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Abstract 

Cell-to-cell communication is essential for the development and maintenance of 

multicellular organisms. The tunneling nanotube (TNT) is a recently recognized distinct 

type of intercellular communication device. TNTs are thin protrusions of the plasma 

membrane and allow direct physical connections of the plasma membranes between 

remote cells. The proposed functions for TNTs include the cell-to-cell transfer of large 

cellular structures such as membrane vesicles and organelles, as well as signal 

transduction molecules in a wide variety of cell types. Moreover TNT and TNT-related 

structures are thought to facilitate the intercellular spreading of virus and/or pathogenic 

proteins. Despite their contribution to normal cellular functions and importance in 

pathological conditions, virtually nothing is known about the molecular basis for their 

formation. We have recently shown that M-Sec (also called TNFaip2) is a key molecule 

for TNT formation. In cooperation with the RalA small GTPase and the exocyst 

complex, M-Sec can induce the formation of functional TNTs, indicating that the 

remodeling of the actin cytoskeleton and vesicle trafficking are involved in 

M-Sec-mediated TNT formation. Discovery of the role of M-Sec will accelerate our 
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understanding of TNTs, both at the molecular and physiological levels. 
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Introduction 

To develop and maintain homeostasis, cells of a multicellular organism must 

communicate with each other in various ways. Communication between remote cells is 

mediated mainly by secretion of signaling molecules, such as cytokines, from the 

stimulatory cells and their subsequent binding to specific receptors on the responding 

cells. Another form of communication with remote cells is mediated by small membrane 

vesicles, exosomes, secreted from a broad range of cell types as a consequence of fusion 

of multivesicular late endosomes/lysosomes with the plasma membrane [1].  

By contrast, adjacent cells often communicate with each other via junctional 

complexes, such as gap junctions and synaptic junctions [2]. The gap junctions are 

narrow channels directly connecting the cytoplasm of neighboring cells, which allow 

inorganic ions and small water-soluble molecules to pass from the cytoplasm of one cell 

to another, thereby coupling the cells both electrically and metabolically. Neurological 

and immunological synapses also transmit cell-cell signals through the extracellular 

space, relying on mechanisms of ligand–receptor signaling across the closely apposed 

cell-cell junctions [3].  
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In addition to these well-established examples, tunneling nanotubes (TNTs), 

sometimes referred to as membrane nanotubes, and related structures are 

newly-emerged distinctive mechanisms for cell-cell communication in a wide variety of 

cell types. These structures can directly connect cells even over relatively long distances 

[4][5].  While accumulating evidence from recent studies indicates their importance 

for a variety of cellular functions, we still have a limited molecular understanding of 

TNTs regarding their structures and biogenesis. TNTs have become a very active 

research area, however, and new evidence on molecular components and formation 

mechanisms has been forthcoming. Here we summarize current findings on molecular 

aspects of TNTs and related structures. 

 

What are TNTs? 

TNTs can be recognized as thin membranous structures connecting two or more cells 

and, importantly, these structures are not attached to the substratum (Figure 1 A to 

F)[6][7]. A different sort of cytoplasmic connection is observed after cell division as a 

structure containing the midbody; it persists temporarily as a tether between the two 
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daughter cells, contains dense matrix material, and is visible by light microscopy. By 

contrast, TNTs do not contain the midbody. Gerdes and colleagues first described TNTs 

as a structure that provides plasma membrane continuity between connected cells and 

facilitates the selective transfer of membrane vesicles and organelles to neighboring 

cells [7]. They discovered these structures in rat pheochromocytoma PC12 cells and rat 

kidney NRK cells, but subsequent studies have identified TNTs or similar structures in 

various types of cells, including T24 urothelial cells, Jurkat T cells, THP-1 human 

monocytes and human primary natural killer (NK) cells (Table 1).  

The detailed morphological and structural characteristics of TNTs are 

substantially different among cell types [4]. TNTs of PC12 cells are 50 – 200 nm in 

diameter, and they can be up to several cell diameters [7]. In the case of immune cells 

such as macrophages, Epstein Barr Virus-transformed B cells and human peripheral 

blood NK cells, the average length of TNTs reaches 30 µm with some measuring over 

140 µm [8]. TNTs contain an F-actin backbone and lack microtubules in most cell types 

[4][7]; however, some exceptions do exist [4]. For example, NK cells have TNTs 

containing microtubules [9]. Macrophages have two type of TNTs, and the thicker ones 
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(>0.7 µm in diameter) contains both F-actin and microtubule backbones [10]. This 

heterogeneity probably represents cell-specialized functions and features of TNTs as 

described below. More recent studies have also shown that the termini of some TNTs 

and associated structures are not continuous with the plasma membrane of connected 

cells but instead have junctions [9][11][12][13][14], as we will also describe later.  

 

Proposed functions of TNTs 

Transmission of intercellular signaling via TNTs 

Calcium flux is the best-characterized signal transmitted between remote cells via TNTs. 

Upon mechanical or chemical stimulation, myeloid-linage dendritic cells (DCs) and 

monocytes propagate their calcium signals within seconds to other cells connected by 

TNTs (Figure 1G)[12]. TNT-medicated intercellular transmission of calcium signals 

induced morphological changes such as lamelipodia extension in recipient DCs, one of 

the earliest responses seen in phagocytes following stimulation [12]. This observation 

demonstrates that the cell-cell interaction via TNTs facilitates transduction of signals 

between remote cells (Table 1).  
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Watkins and Salter [12] performed a rigorous examination to exclude the 

possibility that the propagation of calcium flux between DCs is dependent on ATP 

released from these cells following mechanical stimulation as described previously[15]. 

The Ca
2+

 flux between DCs was not induced by addition of BzATP, a stabilized form of 

ATP, and not blocked by suramin, an antagonist of P2 purinergic receptors responsible 

for ATP-mediated calcium responses in mast cells. In addition, physical disruption of 

the TNT-network by scraping with a micropipette tip resulted in abrogation of the 

intracellular propagation of the calcium flux (Figure 1). These investigators further 

demonstrated that the small cytoplasmic dye Lucifer yellow could readily transfer via 

TNTs between THP-1 myeloid cells, whereas the larger cytoplasmic molecule dextran 

could not [12]. Thus, there must be some junctions and/or gating mechanisms for 

TNT-based transport of intercellular material, which may imply the association of a 

gap-junction that can pass low molecular weight molecules but not macromolecules. 

Intriguingly, however, calcium transmission via TNTs in THP-1 cells was insensitive to 

conventional gap-junction inhibitors, suggesting the presence of previously unknown 

gating mechanisms. On the other hand, Gerdes and colleagues recently showed that in 
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various cell types, including HEK293, NRK, human umbilical vein endothelial cells 

(HUVEC) and neural crest cells, TNTs have gap junctions at their distal ends which 

mediate electrical coupling between distant cells through the interposed gap junction 

channels [11]. Furthermore they also showed that the electrical signals transferred from 

one cell to another via TNTs are sufficient to induce a transient calcium elevation in the 

recipient cell by activating low voltage-gated Ca
2+

 channels [11]. These studies suggest 

that different mechanisms of intercellular calcium signaling are likely to exist ant may 

reflect the diversity of TNT structures and functions in specific cell types. 

Another type of TNT-mediated signal transduction was reported in NK cells. 

NK TNTs contain a submicron scale junction similar to the intercellular lytic synapse 

between NK cells and target cells, where a proximal signaling protein of NK-cell 

activating receptor NKG2D and its ligand MHC Class I chain-related protein A (MICA) 

accumulates [9]. One function of NK cells is recognition and elimination of cells 

undergoing different forms of stress, such as microbial infection and malignant 

transformation [16]. This study raises the intriguing possibility that NK cells might 

eliminate target cells via an immunological synapse located at the terminus of their 
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TNTs; thus, TNTs could aid the lysis of distant cells by NK cells. NK-cell cytotoxicity 

involves the secretion of cytolytic effector molecules from specialized organelles known 

as lytic granules. Intracellular trafficking of the lytic granule is dependent on 

microtubules [16], and the NK-cell TNTs contain a microtubule backbone. Thus, the 

microtubule within NK-cell TNTs may act as a railway for delivering lytic granules to 

the distal end of the TNTs.  

 

Organelle transfer via TNTs 

A striking function of TNTs is that they can transfer membrane-bound components such 

as organelles. Gerdes and colleagues first reported organelle transfer via TNTs both in 

PC12 and NRK cells [7]. Subsequent studies have shown that the TNT-mediated 

organelle transfer is common in a variety of cell types (Table 1) [4].  

The organelle transfer in PC12 and NRK cells is unidirectional and dependent 

on actin filaments [7], and is inhibited by ATP depletion and the general myosin 

inhibitor 2,3-butanedione monoxime [17]. In addition, the actin-based molecular motor, 

myosin-Va, co-localizes with organelles inside the TNTs of PC12 and rat primary 
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astrocytes cells [7] [18], suggesting that this motor protein is an interesting potential 

candidate to mediate movement of organelles along TNT. On the other hand, thicker 

TNTs in macrophages, whose diameter is over 0.7 µm, transfer organelles by 

bidirectional movement, indicating the association of microtubule-dependent motor 

proteins [10]. Conceivable mechanisms of organelle-transfer might involve exo- and 

endocytic events at the membrane interface, or transient fusion of the TNT membrane 

with the target-cell membrane, resulting in an open-ended TNT structure as reported in 

PC12 cells [7][11]. The mechanism and significance of organelle transfer via TNTs are 

of considerable interest for future studies.  

 

Implications in Disease  

Infection with the human immunodeficiency virus type I (HIV-1) retrovirus, causes the 

gradual and progressive loss of CD4
+
 T cells, leading to a severe immunodeficiency, 

acquired immune deficiency syndrome (AIDS). HIV-1-infected human T cells were 

recently found to be interconnected by TNTs [13]. Expression of the envelope 

glycoprotein and the virus capsid protein are features of the late stage of productive 
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viral replication. Both molecules have been detected on conduits connecting 

HIV-1-infected and uninfected T cells, suggesting that TNTs may be one mechanism for 

the transfer of HIV from infected to uninfected T cells.  

Intriguingly, when two populations of Jurkat T cells labeled with membrane 

dyes, DiD or DiO, are mixed together, neither DiD nor DiO seamlessly traffics between 

connected cells by TNTs, revealing the existence of a junction also in the T-cell TNTs 

(Figure 1 F)[13]. This is consistent with electron microscopic analysis that showed 

junctional structures in TNT between T cells [13]. It is still unclear how HIV-1 

overrides this junction and transfers to the bystander cells. Transfer of HIV-1 via TNTs 

is dependent on the existence of the CD4 virus receptor on recipient cells, whereas 

formation of T cell TNTs is independent from the interaction between envelop protein 

and CD4 [13]. Thus, one possibility is that, like NK-cell TNTs, HIV-infected T cells 

might have a similar structure with virological synapses at the ends of the TNTs.  

The frequency of TNT formation by T cells is not affected by HIV-1 infection 

[13]. On the other hand, TNTs are induced in macrophages infected with HIV-1 [19][20], 

and HIV-1 negative factor (Nef) protein is thought to be responsible for this induction 
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[20]. The Nef protein can block the generation of effective neutralizing antibodies 

against HIV-1 by antibody-producing plasma cell progeny of B cells in AIDS patients 

[21]. However, it had been unclear how Nef is transferred to B cells, which are not 

themselves infected by HIV. Cerutti and colleagues reported that ectopic expression of 

Nef alone in monocyte THP-1 cells induced TNT-like conduits bridging THP-1 cells 

with each other and also with B cells, and that Nef protein was transferred to B cells via 

the conduits [20]. The Nef protein is myristoylated at its N-terminus and is recruited to 

the plasma membrane. This anchoring of Nef to the plasma membrane and probably 

subsequent actin remodeling by Nef are essential to stimulate formation of TNT-like 

conduit in macrophages [20]. In addition, these investigators showed that the invasion 

of Nef into B cells is dependent on clathrin-dependent endocytosis and actin remodeling 

in Nef-donor macrophages [20]. It is not yet known whether junctions exist in TNTs 

formed between macrophages and B cells and, if so, how endocytic vesicles containing 

Nef proteins are transferred from macrophages to B cells.     

Another pathogenic protein, the self-propagating aggregated isoform of prion 

protein PrP
Sc

, also exploits TNTs as an intercellular route for spreading across cells [22]. 
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PrP
Sc

 is the infectious agent that causes spongiform encephalopathies such as scrapie in 

sheep, bovine spongiform encephalopathy in cattle and Creutzfeldt-Jakob disease in 

humans. According to the widely accepted prion hypothesis, infectious PrP
Sc

 is a 

conformational isomer of the normal cellular prion protein PrP
C
. The direct interaction 

of non-pathogenic PrP
C
 with pathogenic PrP

Sc
 is thought to drive conversion of PrP

C
 to 

the infectious form of the protein. The precise mechanisms for the transport of Prp
Sc

 

from their peripheral entry sites, i.e. the gut and the skin, to the brain where they cause 

disease is poorly understood, PrP
Sc

 is initially transported by dendritic cells to lymphoid 

tissues. Thereafter, PrP
Sc

 enters the peripheral nervous system and spreads toward the 

central nervous system by retrograde axonal transport. TNTs are thought to be important 

for the transfer of PrP
Sc

 from dendritic cells to neurons, as well as between neurons [22]. 

PrP
C
 is a GPI-anchored glycoprotein predominantly localized on the outer leaflet of the 

plasma membrane and endosomal/lysosomal membranes, whereas the pathogenic PrP
Sc

 

is located on the luminal side of lysosomal structures. Therefore, the transfer of PrP
Sc

 

along TNTs may be accomplished by vesicular transport inside TNTs.  
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TNT-like structures that mediate cell-cell communication 

There are other structures similar to, but somewhat different from, TNTs in their 

functions and molecular components. 

 

Cytonemes and viral cytonemes (filopodial bridges) 

Cytonemes are actin-rich filopodia-like structures extending up to 100 µm connecting 

anterior and posterior compartments of the imaginal disc in fruit flies [23]. Morphogen 

receptors such as Decapentaplegic migrate along the length of the cytoneme and make 

morphogen gradients that determine the body pattern. In mammalian cells, thin 

membrane tubes called filopodial bridges, also referred to as viral cytonemes, connect 

retrovirus-infected cells and uninfected target cells, in a fashion similar to cytonemes 

[24]. Like filopodia, these structures contact the substratum, but the filopodial bridges 

are longer than filopodia, with average length of 5.8 µm; filopodia, which do not 

connect cells, are normally around 2.37 µm in length. Both structures are induced by 

retrovirus infection [24]. COS-1, XC and HEK293 cells form filopodial bridges only 

when there is reciprocal expression of a retroviral envelope glycoprotein on the surface 
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of infected cells and appropriate viral receptors on the uninfected cells [24]. Viruses 

move directionally along the outer surface of these filopodial bridges to infect 

neighboring cells. Their contact with substratum and dependence of their formation on 

envelop protein-receptor interaction are the main features that distinguish filopodial 

bridges from the TNTs also used by retrovirus for intracellular transfer [6][13][24]. 

Klein and colleagues reported long tubulovesicular extensions (TVE) on 

human neutrophils, also structures similar to cytonemes. Interestingly, they showed that 

human neutrophils demonstrate long-range extracellular catching and holding of 

bacteria by the TVE [25].  

 

EP bridges 

More recently, a novel form of tubular cellular bridge was discovered, termed the 

epithelial (EP) bridge. In contrast to the numerous cell types in which TNTs 

interconnect, EP bridges have only been found in primary cultures of human bronchial 

epithelial cells and A549 human alveolar basal carcinoma cells [26]. There are two 

types of EP bridges; similarly to TNTs, the type I EP bridge facilitates cellular material 
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transport between remote cells, whereas the type II EP bridge is involved in cell 

migration [26]. Compared to TNTs, the diameters of EP bridges are greater, ranging 

from 1 to 20 µm, and EP bridges can extend from 25 µm to over a millimeter in length 

[26]. An interesting characteristic common to TNTs and EP bridges is that these 

structures make no contact with the underlying substratum, hovering freely above it. 

Strikingly, EP bridges contain both F-actin and microtubules, and are structurally stable 

for longer periods of time, remaining intact for up to 2 days as opposed to the transient, 

i.e. minutes to several hours, integrity of most TNTs.  

 

Molecular requirements for TNT formation 

Cell adhesion molecules and receptor-ligand interaction 

At least two distinct pathways in TNT formation have been reported [4]. One is de novo 

protrusion from a given cell, ultimately making contact with a neighboring cell, which 

results in TNT formation, as seen in PC12 cells and T24 cells [7][14]. In the other 

pathway, cells first come into contact and then draw out TNTs as they subsequently 

move apart, which is observed in many types of immune cells [6][9][10][13]. These two 
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processes are not necessarily mutually exclusive and can even occur at the same time 

during TNT formation.  

In either case, adhesion molecules are required for the initiation of TNT 

formation and/or stabilization of the formed TNTs. Veranič and colleagues reported that 

N-cadherin and β-catenin, adherence junction proteins, accumulate in TNTs of 

urothelial T24 cells [14]. They also observed that TNTs grow out of the upper area of 

cell surface distinct from filopodia; subsequently the TNTs reach adjacent cells and are 

then stabilized to adhere with the adherence junctions containing N-cadherin and 

β-catenin [14][27]. On the other hands, it has been reported that an initial contact of an 

adequate duration is generally required for TNT formation in the case of macrophage, 

NK cells and T cells[4][6][8][9][10]. As described above, TNT formation between NK 

cells and target cells requires interaction of an NK cell activating receptor and its ligand 

on the target cell [9].  

 

Membrane lipids composition of TNTs 

Iglič and colleagues recently provides an insight into membrane lipids composition of 
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TNTs. They showed the enrichment of cholesterol-sphingomyelin membrane 

nanodomain along TNT in T24 cell lines, whereas there were no other signals of 

membrane nonodomain markers, caveolin-1 and flotillin-1, and very little signals of 

GM1 ganglioside [28]. Moreover depletion of choresterol from plasma membrane by 

treatments of methyl- ocyclodextrin led to significant reduction of the density of TNT in 

T24 cell surface[28]. Their study suggests the role of cholesterol-sphingomyelin 

membrane nanodomains in the stability of TNTs. 

 

M-Sec, a clue for understanding the molecular mechanisms of TNT formation 

The identity of molecules involved in the membrane protrusion of TNTs had until 

recently not been elucidated. Our recent study has revealed that M-Sec is a central 

factor for membrane protrusion during TNT formation [29]. M-Sec was first identified 

as tumor necrosis factor alpha-induced protein 2 (TNFaip2, also called B94), but its 

function has long been unknown [30]. M-Sec induces membrane protrusions extending 

out from the plasma membrane, some of which tether onto adjacent cells to form 

TNT-like structures (Figures 2A) [29].  
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Although TNT-like structures are observed upon transient expression of 

M-Sec in HeLa cells, functional TNTs mediating intracellular Ca
2+

 flux only form when 

M-Sec is stably expressed (Figure 2B) [29]. This observation could be explained if 

functional TNT formation and/or its maintenance requires the expression of M-Sec in 

both of the cells connected by TNT. In contrast to the stable M-Sec-expressing HeLa 

cell clone, in which virtually all the cells should express M-Sec, a substantial portion of 

the cells are devoid of M-Sec expression in the case of a HeLa cell population 

transiently transfected with an M-Sec transgene. As a result, one of the cells would fail 

to express M-Sec and so, even though the other cell expressing M-Sec extends TNT-like 

membrane protrusion to that cell, there would be formation of filopodial bridges instead 

of complete TNT. Alternatively, sustained expression of M-Sec might be required for 

M-Sec to collaborate with other participants in TNT formation to constitute functional 

TNTs. Given the association of a junctional complex with functional TNTs as reported 

in many types of cells, over-expression of M-Sec alone could induce excess formation 

of incomplete TNTs that lack other molecules essential for the formation of functional 

TNTs. This is consistent with our finding that stably expressed M-Sec could induce 
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functional TNTs in cooperation with the Ras-related small GTPase RalA and the 

exocyst complex. RalA is involved in controlling actin cytoskeletal remodeling and 

vesicular transport by interacting with the exocyst complex [31][32]. M-Sec 

preferentially interacts with the active-form of RalA, although it is unclear at this 

moment whether this interaction is direct or not. M-Sec likely coordinates with RalA 

and the exocyst complex to initiate TNT formation and elongation by regulating actin 

polymerization and membrane vesicle trafficking to the region of cell surface protrusion 

for the generation of TNTs (Figure 2C) [29]. In addition, Cdc42 also seems to be 

required for TNT elongation, since short protrusions of membrane tubules accumulate 

without further elongation in the presence of dominant negative Cdc42 [29]. 

Involvement of actin remodeling in M-Sec-mediated TNT formation is consistent with a 

previous observation that TNTs are associated with F-actin. Indeed, M-Sec-induced 

TNTs are associated with F-actin. 

 Steady-state expression of M-Sec is essentially restricted to myelomonocytic 

lineage cells and some epithelial organs in normal tissues [30]. Intriguingly, human 

T-cell leukemia virus type 1 is known to induce M-Sec expression in T cells [33]. 
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Therefore, it is possible that HIV-1 may also induce M-Sec expression to promote 

TNT-like structures in T cells, resulting in the enhancement of intercellular HIV-1 

transmission. In addition, recent studies showed that treatment of rat hippocampal 

astrocytes with hydrogen peroxide increases the expression of M-Sec mRNA in a 

p53-dependent manner, resulting in TNT formation [34]. 

M-Sec induced only F-actin-containing TNT formation, suggesting that 

formation of TNTs with microtubules may require as yet unknown factor(s) in 

combination or apart from M-Sec. In any case, there is no doubt that the discovery of 

M-Sec as a marker for TNTs and promoter of TNT formation will help clarify the 

mechanisms of formation of these structures as well as their structural and functional 

properties. 

 

Outlook for the future 

Recent wide-ranging research has revealed that TNT is a common communication 

device utilized by diverse cells. Moreover, such studies have made the morphological 

and molecular features of TNTs increasingly clear. Although these findings are mainly 
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based on studies in vitro, they have helped make us aware of the existence of similar 

structures in vivo. For example, osteocytes, which are present sparsely and embedded in 

the bone matrix, are connected to each other by thin cell protrusions located in the small 

bony tubes of the canaliculi [35]. The osteocyte protrusions in chick bone are 104 ± 69 

nm in the diameter and have an actin filament backbone [35]. Intriguingly, these 

protrusions have a gap-junction and are thought to transmit chemical and electrical 

signals [36]. In ovarian follicles, numerous extensions from cumulus cells traverse the 

zona pellucida and come to interact with the oocyte surface by a gap junction before 

ovulation [37].  

These structures have morphological features and functions similar to TNTs. 

The relationship of these structures to TNTs will become clear when the molecular 

components involved in their structure and formation are clarified. The identification of 

TNT-associated molecules also will make clearer the existence of TNTs in immune cells 

in vivo, and their physiological significance. As discussed, a piece of the answer is now 

being elucidated. Studies of M-Sec, the RalA-exocyst complex and 

junctional-associated proteins in TNTs will shed light on the molecular structures of 
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TNTs and molecular mechanisms of their formation. Especially, M-Sec might be a key 

player in TNT formation. M-Sec-knockout mice should be a useful model to uncover 

the physiological role of M-Sec induced TNTs. In addition, the identification of 

M-Sec-targeted drugs may lead to a new strategy for containment of viral infections 

such as with HIV-1.  
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Figure Legends 

Figure 1  

(A to D) Architecture of TNTs between cultured PC12 cells. Wheat germ 

agglutinin-stained PC12 cells were analysed by 3D live-cell microscopy. Cells were 

connected via one (A), several TNTs (B) or branched TNTs with surrounding cells. TNT 

structures are not attached to the substratum (D). (E) PC12 cells were analyzed with 

scanning electron microscopy. Higer magnification images are shown (E1 to E3). Scale 

bars: (A and B), 15 µm; (E), 10 µm; (E1), 200 nm. (Reprinted with permission from Ref 

[7]. Copyright 2004 AAAS.) (F) Long membrane tethers, or membrane nanotubes, 

readily form between primary human T-cell labelled with DiO (green) and DiD red. 

T-cell nanotubes contain a junction revealed by a distinct border between DiO (green) 

and DiD (red) membrane dyes (Reprinted with permission from Ref [13]. Copyright 

2008 Nature Publishing Group). (G) Calcium Flux Propagates along TNT in DC. Each 

panel shows a pseudocolored intensity image for the calcium signal (see panel 1 for 

intensity values) on the left and the corresponding differential interference contrast 

image on the right. The red arrow indicates the position of the microinjection needle 

used to touch the cell. This series shows DC at high magnification; a relatively large 
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(approximately 250 nm diameter) TNT can be seen to interconnect cells in the DIC 

image in panel 1. Each frame (1–4) is separated by 1 s following stimulation in panel 1. 

The calcium flux can be clearly seen moving along the TNT connecting the cells. Panels 

5 and 6 are taken at 10 and 20 s, respectively. At 10 s, significant calcium flux has 

occurred in all cells. In panel 5, the TNT has a beaded appearance; this is more clearly 

seen in panel 6 at 20 s. Scale bar equals 10 µm. (Reprinted with permission from Ref 

[12]. Copyright 2005 Elsevier) 

 

Figure 2 

(A) M-Sec-GFP cDNA transfection into HeLa cells can induce TNT-like structures. 

HeLa cells were transfected with plasmid for expressing GFP-M-Sec (upper panel) or 

GFP as control (lower panel). After 48 hours from transfection, cells were fixed, and 

DIC (left panels) images and GFP signals (right panels) were taken with confocal 

microscopy (FV300, Olympus). (A1) Higher magnification image of HeLa expressing 

GFP-M-Sec in squared region is shown. M-Sec signals are detected throughout the 

cytoplasm, and strong signals are detected in the TNT-like membrane protrusion. M-Sec 
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positive membrane protrusions tether the surface of a neighboring cell which do not  

(dashed line). Scale bar is 20 µm. (B) Physical connection is required for the 

intracellular propagation of a calcium flux in HeLa cells expressing M-Sec. A culture of 

HeLa cells stably expressing M-Sec was scratched with a micropipette tip to physically 

disrupt membrane nanotubes connecting cells. After this treatment, cells were labeled 

with a calcium indicator and a single cell (arrowhead) on the right side of the scratch 

was mechanically stimulated. This stimulation evoked calcium flux transmission, which 

was restricted to cells on the same side of the scratch. One example of representative 

data from 10 repeated experiments is shown. Scale bar: 20 µm. Reprinted from Nature 

Cell Biology, Ref [29]. (C) Model of M-Sec induced membrane protrusion in 

cooperation with RalA and the exocyst complex. M-Sec interacts with RalA GTP 

binding form. RalA−exocyst effecter complex may regulate transport of secretory 

vesicles to plasma membrane for supplying membrane components to M-Sec induced 

membrane nanotubes. M-Sec−RalA interaction may also regulate actin polymerization 

in coordinating with Cdc42 for protruding and/or stabilizing membrane nanotubes.  
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Table 1 Proposed functions of TNTs and TNT-like structures 

Proposed Functions  

 Cargos Studied Cells 

Transmission of intercellular signaling 

 
Ca2+ flux ARPE-19 [38], HEK293[11], THP-1[12], Human dendritic cells[12], Cardiomyocytes and cardiofibroblasts[39], 

Rat hippocampal astrocytes and neurons[34], Raw264.7[29], HeLa cells stably expressing M-Sec[29] 

 Electric coupling ARPE-19[38], HEK293[11], PC12[11], NRK[11], NCC[11], HUVEC[11] 

 NK cell activating signals NK cells and its target cells[9] 

 Fas signaling T cell[40] 

Intercellular transfer of organelle or protein  

 Mitochondria Mesothelioma cell lines[41], Cardiomyocytes and cardiofibroblasts[39], SH-SY5Y[42] 

 Endosome-related vesicles  PC12
1, 2, 3

[7], NRK
1
[7][17], T24

1
[27], RT4

1
[27], J774

1
[8] 

 Membrane anchored proteins  PC12
4
[7] 

Implications in Disease  

 Intercellular virus transmission  

  Human Immunodeficiency Virus-1 (HIV-1) Jurkat T cell[13], Human T cell [13] 

  Human T-cell Lymphotropic Virus (HTLV) Jurkat T cell [43] 

  Murine leukemia virus (MLV) HEK293[24], XC cell[24], Cos-1[24] 

 Pathogenic protein transmission  

  Pathogenic prion protein PrP
Sc

 CAD cell[22], CAD cells to bone marrow-derived dendritic cells[22] 

  HIV-1 Nef protein HIV-infected macrophage to B cells[20] 

  Amyloid-β Rat primary astrocytes and neuron[34] 

Other cellular functions 

 Cell migration NK cells to target cells[9], Bronchial epithelial cells[26]  

 Capture bacteria Human monocyte derived macrophage (Mycobacterium bovis bacillus Calmette-Guerin (BCG))[10],  
Human neutrophils  (Salmonella enterica serovar Typhimurium)[25] 

ARPE-19, human Retinal Pigment Epithelial cell line; CAD cells, mouse neuronal cell line; Cos-1, monkey kidney cell line; HEK293, human embryonic kidney cell line; HUVEC, Normal Human umbilical vein 
endothelial cells; J774, murine macrophages cell line; Jurkat T cell, Human T cell lymphoblast-like cell line; NCC, neuronal crest cells; NRK, Normal rat kidney cell; PC12, rat pheochromocytoma cell; Raw264.7, 
mouse monocyte/macrophage cell line; SH-SY5Y, human neuroblastoma cell line; T24 and RT4, human urothelial carcinoma cell lines; THP-1, Human acute monocytic leukemia cell line; XC, Rat sarcoma cell line 
1
 membrane vesicles labeled by lipophilic membrane fluorescent dyes such as DiO, DiI, DiD 

2 
Acidic organelles labeled by lysotracker 

3 
Early endosomes and/or endosome-derived microvesicle marked by GFP-fused synaptophysin. 

4 
Membrane lipids labeled with EGFP-fused farnesylation signal of c-Ha-Ras 


