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Membrane nanotubes: Novel communication between distant cells
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The many kinds of cell structures involved in cell-cell communication include tight junction, adherens junction and gap junc-
tion, but almost all are between adjacent cells. Recently, a general and dynamic membrane tether, termed tunneling nanotubes
or membrane nanotubes (MNTs), was discovered to be involved in communication between distant cells. By facilitating inter-
cellular communication, MNTSs contribute to many biological functions and pathologic changes in cells. Many works have re-
vealed the structure, formation and functional properties of MNTs. However, as novel structures, further research is needed.
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Membrane nanotubes (MNTSs) are line-like membrane tubes
that connect two distant cells (Figure 1). The structure has
been observed in many eukaryotic cells, such as rat tumor,
natural killer (NK), and endothelial progenitor cells [1-4].
Recently, we described the structure between cardiomyo-
cytes (CMs) and cardiofibroblasts (FBs) and found
MNT-like bridges in myocardial tissue of mice (Figure 2)
[5]. Other groups found MNTs between putative dendritic
cells in mouse cornea and in solid tumors in humans [6,7].
Hence, MNTs may be widespread among animal cells both
in vitro and in vivo. MNTs are considered a neotype of cell
communication, transporting many components and signals
[8]. Clarifying the structure, function and detailed mecha-
nisms of the formation of MNTSs will help in better under-
standing the development and homeostasis of multicellular
organisms. In this review, we elaborate current research into
MNTs.
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1 Structural characteristics of MNTSs

In 2000, the graduate student Amin Rustom, using a fluo-
rescence microscope, noticed some straight lines connecting
rat tumor cells but mistook them for scratches on the plate.
Four years later, by 3D live-cell microscopy, he identified
the lines between rat pheochromocytoma PC12 cells as in-
tercellular structures and called them MNTs (Figure 1A) [1].
At the same time, similar structures were found to connect
immune cells [9]. The following study clarified the structure
of MNTs.

1.1 Morphology of MNTSs

Scanning electron microscopy revealed that the surface of
MNTs, as ultrafine membranous channels, showed a seam-
less transition to the surface of the two connected cells
(Figure 1B) [1]. The diameter of MNTs ranges from 50 to
200 nm and some are as long as the diameter of some cells
[1]. In human monocyte-derived macrophages, most of the
thicker MNTs (>0.7 pm) contain microtubules, and in NK
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Figure 1 Structure of membrane nanotubes (MNTs) between PC12 cells. A-D, 3-D live-cell microscopy of the architecture of MNTs. Cells are connected
with surrounding cells via one (A) or several MNTs ((B) and (C)); branched MNTs are observed (arrow). F, Scanning electron microscopy of ultrastructure
of MNTs. The ultrastructure of PC12 cells with one MNT (F); for box areas, high magnification images are shown (F,—F;) [1] (with permission from Sci-

ence).
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Figure 2 MNTs between rat ventricular cardiomyocytes (CMs) and car-
diofibroblasts (FBs), and the MNTs-like structures in adult mouse heart
tissue. A, MNTs (arrows) between CMs and FBs. B, Structures similar to
MNTs in adult mouse heart tissue. The cells and tissue were stained by
Alexa Fluor 488-conjugated wheat germ agglutinin (WGA) [5].

cells, the mean length of tubules per cells is inversely relat-
ed to the MNT number [10,11]. These findings suggest that
their thickness and length might be related to their compo-
nents and number.

MNTs do not connect with any other substrate, and the
ends of MNTs connect with the surface of cells. Although
the microstructure of the ends has not been clarified, an
open- or closed-ended MNT is formed depending on
whether the end of the MNT fuses with the connecting cell
membrane. As for open-ended MNTSs, a transient pore is
formed at the tip of MNTs and some intercellular cargo or
larger organelles such as mitochondria or vesicles may be
transported from the MNTs to the target cell via the pore
[1,4,12]. Although there is no “open gate” at the tip of the

close-end MNTs, membranous cargo can enter into the tar-
get cell by endocytic forces [4].

1.2 Components of MNTs

As for the construction of cell membranes, MNTSs contain
microtubules and F-actin, important cytoskeleton compo-
nents [5,13]. F-actins but not microtubules are found in all
MNTs connecting cells such as PC12 cells or myeloid cells
[4]. Although F-actin is considered as the hallmark of
MNTs, some reports indicated that not all MNTs between
immature hippocampal neurons and astrocytes contain
F-actin, and more interestingly, F-actin-lacking MNTSs were
longer than those containing F-actin [14].

Besides these cytoskeleton components, connexin 43, the
most widely expressed gap-junction protein, is also found in
the MNTs between some cells, such as normal rat kidney
and neural crest cells [15]. Connexin 43 could mediate the
formation of a gap-junction vesicle and allow the compo-
nents to enter connected cells by endocytosis [12]. However,
we did not observe connexin 43 in the MNTs between CMs
and FBs, which indicated that other kinds of junction pro-
teins might integrate into the MNT structure. Additionally,
major histocompatibility complex class I chain-related pro-
tein A (MICA), DNAX-activating protein of 10 kD and
Vav-1 were observed at the submicron-scale junction of
MNTs connecting NK cells and target cells. These proteins
are related to activation of NK cells and lysis of target cells
[13].

2 Formation of MNTs

Researchers have used cell culture models to uncover how
MNTs are formed and the mechanisms are involved, which
will help us better understand the biological meaning of
MNTs.



996 Zhang J H, et al.

2.1 Formation modes of MNTs

Time-lapse imaging has shown that MNTs can be formed
within a few minutes by two different modes: dislodgement
of connected cells and outgrowth of a filopodium-like pro-
trusion [4], as show in Figure 3. The methods may vary by
cell type. Indeed, mobile cells, such as normal rat kidney
and T cells, which easily connect with other cells, form
tubes by the first method [15,16]. Most immobile cell types,
such as PC12, form tubes by use of an outgrowth [17].

2.2 Mechanisms involved in the formation of MNTSs

We divided the mechanisms of MNT formation into two
types: MNT-promoting and -inhibiting mechanisms (Figure
4).

Many promoting mechanisms were studied in the im-
mune system. The accumulation of MICA was observed at
the end of the formation of MNTs between NK cells and
mouse P815 cells, and overexpression of MICA in P815
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cells induced the formation of MNTs [13]. Recently, over-
expression of CD2 but not actin-interaction protein myosin
ITA would induce the formation of MNTs between CD2™
NK cells YTS and their target, 712 cells, and then increased
the cytotoxic activity of YTS [11]. Additionally, the Fas
signaling pathway could induce MNT formation by activat-
ing Rho GTPase in T cells [18]. Besides these in vitro stud-
ies, in adult mouse cornea, inflammation and serum starva-
tion could promote MNT formation between histocompati-
bility complex class II+ cells [19]. Some studies investigat-
ed neural and cancerous systems. Between rat hippocampal
neurons and astrocytes, activation of the P53/AKT/PI3K/
mammalian target of rapamycin channel by H,O, increased
the development of MNTs [20]. Recently, p53/caspase 3
activation led to cleavage of small calcium-binding protein
S100A4 and subsequent decreased concentration; the re-
sulting gradient of cells with low to high concentration of
S100A4 provided direction for MNT formation [21]. M-sec/
Ral/exocyst, the filopodium-dependent mechanism, could
promote the formation of MNTs in cervical cancer HelLa

Modes of formation of MNTs
Form tubes from a previous cell-cell contact

Cell mobile

010

—

Nanotube

B Form tubes by extending tubes toward distant cells

Cell protrusion

(1) —[F

Nanotube

Figure 3 Two modes of formation of MNTs. A, Previous cell-cell contact. B, Formation of filopodium-like protrusion.
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cells [22].

Our understanding of the MNT-inhibiting mechanism in
the formation of MNTs is limited. As a thin tube-like struc-
ture, the presence of MNTs is not very stable. The orga-
nelles can be disrupted by mechanical stress, chemical fixa-
tion, and even long-term light exposure [12]. Latrunculin B
and Cytocalasin D could inhibit the formation of MNTs
[17,23] and prevent the polymerization of actin filaments by
binding to actin monomers or capping the F-actin plus end.
Therefore, F-actin might have an important role in the for-
mation of MNTSs and may regulate MNT formation by af-
fecting cytoskeleton remodeling.

3 Biological significance of MNTs

Many studies have investigated the biological function of
this novel structure connecting two distant cells. Use of flu-
orescent proteins and/or dyes confirmed that MNTs could
mediate the transportation of signals and components be-
tween distant cells and affect the cells’ biological functions.

3.1 Transport of organelles and signals

MNTs were found to transport Ca’*, an important signal
factor, between immune cells [2]. Recently, electrical cou-
pling was found transferred between immature hippocampal
neurons and astrocytes, and the transfer ability decreased
with neuron maturation [14]. The gap-junction channel in
MNTs was traditionally considered a gate for transfer of
electrical coupling [12,15]. However, we found that Ca**
could be transported through connexin 43-negative MNTSs
between CMs and FBs [5], so Ca** might be transported
other than by a gap junction.

Besides electrical signals, bacteria, HIV and quantum dot
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can be transported by MNTs between mesenchymal
stem/stromal cells (MSCs) or immune cells [10,16,24,25],
and in our study, mitochondria and intercellular vesicles
could be transported via MNTs between CMs and FBs
(Figure 5) [5]. ATP and motor protein kinesin and dynein
are required for the cargo transfer [10,26,27]. Recently,
MNTs were found to transport porous silicon microparticles,
so they may be involved in dispersion of therapeutic agents
at the sites of diseased tissue [28].

The molecules in MNTs are transferred bi- or unidirec-
tionally, probably depending on the cell type. Cellular
components are transferred efficiently from rat renal tubular
cells to bone-marrow multipotent MSCs [29]. Mitochondria
could be transported via MNTs between progenitor and en-
dothelial cells and between cardiac myocytes and cardiac
fibroblasts [5,30]. Additionally, bi-directional transfer could
shift to unidirectional transfer with specific stimulation,
such as stress signals from damaged organelles [30].

3.2 Spread of pathogens

Within an infected host, viruses can disseminate by two
mechanisms: (i) cell-free spread and (ii) direct cell-cell
transfer, the latter being more efficient. The Mycobacterium
bovis bacillus Calmette-Guérin could be transferred along
the thin MNT surface toward macrophage cell bodies [10].
Besides bacteria, HIV-1 could be transferred from infected
to uninfected T cells via MNTs [16]. This intercellular
transmission of bacteria and virus is functionally important
for the spread of pathogens, and the rearrangement of
host-cell cytoskeletal proteins may be involved [31,32].

3.3 Promotion of cell biological functions

The cognate receptor/ligand pairs—MICA/NKG2D—
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Figure 5 Cargo transported by MNTs (box) between CMs and FBs. A, Transfer of mitoTracker-labelled mitochondria. B, A snapshot of a time-lapse mov-
ie of two vehicles moving from a beating CM to a FB through an MNT (box). Red arrows point to vehicle 1. Yellow arrows point to vehicle 2 moving within

the MNTs and finally incorporated into the FB (green arrows) [5].
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formed in MNTs between NK cells and target cells, can
active NK cells and promote NK cell-mediated cytotoxicity
[13]. Recently, MNTSs observed between MSCs and vascu-
lar smooth muscle cells promoted the proliferation but not
differentiation of MSCs by transfer of mitochondria [23],
and MNTs between osteoclast precursors were found essen-
tial for osteoclastogenesis [33]. MNTs also exist between
malignant tumor cells of mesothelioma and lung cancer and
might play a critical role in tumor formation and develop-
ment [7].

4 Perspectives

Although we have made great progress in the study of
MNTs, many questions remain unanswered. The occurrence
of MNTs has been observed in vitro and vivo. However, the
specific MNTs markers have not been found. Protein
screening might help us to further uncover the components
and identify the markers of MNTs. Finding the specific
markers will promote the elucidation of molecular mecha-
nisms regulating the formation of MNTs as well as visuali-
zation and identification of these structures in vitro and in
vivo.

With the development of fluorescent or electron micro-
scopes, we can get more information about the ultrastruc-
ture and components of MNTs in deferent type of cells and
then study whether these factors are related to MNTSs’ vari-
ous functions.

As discussed here, MNTs play an important role in many
pathophysiological processes by transporting some molecu-
lar signals. The technique of live cell imaging, FRAP or
photoactive can be used to further study the mechanisms
regulating the transport, and the effect of pathological stim-
ulation on the transport. These results can help us under-
stand whether MNTSs play some role in the occurrence and
development of some diseases.

In summary, there are still many more questions in the
young field of MNTs, and better understanding of these
questions may reveal new targets for treatment of diseases.
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