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Tunneling nanotubes (TNTs) are recently discovered conduits for
a previously unrecognized form of cell-to-cell communication.
These nanoscale, F-actin–containing membrane tubes connect cells
over long distances and facilitate the intercellular exchange of
small molecules and organelles. Using optical membrane-potential
measurements combined with mechanical stimulation and whole-
cell patch-clamp recording, we demonstrate that TNTs mediate the
bidirectional spread of electrical signals between TNT-connected
normal rat kidney cells over distances of 10 to 70 μm. Similar results
were obtained for other cell types, suggesting that electrical cou-
pling via TNTs may be a widespread characteristic of animal cells.
Strength of electrical coupling depended on the length and number
of TNT connections. Several lines of evidence implicate a role for
gap junctions in this long-distance electrical coupling: punctate
connexin 43 immunoreactivity was frequently detected at one
end of TNTs, and electrical coupling was voltage-sensitive and
inhibited by meclofenamic acid, a gap-junction blocker. Cell types
lacking gap junctions did not show TNT-dependent electrical cou-
pling, which suggests that TNT-mediated electrical signals are
transmitted through gap junctions at a membrane interface be-
tween the TNT and one cell of the connected pair. Measurements
of the fluorescent calcium indicator X-rhod-1 revealed that TNT-
mediated depolarization elicited threshold-dependent, transient
calcium signals in HEK293 cells. These signals were inhibited by
the voltage-gated Ca2+ channel blocker mibefradil, suggesting they
were generated via influx of calcium through low voltage-gated
Ca2+ channels. Taken together, our data suggest a unique role for
TNTs, whereby electrical synchronization between distant cells
leads to activation of downstream target signaling.

Cell-to-cell communication plays an important role in physio-
logical processes of multicellular organisms. Diverse signaling

pathways have been documented for the exchange of molecular
information between cells. These include (i) the direct interaction
of cell-surface molecules, (ii) the secretion of signaling molecules
and their receptor-mediated uptake by target cells, and (iii) the
direct transport of molecules through gap junctions. In addition to
the exchange of signaling molecules, cells also communicate via
electrical signals, where electrical coupling of cells via gap junc-
tions is crucial for information processing and synchronization.
Recent studies implicate electrical signaling in developmental
processes, such as the establishment of left-right pattern in em-
bryos (1), tail regeneration ofXenopus (2), and wound healing (2).
Some years ago, a new route of intercellular communication,

based on the formation of tunneling nanotubes (TNTs) or similar
structures that connect cells over long distances, was identified
(3, 4). These membrane tubes, typically 50 to 200 nm in diameter
with lengths up to several cell diameters, contain F-actin and, as
a characteristic property, lack contact to the substratum (5). Sub-
sequently, a growing number of cell types have been shown to form
and use TNTs for the exchange of diverse cellular components,
such as endocytic vesicles, mitochondria, plasma membrane pro-
teins, and cytoplasmic molecules (6, 7). Pathogens, such as HIV
(8, 9) and prions (10), have also been found to spread via TNT-like
structures. The increasing number of functions attributed to TNTs
(6, 7, 11), in conjunction with the recent finding that these struc-

tures exist in vivo (12), suggests important roles in intercellular
communication of TNTs under physiological conditions.
The question arises as to whether, in addition to the exchange of

molecules, TNTs also convey electrical signals between distant
cells. The demonstration that artificial membrane nanotubes with
a similar diameter as TNTs are efficient conductors of electrical
currents (13) suggests that TNTs may also accomplish electrical
cell-to-cell coupling. To investigate this theory, we combined op-
tical membrane-potential measurements and electrophysiological
methods to analyze electrical signals between TNT-connected cell
pairs. Our results demonstrate that TNTs can mediate electrical
coupling between distant cells and provide evidence that gap
junctions participate in this long-distance coupling. Furthermore,
we show that the electrical signals transferred from one cell to
another are sufficient to induce a transient calcium elevation in the
recipient cell by activating low voltage-gated Ca2+ channels.

Results
Mechanical Stimulation-Induced Depolarization Spreads Through TNT
Connections Between Normal Rat Kidney Cells. To identify TNTs in
normal rat kidney (NRK) cells, we used differential interfer-
ence contrast (DIC) microscopy to avoid phototoxic damage to
these fragile structures. Only straight intercellular connections
(>10 μm in length) without contact to the substratum and lacking
a midbody structure were considered. This process eliminated
filopodia-based cell-to-cell contacts and dividing cells from our
analysis. Time-lapse imaging demonstrated that all TNTs be-
tween NRK cells formed by cell dislodgement (Fig. S1) (n = 54
formation events). To exclude potentially complex circuits during
our measurements, we selected only TNT-connected cell pairs
devoid of contact to other cells (Fig. 1A, DIC images). Depolar-
ization of single cells was induced by mechanical stimulation and
measured as an increase in fluorescence of a preloaded membrane
potential sensitive dye, bis-(1,3-dibutylbarbituric acid) trimethine
oxonol [DiBAC4(3)]. The fluorescence of both stimulated cells and
TNT-connected cells increased after mechanical stimulation (Fig.
1A, pseudocolored intensity images). Cells lacking physical con-
nections to the stimulated cell pair did not display an increase in
fluorescence. This finding excluded the possibility that the de-
polarization spread by diffusion of molecular signals between cells.
The amplitude of depolarization in the recipient cell was always
lower than that of the stimulated cell (Fig. 1B), suggesting that the
TNT-dependent depolarization signal moved passively from one
cell to the other. As a control for our optical measurements, abut-
ting NRK cells (that is, cells whose plasma membranes displayed
a large area of contact) always showed strong electrical coupling
in addition to the intercellular spread of Cascade Blue, a dye in-
jected into the stimulated cell during mechanical stimulation
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(Fig. S2A). In addition, the presence of immunostaining against
connexin 43 at the interface of these abutting cells suggested that
NRK cells expressed functional gap junctions (Fig. S2B). We never
detected the diffusion of Cascade Blue between TNT-connected
cells, even after 20 min of dye injection (Fig. S2C), indicating that
the passive diffusion of small molecules such as Cascade Blue
through TNT structures is strongly reduced.
Interestingly, cells connected by one TNT to a stimulated cell

showed weaker depolarization signals than cells connected by two
shorter TNTs (Fig. 1A and red curves in Fig. 1B). To elucidate the
relationship between the strength of electrical coupling and the

length of the TNT, we analyzed cell pairs connected with TNTs
of varying length. Measurement of 31 TNT-connected NRK
cell pairs revealed that 25 (∼80%) were electrically coupled. The
coupling efficiency, calculated as the ratio of depolarization be-
tween a single TNT-connected cell and the stimulated cell (ΔFc/
ΔFs), decreased with increasing TNT length (Fig. 1C) (rs = −0.60,
P= 0.038, Spearman’s correlation analysis). As noted above, cell
pairs connected by more than one TNT displayed stronger elec-
trical coupling compared with cell pairs connected by one TNT of
similar length (Fig. 1C, open symbols). This finding implies that
multiple TNT-connections between cells can operate as parallel
conduits for the spread of electrical signals. Thus, the strength of
electrical coupling between TNT-connected cells is determined by
both the length and number of TNT-connections between them.

Whole-Cell Patch-Clamp Recording Reveals Bidirectional Electrical
Coupling Between TNT-Connected NRK Cells. To further character-
ize TNT-dependent electrical coupling, we performed simulta-
neous, dual whole-cell voltage-clamp recordings from pairs of
TNT-connected NRK cells. Electrical coupling was tested by
applying voltage steps to one cell and recording current responses
in both cells (Fig. 2A). A hyperpolarizing voltage applied to one
cell resulted in an inward current in that cell and an outward
current in the TNT-connected cell, whereas a depolarizing volt-
age applied to one cell resulted in an outward current in that cell
and an inward current in the connected cell (Fig. 2 B and C, Left
and Center). To estimate the junctional conductance (Gj), we
applied a series of depolarizing and hyperpolarizing voltage pul-
ses to the stimulated cell. By plotting junction current (Ij) versus
junction voltage (Vj), we calculated Gj as the slope of a straight
line fitted to the Ij–Vj relationship (Fig. 2 B and C, Right). Both
directions of measurement showed very similar conductance
(Fig. 2D), indicating nonrectifying, bidirectional electrical cou-
pling. Thus, the conductance for a cell pair was calculated as the
average of the conductance values measured in each direction
(14). All TNT-connected cell pairs tested displayed fast electrical
coupling with an average conductance of 566 ± 129 pS (range 55–
1,341 pS, n = 12). The electrical coupling was abolished if the
TNT broke during recording. As expected, given the presence of
gap junctions in NRK cells, recording from pairs of cells in which
the cell bodies or filopodia were in direct physical contact always
resulted in strong electrical coupling, with higher conductances
(8.9 ± 1.9 nS, range 1.8–25 nS, n = 12) compared with TNT-
connected cell pairs. Cell pairs without physical contact never
exhibited electrical coupling (n = 4). The conductance between
single TNT-connected cell pairs decreased with increasing length
of the TNTs (Fig. 2E) (rs = −0.83, P = 0.0029, Spearman’s cor-
relation analysis). Additionally, two cell pairs that were connected
with two TNTs each displayed higher conductance values com-
pared with cell pairs connected by a single TNT-connection of
similar length (Fig. 2E, open symbols). The results from these
electrophysiological experiments are consistent with our optical
membrane-potential measurements.

Cx43 Participates in the TNT-Dependent Electrical Coupling of NRK
Cells. Our results raised the question of the structural basis for the
observed TNT-dependent electrical coupling. Structural models
have been proposed previously with the possibility that TNTs are
continuous with the membranes of both cells of a pair or with only
one of the cells (3, 8). To test for TNT-mediated membrane con-
tinuity, we analyzed mixed populations of NRK cells transfected
with fluorescent plasma membrane markers. One population,
expressing GPI-EGFP, was cocultured with a second population
expressing GPI-mCherry. Confocal live-cell fluorescence micros-
copy revealed that all TNTs were labeled by a single marker (Fig.
3A) (n = 50). This finding indicated that GPI-anchored plasma
membranemarkers did not diffuse freely between TNT-connected
NRK cells and suggested that the TNTs are continuous with only
one of these cells. The likely existence of a plasmamembrane at the
other end of a TNT bridge suggests that a mechanism for the
electrical coupling via a TNT could be the presence of gap junc-
tions at points of contact between the cells. To test this theory, we
immunolabeled TNT-connected NRK cell pairs with an antibody

Fig. 1. Depolarization signals spread between TNT-connected NRK cells. (A)
The DIC images show the mechanically stimulated NRK cells (asterisks), TNT-
connected cells (open circles), TNTs (arrows), and control cells (c). The pseu-
docolored intensity images, generated by subtraction of the image before
stimulation, show DiBAC4(3) fluorescence increase at indicated times after
mechanical stimulation for one (Upper) and two TNT-connections (Lower) per
connected cell pair. The color bar indicates relative level of depolarization.
(Scale bars, 20 μm.) (B) Quantification of the relative membrane potential
changes of the stimulated cell (ΔFs) and the TNT-connected cell (ΔFc) for one
(Left) or two TNT-connections (Right) as shown in A. (C) Correlation of the
electrical coupling efficiency (ΔFc/ΔFs) and the TNT length. Each datapoint
corresponds to the mean of the ΔFc/ΔFs values of TNT-coupled NRK cell pairs
(n = 21) acquired at 30, 60, 120, and 180 s. Error bars are ± SEM.
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against Cx43. Punctate Cx43 signals were observed on 78% of all
TNT structures (n = 54). The Cx43 immunolabeling was usually
confined to one position of the TNT structure (Fig. 3B, Top and
Middle) (n= 35), but was sometimes observed at both ends of the
TNT (Fig. 3B, Bottom) (n= 7). This result was most likely because
of the presence of two or more TNTs located very closely together.
The absence of Cx43 labeling in 22% of the TNTs analyzed here is
consistent with our finding that 20% of NRK cells were not elec-
trically coupled. Furthermore, this finding indicates that TNTs in
NRK cells form independently of gap junctions.
If Cx43 mediates the observed TNT-dependent electrical cou-

pling, the conductance should display voltage-dependent sensitiv-
ity, as previously demonstrated for Cx43-containing gap junctions
(15). We tested for voltage-sensitivity of the coupling with re-
laxation experiments by applying 10-s long hyperpolarizing voltage
pulses (Vj = −20 to −120 mV, 20-mV steps) to one cell of a TNT-
connected cell pair from a common holding potential of 0 mV. For
transjunctional voltages higher than 60 mV, we observed a time-

dependent decrease of the junctional current in the recorded cell
(Fig. 3C), indicating a corresponding time-dependent decrease of
the conductance. Between subsequent voltage pulses, cells were
returned to 0 mV for 30 s to allow for recovery from the voltage
relaxation. All TNT-connected NRK cell pairs (n = 5) tested
displayed some degree of voltage sensitivity, although complete
datasets were difficult to obtain because of the fragility and short
lifetime of TNTs (5) during these longer-lasting recordings. Fur-
thermore, the percentage of TNT-dependent electrically coupled
NRK cells, assessed by an increase in DiBAC4(3) fluorescence fol-
lowingmechanical stimulation, decreased in the presence of 25 μM

Fig. 3. Gap junctions participate in TNT-dependent electrical coupling
of NRK cells. (A) Membrane markers do not freely diffuse between TNT-
connected NRK cells. Mixed populations of GPI-EGFP- and GPI-mCherry-
labeled cells were imaged after 24 h of coculturing. Three TNTs (arrows)
connecting GPI-EGFP (green)- and GPI-mCherry (red)-expressing cells, re-
spectively, are labeled throughout their entire length with only GPI-EGFP. (B)
Cx43 colocalizes with TNT structures of NRK cells. Cells were fluorescently
labeled using wheat germ agglutinin (WGA) (green) and anti-Cx43 (red) as
indicated. The confocal images show distinct signals of Cx43 immmunolab-
eling (arrowheads) at one end (n = 24), in the middle (n = 11), or at both ends
(n = 7) of a TNT (arrow). (C) Relaxation experiments determine steady-state
voltage sensitivity of TNT-dependent electrical coupling of NRK cells. A
series of 10-s hyperpolarizing voltage steps between−20mV and −100mV (in
20-mV increments) were applied to one cell (V1, Upper). The resulting current
responses in the nonstepped cell show relaxation when the voltage differ-
ence is> 60mV (I2, Lower). Note the relaxation of I2 at voltage steps≥−60mV.
(D) TNT-dependent depolarization-coupling is inhibited by MFA. NRK cells
were incubated with 25 μM MFA for 20 min. After one cell was mechanically
stimulated, the DiBAC4(3) fluorescence of TNT-connected cells was measured.
The graph shows the percentage of coupled-cell pairs in the absence (control)
and presence of MFA (P = 0.009, Fisher’s Exact Test). The threshold applied to
identify electrically coupled, TNT-connected cells is described inMaterials and
Methods. n, number of cell pairs analyzed. (Scale bars, 20 μm.)

Fig. 2. Simultaneous voltage-clamp recordings from TNT-connected NRK
cell pairs reveal bidirectional electrical coupling. (A) DIC image of TNT-
connected NRK cell pair before (Left) and during (Center) electrophysio-
logical recording; arrow indicates the TNT. Diagram (Right) illustrates re-
cording configuration with V1 and V2 representing the voltage injected
into cell 1 and cell 2, respectively, and I1 and I2 representing the currents
measured in cell 1 and cell 2, respectively. (Scale bar, 20 μm.) (B) With the
TNT-connected NRK cell pair in A in voltage-clamp (Vhold = 0 mV), a series
of 300-ms voltage pulses (V1) of −30 mV to +10 mV (in 10-mV increments;
illustrated in upper left traces) were applied to cell 1 while current re-
sponses were recorded from both cells (I1 and I2; lower left traces). A
hyperpolarizing (or depolarizing) voltage pulse applied to cell 1 results in
an inward (or outward) current in cell 1 and an outward (or inward) current
in cell 2. (Right) The current-voltage relationship for the junctional current
(Ij) versus the junctional voltage (Vj) is shown. Datapoints have been fit with
a straight line (slope = Gj). (C) Same as in B, but voltage steps are applied to
cell 2. (D) Comparison of Gj in each direction indicates nonrectifying elec-
trical coupling, (Gj(12) for cell 1, Gj(21) for cell 2). The dashed line has a slope
of one. (E ) Relation between conductance of TNT-coupled NRK cells (n =
12) and length of the TNT. Open dots represent cell pairs connected with
two TNTs.
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meclofenamic acid (MFA), a blocker of gap junctions in NRK cells
(16) (Fig. 3D). Taken together, the observed colocalization of Cx43
with TNTs, the voltage sensitivity of the conductance, and the re-
duced number of electrically coupled cells in the presence of MFA
suggest that gap-junction proteins play a central role in the TNT-
dependent electrical coupling of NRK cells.

TNT-Dependent Electrical Coupling Occurs Between Cells with Func-
tional Gap Junctions. To address if TNT-dependent electrical cou-
pling is a general characteristic of animal cells, we first investigated
HEK293 cells. HEK293 cells form TNTs mainly by dislodgement
(82%, n = 13 of 17 formation events) and to a minor extent by
filopodial interplay (18%).TNT-connectedHEK293 cell pairs were
electrically coupled as indicated by DiBAC4(3) fluorescence (Fig. 4
A andC) and Cx43 immunostaining was evident on only one end of
a TNT connection (Fig. S3A, Top). Consistent with the latter ob-
servation, the TNT between HEK293 cells appeared to be contin-
uous with the membrane of only one of the two cells (Fig. S3A,
Middle) (n=50). In primary human umbilical vein endothelial cells
(HUVECs), TNT-dependent electrical coupling was also observed
(Fig. 4 A and C) and Cx43 immunostaining was evident at only one
endof theTNTconnection (Fig. S3B,Top). As a positive control for
the presence of functional gap junctions in both cell types, electrical
coupling and dye transfer were recorded between abutting cells
(Fig. S3 A and B, Bottom). In quail neuronal crest cells (NCCs)
migrating from neural tube explants, identified by a specific marker
HNK-1 (17) (Fig. S4A), TNTs formed via dislodgement (n= 7 of 7
formation events). Mechanical stimulation of TNT-connected cell
pairs from these cultures revealed that only few of them were
electrically coupled (Fig. 4 A and C). Similarly, a low percentage of
electrically coupled cells was found for abuttingNCCcell pairs (Fig.
4C). Immunofluorescence analysis showed that TNT-connected
NCC cells were only in some cases positive for Cx43 (Fig. S4B, Top
andMiddle), whereas TNTs betweenNCCand non-NCC cells were
always positive for Cx43 (Fig. S4B, Bottom). This finding suggests
that only a subpopulation of NCC cells expresses gap junctions
leading to electrical coupling.
The above results suggest that TNT-dependent electrical cou-

pling is characteristic of cells that express both TNTs and functional
gap junctions. To test this, we investigated a gap junction-deficient
cell line, PC12 cells (18), which form TNTs by filopodial interplay
(19). The absence of gap-junction communication between abut-
ting cells was confirmed with both patch-clamp and Cascade Blue
dye transfer experiments. For 23 pairs of TNT-connected PC12
cells, we observed no increase in DiBAC4(3) fluorescence of the
TNT-connected cell followingmechanical stimulation (Fig. 4A and
C). In dual voltage-clamp recordings of TNT-connected PC12 cell
pairs, we found no evidence of electrical coupling (Fig. 4B) (n=6).
These data support a model in which connexin channels are im-
portant mediators of TNT-dependent electrical coupling.

TNT-Transmitted Depolarization Signals Activate Low Voltage-Gated
Ca2+ Channels in HEK293 Cells. To investigate whether the observed
TNT-mediated electrical coupling could lead to measurable phys-
iological changes, we simultaneously measured membrane poten-
tials with DiBAC4(3) and intracellular Ca2+ levels ([Ca2+]i) with
the fluorescent calcium indicator X-rhod-1 in TNT-connected
HEK293 cell pairs. Mechanical stimulation of one HEK293 cell
always revealed a depolarization and an increase in [Ca2+]i in the
stimulated cell. However, calcium elevations were sometimes ob-
served in cells which had no physical connection to the stimulated
cell (Fig. S5, Upper). To eliminate these unspecific signals, we ap-
plied 100 μM suramin, a purinergic receptor blocker (20), which
completely suppressed these calcium elevations (Fig. S5,Lower). In
the presence of suramin, fast elevated calcium levels were observed
in∼50%of TNT-connectedHEK293 cells when the stimulated cell
was depolarized (Fig. 5A, Top). In the remaining ∼50% however,
the TNT-connected cell did not show an increase in [Ca2+]i, even
though the [Ca2+]i was always strongly elevated in the stimulated
cell (Fig. 5A,Middle). This finding, in conjunction with our finding
that a 30 μmbut not a 19 μm long TNT led to a change in [Ca2+]i in
the connected cell, excluded a length-limited diffusion of calcium
from the stimulated cell via the TNT. Instead, we observed that the

TNT-connected cells that displayed increased [Ca2+]i also dis-
played an increase in their membrane potential that exceeded
a ΔFmax of 0.2 during the first minute after stimulation (Fig. 5B,
open black triangles).
The threshold-dependent correlation between the extent of de-

polarization and the increase in [Ca2+]i suggested that voltage-
gated Ca2+ channels were being activated. Because voltage-gated

Fig. 4. TNT-dependent electrical coupling in different cell types. (A) TNT-
connected cells are electrically coupled. The DIC images show the mechanically
stimulated cells (asterisks), TNT-connected cells (open circles), TNTs (arrows), and
control cells (c). The pseudocolored intensity images, generated by subtraction
of the image before stimulation, depict increased fluorescence of DiBAC4(3)
of TNT-connected cell pairs at indicated times. (Scale bars, 20 μm.) (B) (Left) DIC
image of TNT-connected PC12 cell pair during patch-clamp electrophysiological
recording. (Scale bar, 10 μm.) (Center) With the TNT-connected PC12 cell pair in
voltage-clamp (Vhold = 0 mV), a series of 300-ms voltage pulses (V1) of −30 mV
to +10 mV (in 10-mV increments; illustrated in upper traces) were applied to
cell 1 while current responses were recorded from both cells (I1 and I2; lower
traces). Depolarizing and hyperpolarizing voltage pulses applied to cell 1 result
in outward and inward currents, respectively, in cell 1, and no change in current
measured in cell 2. (Right) Same as in the Center, but voltage steps are applied
to cell 2. No change in current was measured in cell 1. Traces are average of 10
repetitions. (C) Shown is the electrical coupling ratio of abutting and TNT-
connected cell pairs of different cell types. After one cell was mechanically
stimulated, the DiBAC4(3) fluorescence of the abutting or TNT-connected cells
was measured. The threshold applied to identify electrically coupled cells is
described in Materials and Methods. n, number of cell pairs analyzed.

Wang et al. PNAS | October 5, 2010 | vol. 107 | no. 40 | 17197

CE
LL

BI
O
LO

G
Y

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

D
ec

em
be

r 
31

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006785107/-/DCSupplemental/pnas.201006785SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006785107/-/DCSupplemental/pnas.201006785SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006785107/-/DCSupplemental/pnas.201006785SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006785107/-/DCSupplemental/pnas.201006785SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006785107/-/DCSupplemental/pnas.201006785SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006785107/-/DCSupplemental/pnas.201006785SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006785107/-/DCSupplemental/pnas.201006785SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006785107/-/DCSupplemental/pnas.201006785SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1006785107/-/DCSupplemental/pnas.201006785SI.pdf?targetid=nameddest=SF5


Ca2+ channels in HEK293 cells activate at a low voltage and, as
such, have been compared with a T-type Ca2+ channel (21), we
repeated the above experiments in the presence of 5 μMmibefradil,
a selective blocker of low voltage-gated Ca2+ channels at this low
concentration (22). Irrespective of the level of depolarization in the
stimulated cell, no changes in [Ca2+]i occurred in TNT-connected
cells in the presence of mibefradil (Fig. 5A, Bottom, and B, red
triangles). In contrast, NRK cells express an L-type Ca2+ channel
that is activated at higher membrane potentials (23). When we
repeated the above experiments with TNT-connected NRK cell
pairs, we never observed changes in [Ca2+]i, as measured with
X-rhod-1 (Fig. S6) (n = 10). This finding suggests that, under our
stimulating conditions, TNT-mediated depolarizations can be large
enough to activate low-threshold voltage-gated Ca2+ channels but
are not sufficient to activate the higher threshold L-type Ca2+
channels in NRK cells.

Discussion
In this study we provide strong evidence that animal cells can be
electrically coupled over long distances via TNTs and that gap
junctions are needed for this communication (Fig. 5C). TNT-
mediated electrical coupling was observed between all cell types
that express Cx43, including NRK, HEK293, HUVEC, and NCC
cells. We found no evidence for electrical coupling between
TNT-connected PC12 cells, which do not express gap junctions.
This result suggests that there are at least two different types
of TNTs: those that interpose connexins and thus participate in
electrical coupling, and those that lack connexins and do not
display electrical coupling. Cx43 immunoreactivity was most fre-
quently expressed at only one end of a TNT connecting two cells,
implying a membrane border at that end of the TNT and a con-
tinuity of the TNT membrane with the other cell. The maximally
observed conductance value was 1.3 nS for one TNT connection
and, given a single channel conductance of 61 pS for Cx43 (24), this
suggests that at least an equivalent of ∼20 open channels were in-
volved in the respective coupling. Thus, the TNT-dependent elec-
trical coupling efficiency between cells is likely to be determined not
only by the length and number of TNTs between cells but also by the
number and open probability of the connexin channels present.
Our results suggest that ∼80% of the TNTs between NRK

cells mediate electrical coupling. We have demonstrated pre-
viously that ∼50% of TNTs between NRK cells are involved in
organelle transfer (5). This finding suggests that a number of
TNTs are likely to be involved in both processes and raises the
question as to the mechanism by which organelle transfer occurs
between TNT-connected cells. Conceivable mechanisms might
involve exo- and endocytotic events at the membrane interface,
or a transient fusion of the TNT membrane with the target-cell
membrane. Moreover, based on our data here, TNTs in PC12
cells are not permanently open at both ends, but instead form
a membrane border (or interface) with one cell. This finding is
seemingly in contrast with our previous finding that a few TNTs
in PC12 cells showed opening at both ends evidenced by mor-
phological evidence (3). These open-ended TNTs could reflect
transient structures, which may facilitate short-lived organelle
transfer as documented by long observation periods (3, 19).
However, capturing these transient events by long-lasting elec-
trical measurements may be difficult because of technical limi-
tations. TNT-dependent transfer of organelle cargo between
cells has been observed in a variety of different cell types (3, 5–7,
19), thus the mechanisms of transfer are of considerable interest
for future studies.
Our result that TNT-mediated electrical coupling is of a magni-

tude sufficient to activate voltage-gated calcium channels in the
recipient cell does not support a simple model of calcium diffusion
(Fig. 5C). We observed that high [Ca2+]i in the stimulated cells was
not sufficient to evoke calcium signals in the TNT-connected cell if
the transmitted depolarization was below a threshold value. How-
ever, two recent studies in dendritic and transfected HeLa cells
found evidence for TNT-dependent intercellular calcium signaling
via calcium diffusion through TNTs (25, 26). This finding suggests
that different mechanisms of intercellular calcium signaling are
likely to exist and may reflect the diversity of TNT structures and

functions in specific cell types (6, 7). Furthermore, our findings here
open up the possibility that TNTs participate in physiologically
relevant cell functions. In particular, the collective behavior of
solitary or loosely attached migratory cells that follow the same
tracks during diverse developmental processes could benefit from
a long-distance signaling network. Cell-to-cell contacts via long
“thin filopidia” have been observed in vivo within a stream of mi-
grating NCC (27) and migration of cells during sea urchin gastru-
lation (28). Our result that some NCC cells were indeed electrically

Fig. 5. TNT-mediated depolarization activates low voltage-gated Ca2+

channels in HEK293 cells. (A) The DIC images show the mechanically stimu-
lated cells (asterisks), TNT-connected cells (open circles), and TNTs (arrows).
The pseudocolored intensity images, generated by subtraction of the image
before stimulation, depict the fluorescence changes of DiBAC4(3) (second
column) and X-rhod-1 (third column) at indicated times after mechanical
stimulation. The color bar indicates relative level of depolarization or [Ca2+]i
elevation. The corresponding fluorescence intensity changes (ΔF) of both
DiBAC4(3) (black curves) and X-rhod-1 (red curves) of the TNT-connected cells
were calculated (fourth column). The [Ca2+]i of the TNT-connected cell is
elevated along with the strong depolarization (Top), but not upon weak
depolarization (Middle). No increase in [Ca2+]i of TNT-connected cells dis-
playing strong depolarization was observed in the presence of 5 μM mibe-
fradil (Bottom). (Scale bars, 20 μm.) (B) Relation between depolarization and
[Ca2+]i increase of TNT-connected HEK293 cells. Each datapoint corresponds
to the maximum fluorescence increase (ΔFmax) of DiBAC4(3) and X-rhod-1 in
TNT-connected cells within 1 min after stimulation with (n = 10) or without
5 μM mibefradil (n = 11). All measurements were carried out in the presence
of 100 μM suramin. (C) Proposed model for the TNT-dependent electrical
coupling and opening of low voltage-gated Ca2+ channels. When one cell of
a TNT-connected pair is depolarized by mechanical stimulation, the de-
polarization signal spreads through TNTs to the connected cell via gap
junctions. Above a threshold of depolarization in the TNT-connected cells,
low voltage-gated Ca2+ channels open and result in transient calcium signals.
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coupled via TNTs suggests that TNTs could play an important role
in the coordination of NCC migration.
In addition to the activation of voltage-gated ion channels,

TNT-mediated electrical coupling may affect other downstream
pathways and processes in connected cells, including the modu-
lation of activity of small-molecule transporters (2) and the acti-
vation of enzymes, such as protein kinase A (29), PI3 kinase
(2), or voltage-sensitive phosphatase (30). F-actin-rich membrane
extensions connecting opposing cells at wound sites have been
observed (31), as well as the activation of PI3 kinase during
wound healing (2) and a membrane depolarization at the leading
edge of wounds (32). This finding may suggest that membrane
extensions/TNT-like structures propagate depolarization signals
over long distances to synchronize the observed F-actin remod-
eling by activation of downstream signaling cascades during
healing. Thus, our study provides evidence that the transfer of
electrical signals via TNTs and the subsequent activation of
physiologically relevant biophysical signals may provide a unique
mechanism for long-distance cellular signaling.

Materials and Methods
Membrane Potential and [Ca2+]i Imaging. For single membrane-potential
measurements, cells were preloaded with 2 μM of DiBAC4(3) (Sigma-Aldrich) at

37 °C for 45 min. Time-lapse fluorescence images were acquired before and
after mechanical stimulation with excitation at 488 nm. For simultaneous mea-
surement of [Ca2+]i and membrane potential, cells were loaded with 0.3 μM
X-rhod-1 AM (Molecular Probes) for 30 min, then with 2 μMDiBAC4(3) at 37 °C
for 30 min. Fluorescence images (excitation at 560/488 nm respectively) were
obtained under the same conditions as single membrane-potential measure-
ments, except that 100 μM suramin (Sigma-Aldrich) was present.

Electrophysiological Measurements. For patch-clamp recording, cell medium
was replaced with (in mM): 145 NaCl, 10 glucose, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 5
Hepes (pH 7.4). Recording pipettes (5–7 MΩ) were filled with (in mM): 125
CsCl, 8 NaCl, 1 CaCl2, 5 EGTA, 15 TEA-Cl, 4 MgATP, 10 Hepes (pH = 7.3). Dual
whole-cell recordings were performed with an EPC9-dual patch-clamp am-
plifier controlled by PatchMaster software (HEKA Elektronik GmbH) as de-
scribed previously (14).

More details of the methods can be found in SI Materials and Methods.
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