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A B S T R A C T

The development of multi-cellular organisms involves a comprehensive and tightly regu-

lated cell-to-cell communication system to coordinate the activity and behavior of individ-

ual cells. Diverse signaling pathways ranging from receptor-mediated signal transduction

to contact-dependent communication via gap junctions achieve these complex interac-

tions. In this review, we will focus on a new type of intercellular connection, the tunneling

nanotube (TNT), which has been observed in many cell types in vitro and recently also in

developing embryos of different species in vivo. We will summarize the latest insights into

their functional roles in cell-to-cell signaling with a particular focus on the TNT-dependent

electrical coupling between developing embryonic cells. Finally, potential implications of

these new findings in the light of developmental processes, particularly in cell migration,

will be discussed.

� 2012 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Until the end of the last millennium it appeared that the

different mechanisms by which cells of multi-cellular organ-

isms communicate with each other have been identified. This

includes secretion of molecules followed by receptor-medi-

ated signal transduction in target cells as well as direct com-

munication of closely associated cells via gap junctions.

During the last few years, however, new principles of inter-

cellular communication have come into the limelight. One

is the secretion of small vesicles, so-called exosomes, which

contain instructive molecules and are thought to enter sur-

rounding cells (Fevrier and Raposo, 2004). Another is the for-

mation of thin membranous bridges, termed tunneling

nanotubes (TNTs), which connect cells over long distances

and transfer various cellular components from cell to cell

(Rustom et al., 2004). In this review we will focus on TNTs

as the underlying structure of an emerging new mechanism

of cell-to-cell communication and will summarize recent

data with relevance to developmental processes in neurons

and other cell types.

2. Structure and formation of TNTs

TNTs were first described in 2004 as a new type of cell-

to-cell connection between rat pheochromocytoma (PC12)

cells, a frequently used neuronal cell model (Rustom et al.,

2004). These nano-scaled membranous tubes of about

50–200 nm in diameter and up to several cell diameters long

contained F-actin but no microtubules. As a distinguishable

criterion from other protrusive cell structures TNTs had no

contact to the substrate but were hovering freely in the

medium. Subsequent studies showed that TNT-like struc-

tures were present in cultures of different cell types includ-

ing fibroblasts, epithelial cells, immune cells, and neurons

(Davis and Sowinski, 2008; Gerdes and Carvalho, 2008). The

structures varied to some degree in diameter, giving rise to

terms like ‘‘thin’’ and ‘‘thick’’ nanotubes (Onfelt et al.,

2006), and sometimes contain microtubules in addition to

F-actin. Live cell imaging showed that TNTs are transient

structures, lasting for minutes to several hours, and form

de novo by two different mechanisms. According to the first

suggestion, cells protrude a filopodium, which makes con-

tact to the neighboring cells, and subsequently converts into

a TNT bridge. This mechanism prevails in PC12 cells and

primary neurons (Rustom et al., 2004; Wang et al., 2012). A

selective block of TNT formation in the presence of the F-ac-

tin-depolymerizing drug cytochalasin B further proved the

precursor role of filopodia in TNT formation (Bukoreshtliev

et al., 2009). A more detailed investigation by Ohno and col-

leagues in HeLa cells revealed that TNT formation from filo-

podia is mediated through the Ral-exocyst pathway (Hase

et al., 2009). According to the second mechanism, cells form

TNTs by retaining a thin thread of membrane upon dis-

lodgement. This mechanism is found in most cell types

studied so far such as T cells, normal rat kidney (NRK)

and neural crest cells (NCCs) (Sowinski et al., 2008; Wang

et al., 2010).

3. Functions of TNTs

3.1. Intercellular transfer of cellular components

As mentioned above the first insights into the function of

TNTs were obtained using PC12 cells co-cultures of donor

and acceptor cell populations. We showed that TNTs accom-

plish the intercellular transfer of diverse cellular components:

cytoplasmic molecules such as EGFP-actin, organelles/vesi-

cles of endocytic origin and plasma membrane molecules

such as farnesylated-EGFP (Rustom et al., 2004). Since then

a growing number of cells have been demonstrated to utilize

TNTs for the exchange of cellular cargos, including significant

molecules such as the MHC I in the case of immune cells (On-

felt et al., 2004) and calcium ions in immune and other cell

types (Watkins and Salter, 2005; Wittig et al., 2012). Using sim-

ilar approaches it was shown that mitochondria could be

exchanged between cells via TNTs (Abounit and Zurzolo,

2012; Davis and Sowinski, 2008; Gerdes and Carvalho, 2008).

Moreover, pathogens such as the human immunodeficiency

virus (HIV) and prions were found to exploit TNT-like struc-

tures when spreading between cells (Gousset et al., 2009;

Sowinski et al., 2008).

Analysis of the translocation of endocytic vesicles through

TNTs of PC12 or NRK cells revealed that the vesicles moved in

one direction only with a speed in the range of actin-depen-

dent transport (Gurke et al., 2008; Rustom et al., 2004). This

was consistent with the finding that TNTs connecting these

cell types contained only F-actin and no microtubules, and

that myosin Va was detected in these structures (Rustom

et al., 2004). In support of an active transport mechanism,

we found that depletion of ATP strongly reduced the intercel-

lular transfer of endocytic vesicles (Gurke et al., 2008). Based

on these data we proposed an actomyosin-dependent trans-

port mechanism for endocytic vesicles through TNTs.

3.2. Electrical coupling

Besides molecular signals exchanged between cells via

TNTs, our study on NRK cells revealed that TNTs enable inter-

cellular transfer of depolarization signals for distances of up

to at least 70 lm (Wang et al., 2010). The coupling was bi-

directional and its strength depended on the length and num-

ber of TNT-connections. Importantly, our data suggested that

only TNTs with interposed connexin 43 (Cx43) as the main

gap junction forming connexin participated in electrical cou-

pling (Wang et al., 2010). Subsequent studies on different cell

types demonstrated that TNT-dependent electrical coupling

is a general characteristic of animal cells with functional

gap junctions (Wang and Gerdes, 2012). In search of physio-

logical changes induced by this long-distance coupling, we

found that the TNT-mediated depolarization can elicit tran-

sient calcium signals in connected HEK293 cells through acti-

vation of low-voltage calcium channels (Wang et al., 2010).

Inspired by the pioneering studies on the importance of

electrical signaling in embryogenesis (Levin, 2012), we inves-

tigated the possibility of a TNT-dependent electrical coupling
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