm and actin. The authors were also able 
to identify bulges that moved along the projection and 
resembled vesicles that presented retrograde movement 
with a distinct saltatory and continuous back and forward 
trajectory. These protrusions might thus represent TNTs, 
described by Gerdes and collaborators for the first time in 
the same year [1]. However, the authors also showed sig-
naling, or cytoneme characteristics of these protrusions. In 
fact, they detected the presence of EGF receptor ErbB3 
and FGFR2 receptors on the projections that emanate from 
TE cells. The presence of these receptors in traversing filo-
podia is significant considering that their ligands EGF and 
FGF4 are able to promote proliferation in TE cells  and  that  
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TABLE 2. Non-classified cell protrusions, described in development. 

Ref. Model 
Cells that 

formed pro-
trusions 

Parameters of described protrusions 
Proposed bio-

logical function 
of protrusion(s) 

Possible catego-
risation of pro-

trusion(s) Diameter Length Composition 
TNT characteris-

tics 
Cytoneme 

characteristics 
IB characteris-

tics 

46 
Sea urchin 

gastrula 
Primary mesen-

chyme cells 
0,2 - 0,4 µm 12 - 80 µm Actin 

Bulges that moved 
along the protru-

sions 
- - 

Not migration, 
rather signaling 

TNTs 

47 
Whole mouse 
blastocyst cul-

ture 

Cells of inner 
cell mass and 

mural 
trophectoderm 

cells 

0,2 - 0,4 µm Up to 35 µm Actin 
Bulges that moved 
along the protru-

sions 

Presence of 
EGF and FGF4 
receptors on 

the protrusions 

- 
Promotion of 
proliferation 

signals 

Both TNTs and 
cytonemes 

72 
Whole chick 

embryo explant 
culture 

Cranial neural 
crest cells 

Up to 1 µm 20 - 100 µm N/A - - 
Formation 

associated with 
cell division 

Synchronization 
of migration 

Intercellular 
bridges and/or 

TNTs/cytonemes 

74 
Whole chick 

embryo explant 
culture 

Cranial neural 
crest cells 

0,5 - 2 µm 
In average 36 

µm 
N/A 

13% of protrusions 
enabled cytoplasm 

transfer 

87% of protru-
sions did not 
enable cyto-

plasm transfer 

The subset of 
protrusions 

was formed by 
dividing cells 

Intercellular 
communication 

TNTs, cytonemes 
and IBs 

73 

Whole mouse 
embryo cul-
ture, neural 
tube closure 

Non-neural 
ectoderm cells 

Up to 1 µm 20 - 50 µm N/A 

Subset of the pro-
trusions contained 

0,5 µm vesicular 
structures 

Subset of the 
protrusions had 

bulbous ends 
that resided 
unattached 

- 
Neural tube 

closure coordi-
nation 

Both TNTs and 
cytonemes 

45 
Zebrafish gas-

trula 
Epiblast cells Up to 1 µm Up to 350 µm 

Actin, tubulin 
in proximal 

regions 

Membrane conti-
nuity 

- 
Formation 

associated with 
cell division 

Intercellular 
communication 

Intercellular 
bridges and/or 

TNTs 

75 
Xenopus early 

blastula 
Blastomeres 200-700 nm Up to 250 µm 

Actin, no tubu-
lin 

Transfer of vesicles 
between cells 

- - 
Intercellular 

communication 
TNTs 

N/A – not available. 
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some mTE cells are known to still divide when they are 
distant from the ICM. The authors suggested that ICM cells 
could promote proliferation of mTE cells by EGF and FGF 
signaling through long traversing filopodia [47]. Overall, 
this study suggests the existence of protrusions that share 
the properties of cytonemes and TNTs and raises the ques-
tion if cytonemes and TNTs are actually distinct types of 
cell structures. 

Also in 2004, Teddy and Kulesa reported the presence 
of long and thin protrusions in chick embryos while study-
ing neural crest cell migration in whole embryo explant 
cultures [72]. The cranial neural crest is a highly invasive 
subpopulation of cells. However, cranial neural crest cells 
do not invade, but rather sort into and migrate along ste-
reotypical streams to further pattern peripheral structures 
of the face and neck. Examining neural crest cells within 
the streams, the authors observed two distinct cell mor-
phologies and named them «bipolar cells» and «hairy 
cells». «Bipolar» cells had the feature of having few long 
filopodia that typically aligned in the direction along the 
cell’s trajectory. These filopodia were approximately 1 μm 
in diameter and had a length of 50-60 μm, but could ex-
tend up to 100 μm. On the contrary, «hairy» cells had a 
large number of filopodia that did not appear to be distrib-
uted or aligned in any specific direction and consisted of 
both long and short lengths, ranging from approximately 
20 μm to 100 μm. Interestingly, a typical neural crest cell 
stream had the feature of «hairy» cells at the front and 
«bipolar» cells in the middle of the stream. Filopodia 
formed by neural crest cells in the middle of the stream 
were shown to make contacts between cells. This contact 
seemed to result in that a following cell changed the direc-
tion of its movement towards a downstream cell [72]. 
These findings suggest that during migration cells actively 
form filopodia not only for movement, but also for signal-
ing purpose. Given the fact that cells generally started the 
migration in the stream in «hairy» morphology, it can be 
speculated that cells could form numerous protrusions in 
different directions when seeking for initial information 
about migration direction. Later on, cells could form fewer 
protrusions towards the direction of migration to synchro-
nize their migration with other cells of the stream. This 
study proposes the presence of signaling filopodia during 
neural crest cells migration in chick embryo, which might 
represent cytonemes or TNTs. However, the authors noted 
the association of protrusion formation with cell division. 
This might mean that these protrusions could rather be 
intercellular bridges having however more extended mor-
phology than commonly observed.  

In a subsequent study by the same group [74], the au-
thors studied communication routes of neural crest cells in 
chick embryos by following the movement of photocon-
verted fluorescent molecules. The authors discovered that 
in a small number of in vivo neural crest cell contacts 
(around 13%), photoconverted fluorescent molecules 
moved from one neural crest cell into a neighboring neural 
crest cell through a thin (0.5–2 µm wide) cellular bridge. In 
contrast, in the majority of cases (around 87%) photocon-
verted fluorescent molecules traveled to a midpoint in the 

cellular extensions, identifying the point of contact be-
tween the two neighbors. The average length of a cellular 
bridge was approximately 36.2 µm and the average width 
was 2.3 µm at the midpoint between cells. In the majority 
of the observations of cytoplasm transfer between neural 
crest cells, the transfer speed was higher than random 
diffusion theoretical value, suggesting an active transfer 
mechanism [74]. This study allows to speculate that both 
cytonemes (contacts without cytoplasm transfer) and TNTs 
(contacts with cytoplasm transfer) could be found in neural 
crest cells in chick embryo at the same time points. How-
ever, observed protrusions were thicker than common 
cytonemes and TNTs. This might indicate either the fact 
that cytonemes and TNTs could have more variable mor-
phology than proposed, or that observed structures repre-
sent a distinct type of protrusions.  

In 2010, Pyrgaki and coworkers used whole embryo cul-
ture systems in combination with live imaging of a genet-
ically-encoded reporter to visualize neural tube formation 
in the developing mouse embryo, with the emphasis on 
the last step of the process, neural fold fusion [73]. The 
authors proposed that they had detected both cytoneme-
like and TNT-like structures in their model. Cytoneme-like 
structures were represented by short and long (over  
50 µm) flexible cell extensions with bulbous ends that em-
anated from non-neural ectoderm cells and resided in the 
gap between the folds. TNT-like structures were described 
as cellular “bridges” spanning the gap between the two 
neural folds at the moment when they come close to each 
other (≈20 µm). These cellular bridges were less than 1 μm 
in width and contained structures ≈0.5 μm in diameter that 
were highlighted by the myristoylated Venus reporter, 
suggesting vesicle nature of these inclusions. The observed 
bridges were considered not to be IBs, as the observations 
proposed their de novo formation. Indeed, these structures 
were observed to extend over the physical gap prior to the 
folds coming together and hence could represent neither 
the remnants of cell division nor the remnants left by pull-
ing apart of the two folds during a transient separation 
[73]. 

In 2011, Caneparo and coworkers detected the pres-
ence of IB-like structures linking distant pairs of epiblast 
cells during the early phases of zebrafish gastrulation [45]. 
Characterization of these intercellular bridges showed mi-
nor variations in diameter (up to 1 µm) and significant vari-
ations in length, reaching lengths up to 350 µm with aver-
age span of 215 µm. Imaging revealed that actin was pre-
sent for all of the length, while tubulin was detected only 
in the proximal region of the IBs. Membrane continuity was 
confirmed by photoconverting membrane-associated Den-
dra protein in one cell body and following the motions of 
the photoconverted pool towards the other cell. By time-
lapse imaging of embryos expressing the chromatin marker 
Histone 2B, it was shown that IBs first appeared between 
dividing cells at the blastula stage and then persisted 
throughout gastrulation, morphogenetic movements and 
subsequent cell mitotic activity. These protrusions were 
found to be quite common in gastrula; about one of five 
cells were endowed with IBs. Such a high frequency sug-
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gests crucial functions of these cell structures in the em-
bryo, however they were shown to lack any obvious orien-
tation or preferential position in the fate map, bridging 
cells of both distinct and same embryonic regions [45]. The 
morphological properties of these protrusions together 
with membrane continuity resemble TNT features. The lack 
of any obvious orientation also did not correspond with the 
key feature of cytonemes. However, the authors also ob-
served that the formation of these protrusions was associ-
ated with cell division and thus concluded that they could 
represent a type of IBs of unusual morphology rather than 
TNTs.  

Last but not least, the work of Danilchik and coworkers 
of 2013 reported the presence of exceptionally long filo-
podia-like structures spanning the blastocoel of Xenopus 
laevis early blastula [75]. These structures were organized 
as arrays of parallel projections that stably connected blas-
tomeres over the distances of up to 250 µm. These connec-
tions contained actin, but not tubulin, had diameters rang-
ing from 200 to 700 nm and allowed the transfer of mem-
brane vesicles between cells. They were initially formed 
between sister-blastomeres and elongated due to blasto-
mere separation driven by blastocoel expansion. These 
projections persisted for several hours, through multiple 
rounds of division (i.e. from 32-cell stage up to 256-cell 
stage). Although described protrusions were formed be-
tween dividing blastomeres, the authors were able to dis-
tinguish them from IBs due to their morphology and specif-
ic arrangement. In fact, the authors also described blasto-
meres that were still connected by the IB and at the same 
time projected numerous long filopodia in multiple direc-
tions [75]. This observation leads us to the suggestion that 
different types of protrusions could be formed by the same 
cell at the same time, and one should not exclude the pos-
sibility of TNT and/or cytoneme formation by dividing cells. 
Consequently, association of protrusion formation with cell 
division, shown in the works described above [45, 72], does 
not necessarily mean that these protrusions are not cy-
tonemes or TNTs.  

All the studies discussed above have shown the exist-
ence of cytoneme-like and TNT-like structures in vivo dur-
ing embryo development. However, none of them con-
firmed the functionality and hence the identity of the 
structures observed. Further functional analysis is needed 
to confirm or confute the presence of TNTs and/or cy-
tonemes in these models and to assess a possible role of 
TNTs during development. 

 
CONCLUSIONS 
One purpose of this review is to inspire further investiga-
tions on the role as well as on functional and structural 
similarities of TNTs and other protrusions in the develop-
mental models. 

Of particular interest is the question whether true TNTs 
exist in vivo during embryonic development, because in 
contrast to cytonemes, TNT existence in the embryo has 
not yet been shown. While the functions of cytonemes 
during development are actively studied, the possible func-
tions of TNTs during development are for the moment only 
speculated. The main consideration is that TNTs, by electri-
cally coupling the cells of the embryo, could contribute to 
the coordination of their migratory activity and thus or-
chestration of morphogenic movements [4, 5]. However, at 
the same time, similarly to germline intercellular bridges, 
TNTs could contribute to synchronization of cell divisions 
and programmed cell death [40]. Indeed, TNTs were shown 
to transfer death signal Fas ligand and active caspases in 
vitro and thus could be able to induce apoptosis in receiv-
ing cells [13]. Another possibility is that TNTs could con-
tribute to cell fate determination. This suggestion is sup-
ported by the in vitro observation that TNT-like structures 
formed between mesenchymal stem cells and cardiomyo-
cytes or smooth muscle cells are necessary for stem cell 
differentiation into cardiomyocytes or smooth muscle cells, 
respectively [76]. While such functions of TNTs in devel-
opment have been proposed, the actual functions of TNTs, 
as well as their existence in the embryo, remain to be in-
vestigated. We believe that novel live imaging and cryo-
electron microscopy techniques will help to address these 
questions as well as to assess morphological and functional 
differences between TNTs and other cell protrusions. 
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