
FEBS Letters 583 (2009) 1481–1488
journal homepage: www.FEBSLetters .org
Selective block of tunneling nanotube (TNT) formation inhibits intercellular
organelle transfer between PC12 cells
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Organelle exchange between cells via tunneling nanotubes (TNTs) is a recently described form of
intercellular communication. Here, we show that the selective elimination of filopodia from PC12
cells by 350 nM cytochalasin B (CytoB) blocks TNT formation but has only a weak effect on the sta-
bility of existing TNTs. Under these conditions the intercellular organelle transfer was strongly
reduced, whereas endocytosis and phagocytosis were not affected. Furthermore, the transfer of
organelles significantly correlated with the presence of a TNT-bridge. Thus, our data support that
in PC12 cells filopodia-like protrusions are the principal precursors of TNTs and CytoB provides a
valuable tool to selectively interfere with TNT-mediated cell-to-cell communication.
� 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Intercellular communication plays a central role in the phys-
iology of multi-cellular organisms, and the exchange of molecu-
lar information is achieved by a variety of cellular mechanisms.
Recently, a new principle of cell-to-cell communication based
on the de novo formation of thin membrane channels between
mammalian cells was documented [1]. These channels, referred
to as tunneling nanotubes (TNTs), were shown to permit the di-
rect intercellular transfer of endosome-related organelles and
other cellular components [1]. Subsequently, TNT-like nanotubes
were found to connect other cell types [2–4] and the transfer of
mitochondria [5,6], plasma membrane components [1,7,8], cal-
cium ions [8] as well as viral proteins [9,10] along TNT-like
bridges was demonstrated. From these studies and the recent
demonstration that TNT-connectivity exists in vivo between
immune cells of the corneal stroma [11], it emerges that TNT-
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mediated communication has the potential to play an important
role in many physiological processes of multi-cellular
organisms.

TNT-like structures appear to form by two different mecha-
nisms that may vary with cell type: by the directed outgrowth of
a filopodium-like protrusion toward a neighboring cell or by dis-
lodgement of attached cells after a certain required interaction
time [3,4]. In contrast to filopodia, TNTs between cultured cells
have no contact to the substratum but hover freely in the intercel-
lular space. Filopodia along with lamellipodia are F-actin-based
protrusive structures attached to the substratum of cultured cells
with migratory and exploratory functions [12]. Filopodia have a
rodlike shape and are filled with bundles of parallel actin filaments,
whereas lamellipodia are flat protrusions with a meshwork of actin
filaments. In contrast to lamellipodia, filopodia possess a so-called
tip complex consisting of different anti-capping proteins and F-ac-
tin nucleators [13–15]. Interestingly, treatment with cytochalasin
B/D in the nanomolar range has been an elegant way to specifically
block filopodia formation in neuronal cell types [16,17]. The exact
mode of action is not known, but it is presumed that at low con-
centrations cytochalasin B/D specifically compete with Ena/VASP
proteins at the filopodial tip and thus, block the addition of actin
monomers [16,17].

In this study, we investigated the effects of nanomolar concen-
trations of cytochalasin B (CytoB) on TNT formation and stability as
well as on organelle exchange in PC12 cell cultures.
lsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Reagents and cell culture

Alexa Fluor� 488 wheat germ agglutinin (WGA488), Alexa
Fluor� 633 wheat germ agglutinin (WGA633), CellTrackerTM Blue
CMAC (CTB), CellTrackerTM Green CMFDA (CTG), Vybrant� DiI cell-
labeling solution (DiI) and Vybrant� DiD cell-labeling solution
(DiD) were purchased from Molecular Probes (Invitrogen Detection
Technologies, Carlsbad, CA, USA). CytoB was obtained from Sigma
Aldrich (Sigma–Aldrich Corp., St. Louis, MO, USA). For all experi-
ments, singularized PC12 cells (rat pheochromocytoma cells, clone
251, [18]) were plated at a density of 6 � 104 cells/cm2 and cul-
tured as described [1].

2.2. Imaging and FACS analysis

Confocal and wide-field microscopy were performed with a Lei-
ca TCS SP5 (Leica Microsystems GmbH, Wetzlar, Germany) and a
Zeiss Axiovert 200M (Carl Zeiss, Jena, Germany) or an Olympus
IX70 microscope (Olympus Optical Co., Europe GmbH, Hamburg,
Germany), respectively, as described [19]. Flow cytometry analysis
of organelle transfer was performed on a FACSCaliburTM flow cytom-
eter (Becton–Dickinson, Mountain View, CA, USA) as described
[19].

2.3. Analysis of organelle transfer

For quantitative analyses of TNT structures and intercellular
organelle transfer, cocultures of CTB or CTG stained cells (acceptor
population) and DiD stained cells (donor population) were plated
at a ratio of 1:1. Notably, the DiD staining was performed 1 day be-
fore the start of the coculture. One hour after plating, the medium
was removed to eliminate cell debris, and new medium containing
350 nM CytoB [1:1000 dilution from a 350 lM stock in dimethyl-
sulfoxide (DMSO)] was added. The control cells were cultured
without DMSO since additional experiments indicated that a
1:1000 dilution of DMSO had no effect on TNT number or organelle
transfer (data not shown). Analysis of organelle transfer was
performed at 2 and 24 h after cell plating. For microscopy analysis,
WGA488 was added to the cells to permit cell segmentation and
TNT detection (see Section 2.6). Image stacks covering the whole
cellular volume were acquired by wide-field microscopy for the
CTB, DiD and WGA488 channels using excitation wavelength of
400 nm, 633 nm and 488 nm, respectively. For FACS analysis,
DiD-labeled donor cells and CTG-labeled acceptor cells were
analyzed at 633 nm and 488 nm excitation wavelength,
respectively.

2.4. Analysis of phagocytosis

Cell debris was generated by mechanical lysis of Dil-stained
PC12 cells using a custom-made CellCracker. Then, a post-nuclear
supernatant was prepared by centrifugation at 3000�g for
10 min. The supernatant was split into two equal portions, one
was supplemented with 350 nM CytoB, and both portions were
added to plated cells, respectively. As a control for the analysis
algorithm, cells without added cell debris were incubated in the
absence of CytoB in parallel. After 2 h of incubation, the different
cell populations were washed, further incubated in growth med-
ium in the absence or presence of CytoB and imaged 24 h later. Di-
rectly before the start of imaging, the growth medium was
replaced by Tyrode’s solution (2 mM CaCl2, 2.5 mM KCl, 119 mM
NaCl, 2 mM MgCb, 30 mM glucose, 25 mM HEPES, pH 7.4, 2 mM
bromphenol blue) [20]. Notably, bromphenol blue quenches
extracellular fluorescence signals and thus guarantees that only
internalized signals are quantified. 3D image stacks for Dil fluores-
cence were acquired at 555 nm excitation wavelength using wide-
field microscopy. Cell segmentation was performed on the same
channel using the watershed method since the cells appeared as
dark regions surrounded by brighter extracellular space (Fig. 4A).
Phagocytosed cell debris was detected using adaptive
thresholding.

2.5. Analysis of fluid-phase endocytosis

WGA633 was added to plated cells and incubated for 30 min at
37 �C in the presence or absence (control) of 350 nM CytoB, or at
0.7 �C in the absence of 350 nM CytoB. Subsequently, WGA488
was added and stacks of 20 focal planes spanning the whole cellu-
lar volume were recorded by wide-field microscopy at 488 nm and
633 nm excitation wavelength. The data were processed by 3D
automated image segmentation using the WGA488 channel (see
Section 2.6). The rate of endocytosis was determined by a quanti-
tative analysis of the WGA633 signal within the cell regions. Sig-
nals were calculated by subtracting the mean signal intensity
inside the cells from the mean signal intensity outside the cells,
both applied to the WGA633.

2.6. Quantitative image processing

3D image stacks of WGA488-stained cells acquired by wide-
field fluorescence microscopy were used for cell segmentation by
applying automated marker construction [21] and the watershed
algorithm by immersion [22]. The TNTs were detected using the
method in [23], except from the edge detection, which was re-
placed by adaptive thresholding [21]. Every detected cell was la-
beled as either CTB positive, DiD positive or neutral, in the
following referred to as ‘CTB’ cells, ‘DiD’ cells or ‘unstained’ cells,
respectively. The labeling of the cells was accomplished by con-
verting the CTB and DiD channel into binary images by threshold-
ing. For the CTB channel, a global thresholding was suitable since
the images are homogenous, but the DiD channel required an
adaptive thresholding for the binarization due to the varying signal
intensity. Both thresholding techniques convert the respective
channels into binary images with pixel values ‘1’ and ‘0’. A cell
was classified as CTB or DiD positive, if it had at least 4/3pr3 asso-
ciated ‘1’-pixels in the respective channels, where r is the smallest
allowed radius of an organelle, which was estimated to 153 nm. A
cell positive for both CTB and DiD was said to be double positive
and those cells were of special interest since DiD organelles have
obviously been transferred.

We defined four groups of cells, A, B, C and D, shown in Fig. 5A:
(A) double positive cells with a TNT to a DiD cell, (B) acceptor cells
with a TNT to a DiD cell, (C) double positive cells without a TNT to a
DiD cell and (D) acceptor cells without a TNT to a DiD cell. From
these definitions it follows that A # B and C # D since every dou-
ble positive cell is also an acceptor cell. Furthermore, let
{A [ B [ C [ D} \ G = £ where G is the set of acceptor cells with
at least one direct donor neighbor. Thus, these cells were excluded
from the analysis to minimize the influence of neighbor cells.

The TNT number was counted and directly compared between
the 24-h control and 24-h CytoB condition. The overall transfer
in the 24-h time point in the presence of CytoB was normalized
by subtracting the transfer in the 2-h time point. Let n(x,y) be
the number of cells in group x at time point y and define the transfer
rate at time point y as tr(y) = (n(A,y) + n(C,y))/(n(B,y) + n(D,y)).
Then, the transfer rate TR between the time points was computed
as TR = (tr(24 h) � tr(2 h)) � 100%. The correlation between TNT
connected cells and transfer was also computed. This analysis
was performed by comparing group A/B to group C/D after sub-
tracting the transfer rate tr(24 h) (Fig. 5B). This normalization
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was necessary due to variation of transfer between the experi-
ments. Thus, the statistics was computed from comparing
n(A,24 h)/n(B,24 h) � tr(24 h) with n(C,24 h)/n(D,24 h) � tr(24 h),
and similarly for the 2 h condition.

3. Results

3.1. Analysis of formation and lifetime of TNTs

To investigate the formation of TNTs between PC12 cells, we
performed high-resolution DIC microscopy. A statistical analysis
of 100 events of formation revealed that 93% of TNTs arose from
filopodial interplay near the substrate, followed by filopodial
retraction and generation of TNTs (Fig. 1A). The remaining 7% TNTs
were generated after dislodgment of cells (Fig. 1B). Furthermore,
the lifetime of TNTs (n = 107), i.e. the time span between their for-
mation and their fracture, was determined from the acquired mov-
Fig. 1. Formation and lifetime of tunneling nanotubes (TNTs) in PC12 cell cultures. (A) TN
Firstly, filopodia interact near the substratum (A1–A3), followed by filopodial retraction (A
by the arrows in (A5–A7). Remnants of the TNT after breakage are indicated by the arro
analyzed structures. Adjacent cells dislocate slowly from each other (B1–B2). After 14 m
(B2–B7). Remnants of the TNT after breakage are indicated by the arrowhead in (B8). (C
TNTs (n = 107) was analyzed by DIC microscopy. The arrowhead indicates the median li
ies. The obtained data are depicted in a frequency plot (Fig. 1C).
The majority of the TNTs had short lifetimes and only a few percent
lasted for longer than 1 h. This is reflected by a median value of
7 min (Fig. 1C, arrow) and demonstrates the transient nature of
TNTs in PC12 cells.

3.2. Effect of CytoB on formation and stability of TNTs

Because 93% TNTs form by filopodial interplay of PC12 cells, we
investigated whether interference with the formation of filopodia
would result in a reduction of TNTs. First, we tested the efficiency
of CytoB to eliminate filopodia from PC12 cells. Three different
concentrations of CytoB (175 nM, 350 nM and 700 nM) were used
and the effects were analyzed by DIC microscopy. Whereas 175 nM
CytoB had a weak effect, the 700 nM had a similar effect as the
350 nM (data not shown). To minimize side effects on the cells,
we chose a concentration of 350 nM CytoB for the subsequent
T formation by filopodial interplay was observed in 93% of the analyzed structures.
4) and subsequent formation of a TNT (A5). The TNT persists for 11.5 min, indicated
whead in (A8). (B) TNT formation by cell dislodgement was observed in 7% of the

in a TNT becomes visible, and remains stable for 177.5 min, indicated by the arrows
) Frequency plot displaying the lifetime of TNTs between PC12 cells. The lifetime of
fetime of 7 min. Scale bars, 5 lm.
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experiments. This led to a disappearance of all filopodia within
390 ± 42 s (n = 7 movies).

We then addressed whether drug treatment reduced the num-
ber of TNT structures. PC12 cells were cultured in the presence of
350 nM CytoB and subjected to 3D fluorescence microscopy. The
analysis of optical sections from the middle of the cells, where
TNTs are typically located, revealed that the number of TNTs was
strongly reduced after 6 h of CytoB treatment (compare Fig. 2A1
and A3). At the same time, cell protrusions attached to the substra-
tum showed the efficient elimination of filopodial structures,
whereas lamellipodial sheets were unaffected under these condi-
tions (compare Fig. 2A2 and A4).

To analyse the time effect of CytoB on the number of TNTs,
image stacks were acquired after different time points of drug
Fig. 2. Low concentration of CytoB inhibits filopodia formation and reduces the number o
with WGA488 directly before imaging and recorded in 3D by confocal microscopy. Show
image stack from control (A1) and drug-treated (A3) cells. Arrows indicate TNTs. Note
condition. (A2) and (A4) depict single focal planes near the substratum of the image stack
(A2, arrowhead), are absent after drug treatment (A4). (B) TNT number decreases in the p
and analyzed for TNT numbers by wide-field fluorescence imaging combined with auto
1500–2000 cells from at least three independent experiments were analyzed. (C) CytoB b
350 nM CytoB and subjected to time-lapse fluorescence imaging using the resonant scan
TNTs at the timepoint of CytoB addition and the newly formed TNTs during the first ho
existing TNTs in percent. (D) CytoB has a weak effect on TNT stability. The survival of exi
points. The graph shows the ratio of TNT number in the presence (n = 119 TNTs) and ab
application and subjected to automatic analysis of TNT frequency
[23]. Interestingly, this showed a fast and strong decrease of TNTs
upon CytoB treatment by 80% after 30 min of 350 nM CytoB incu-
bation as compared to control conditions (Fig. 2B). To further
investigate whether this strong reduction was due to a block of
TNT formation or to rupture of existing TNTs, we performed two
types of experiments. First, we quantitatively monitored the for-
mation of new TNTs during the first hour of drug treatment by
employing confocal time-lapse microscopy. Under control condi-
tions, 62 TNTs were present at the start of the imaging and during
the first hour 46 new TNTs formed (n = 12 movies). This corre-
sponded to 80% newly formed TNTs. In contrast, in the presence
of 350 nM CytoB, 86 TNTs were present at the time point of drug
application and only 8 new TNTs formed during the first hour of
f TNTs. (A) PC12 cells were incubated for 6 h with or without 350 nM CytoB, stained
n are maximum intensity projections of the upper focal planes of a representative
the absence of TNT connectivity in the drug-treated cells as compared to control

s shown in (A1) and (A3), respectively. Filopodia, frequently visible in untreated cells
resence of CytoB. PC12 cells were incubated with 350 nM CytoB for different times,
mated cell segmentation and TNT detection (see also Fig. 3A). For each time point
locks the formation of new TNTs. WGA488 stained PC12 cells were incubated with

ner of the confocal microscope. From the obtained 3D stacks the number of existing
ur of incubation were counted. The graph shows the ratio of newly formed TNTs to
sting TNTs was determined from the respective 3D stacks of (C) at the different time
sence (n = 62 TNTs) of 350 nM CytoB.
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drug incubation (n = 17 movies). This corresponded to only 10%
newly formed TNTs (Fig. 2C). Second, we statistically analyzed
how long existing TNTs monitored at time zero remained in the
presence of 350 nM CytoB or under control conditions. The ob-
tained survival of existing TNTs was expressed as the ratio of
remaining TNTs in the presence versus absence of the drug
Fig. 3. Low concentration of CytoB reduces intercellular organelle transfer. (A) Coculture
microscopy or FACS for organelle transfer. Illustration of automated and quantitative ima
and processed images (right) of the three channels recorded as well as their merge (low
TNT detection as described in [23]. The acquired DiD signals in the TNT connected CTB-s
transfer analyzed by FACS. Donor populations (DiD-stained cells) are shown in red in the
the lower right quadrant. CTG cells exhibiting transfer of DiD are depicted in yellow i
reduction in both organelle transfer (C1) and TNT numbers (C2) after 24 h. For microsco
independent experiments were carried out for each condition. The TNT number was deter
the transfer activity of TNTs. PC12 cells were monitored by time-lapse DIC microscopy d
with arrowheads) move from one cell to another along the TNT at indicated timepoints
(Fig. 2D). This ratio decreased by about �15% TNTs during
30 min, indicating that CytoB had only a weak effect on the stabil-
ity of TNTs.

Thus, incubation of PC12 cells with 350 nM CytoB interferes
with the formation of TNTs but hardly affects their stability after
formation.
s of DiD (donor) and CellTracker (acceptor) PC12 cell populations were analyzed by
ge analysis of microscopy data to study organelle transfer. Shown are the raw (left)

est panel). The WGA488 channel is used both for a global cell segmentation and for
tained cell is marked with an arrowhead. (B) Dot plot diagrams depicting organelle
upper left quadrant, acceptor populations (CTG-stained cells) are shown in green in
n the upper right quadrant. (C) Treatment of cells with 350 nM CytoB revealed a
pic analysis of organelle transfer, in total �18000 cells were analyzed. At least four
mined by automated cell segmentation and TNT detection. (D) CytoB does not block
uring the first hour after addition of 350 nM CytoB. Vesicle-like structures (marked
: 4 min (D1), 20 min (D2) and 50 min (D3), respectively. Scale bar, 5 lm.
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3.3. Effect of CytoB on organelle transfer

Prompted by our results showing a specific inhibition of TNT
formation by CytoB, we addressed if this drug also affects the
TNT-dependent organelle transfer. To obtain measurable values
for organelle transfer, a 24 h incubation time was chosen. To mon-
itor endocytic organelle transfer, we established a robust cocultur-
ing system consisting of organelle donor and acceptor cell
populations. Organelle donor populations were labeled with red
fluorescent DiD. As an acceptor population, cells were labeled
either with CTB or CTG for microscopy or FACS analysis, respec-
tively (Fig. 3A and B). The cocultures were analyzed after 2 and
24 h of incubation. Previous studies had shown that TNT formation
between PC12 cells started after proper cell attachment and the
number of TNTs reached a plateau 3 h after plating. Therefore,
the transfer rate after 2 h was considered as unspecific background
and was subtracted from the 24 h transfer value. Automated image
processing of microscopic data showed that organelle transfer
rates under control and CytoB conditions over 24 h were
7.0 ± 1.1% (±S.E.M.) and 2.4 ± 1.1% (±S.E.M.), respectively
(Fig. 3C1). Cocultures analyzed by FACS displayed transfer rates
of 2.0 ± 0.3% (±S.E.M.) and 0.6 ± 0.4% (±S.E.M.), respectively
(Fig. 3C1). This indicates a �3-fold decrease in organelle transfer.
Furthermore, microscopic analysis of the TNT number from the ob-
tained image stacks used for the estimation of organelle transfer
after 24 h showed a reduction of TNT structures from 28 ± 2.3
(±S.E.M.) per 100 cells under control conditions to 3.9 ± 1.5
(±S.E.M.) in the presence of CytoB (Fig. 3C2). This indicates a 7.2-
fold decrease (P < 0.001, two-tailed t-test) in TNT number.

Interestingly, during our real time studies we observed that ves-
icle-like structures were still transferred from one cell to another
along a TNT in the presence of 350 nM CytoB (Fig. 3, D1-D3, Sup-
plemental movie 1). These transport events occurred during three
Fig. 4. Low concentration of CytoB has no effect on phagocytosis and fluid-phase endoc
endocytosis of WGA633. (A) CytoB treatment has no effect on phagocytosis. Representat
shown as indicated (A1). 9.3 ± 1.1% (±S.E.M.) and 9.7 ± 1.7% (±S.E.M.) of the analyzed cel
respectively (A2). In total, �3000 cells from at least three independent experiment
Representative single focal planes of the recorded image stacks for different conditions a
signals inside the cells showed a similar pattern under control and CytoB conditions. In c
staining. Normalized fluorescence intensities (see Section 2.6) of WGA633 inside the seg
insignificant difference between the control and the CytoB-treated samples in A2 and B
time intervals starting at 4 min, 20 min and 50 min after applica-
tion of CytoB. This may indicate that the TNT-dependent transfer
of vesicle-like structures in already existing TNTs is not affected
by CytoB treatment.

To obtain further evidence that the reduction in intercellular
organelle transfer is caused by a CytoB-induced reduction in TNT
number, we studied whether phagocytosis and endocytosis were
affected by CytoB treatment. First, we analyzed the uptake of fluo-
rescently labeled cell debris in the presence and absence of CytoB
by 3D wide-field microscopy (Fig. 4A1). A statistical investigation
of such preparations employing automated image analysis indi-
cated that there was no significant difference in the phagocytotic
uptake of cell debris after treatment with CytoB as compared to
control conditions (Fig. 4A2). Second, PC12 cells were briefly incu-
bated in WGA633-containing medium in the absence and presence
of 350 nM CytoB and the intensities of the endocytosed signals
were quantified (Fig. 4B1). After quantitative image analysis, these
experiments showed no significant difference in the endocytosis of
WGA633 (Fig. 4B2). Taken together, the observed reduction of
organelle transfer between PC12 cells in the presence of CytoB can-
not be explained by an inhibition of phagocytic or endocytic pro-
cesses. Rather, in light of our finding that CytoB decreases
organelle transfer and TNT number without affecting the TNT-
dependent transfer activity, our data suggests that the decline in
organelle transfer is caused by a CytoB-induced inhibition of TNT
formation.

3.4. Correlation of organelle transfer and TNT connection

By combining the automated protocol to detect TNTs and orga-
nelle transfer in cocultures of acceptor and donor cell populations,
we were able to perform a thorough analysis of the probability of
an acceptor cell receiving an organelle from a donor cell if a TNT
ytosis. PC12 cells were analyzed for phagocytosis of DiI-stained cell debris and for
ive single focal planes of the recorded image stacks for the different conditions are

ls displayed internalized cell debris signals in control and CytoB treated conditions,
s were analyzed. (B) CytoB treatment has no effect on fluid-phase endocytosis.
nalyzing endocytosis of WGA633 are shown as indicated (B1). The bright WGA633

ontrast, the sample incubated at 0.7 �C displays only a peripheral plasma membrane
mented cell borders are 238 ± 7.9% (±S.E.M.) and 247 ± 8.1% (±S.E.M.) (B2). Note the
2, respectively.



Fig. 5. Correlation of TNT and organelle transfer. Cocultures of DiD and CTG labeled
PC12 cells were subjected to imaging 2 and 24 h after plating. The obtained image
stacks were analyzed by automated 3D image segmentation (see also Fig. 3A). (A)
The segmented CTB-stained cells are classified into four different groups (see
Section 2.6) (B) Ratios of the groups A/B (TNT-correlated transfer) and the groups C/
D (non-correlated transfer) are displayed for the 2 and 24 h after plating. Note the
correlation increased over time. In total �18000 cells from 10 independent
experiments were analyzed.
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was present (Fig. 5, see also Fig. 3A). To do so, we compared the
percentage of acceptor cells that exhibited transfer and possessed
a TNT connection to donor cells (ratio A/B, correlated transfer,
Fig. 5A) to the percentage of acceptor cells that exhibited transfer
but did not have a TNT connection to a donor cell (ratio C/D,
non-correlated transfer, Fig. 5A) (see also Section 2.6). This showed
that 2 h after start of the coculture the correlated transfer of
3.3 ± 2.5% (±S.E.M.) (ratio A/B) was slightly above the non-corre-
lated background (ratio C/D), but this increase was insignificant
(P = 0.08, two-tailed t-test) (Fig. 5B, 2 h coculture). After 24 h, the
TNT-specific transfer increased to 11.2 ± 2.1% (±S.E.M.) (ratio A/B)
as compared to 6.8 ± 1.9% (±S.E.M.) for non-correlated transfer (ra-
tio C/D), and this differential increase was very significant
(P = 0.001, two-tailed t-test) (Fig. 5B, 24 h coculture). It is of note
that the probability for a CellTracker-stained cell to possess DiD-
stained organelles was 64% higher when it had a TNT to a DiD-
stained cell at this time point.

4. Discussion

In this work we report on the specific inhibition of TNT forma-
tion between PC12 cells by nanomolar concentrations of CytoB.
Given that the majority of TNTs was formed from filopodia in
PC12 cells, the removal of filopodia by treatment with 350 nM of
CytoB resulted in a strong inhibition of TNT formation. The precise
molecular mechanism of the CytoB effect on the inhibition of filo-
podia outgrowth is unknown. However, several lines of evidence
suggest that this F-actin binding toxin might specifically compete
with F-actin nucleating proteins such as Ena/VASP at the filopodial
tip [16,17,24]. Interestingly, CytoB had only a weak effect on
the stability of already formed TNT, implying that F-actin tip
nucleators might not be important for the stability of formed
TNT. Thus, although TNTs originate from filopodia, they develop
into F-actin-based bridges with a unique morphology and distinct
properties.

Our study showed that a selective block of TNT formation by
treatment of PC12 cells with 350 nM CytoB resulted in a strong
inhibition of TNT-dependent organelle transfer. This result was ob-
tained by two independent evaluation methods, microscopy and
FACS. It is of note that the difference in absolute transfer values
was due to the different sensitivity of the respective detection
methods and the thresholds applied. However, the relative reduc-
tion in transfer was strikingly similar in both cases, 2.9- and 3.3-
fold for microscopy and FACS, respectively. This reduction was less
pronounced than the �7-fold decrease in TNT number obtained
under the same experimental conditions. One reason for this dis-
crepancy may be that during the first few hours of CytoB treatment
significantly more TNTs remained as compared to the 24 h time
point. Hence, intercellular organelle transfer most likely continued
through these TNTs and contributes to the obtained value mea-
sured at 24 h (Fig. 3C1). Furthermore, in support of a TNT-specific
effect of the drug neither phagocytosis nor endocytosis was af-
fected by the CytoB treatment. Thus, our data provide compelling
evidence that the reduction in organelle transfer between PC12
cells is the result of the selective inhibition of TNT formation by
CytoB.

In agreement with a TNT-dependent organelle transfer, we ob-
tained a significant correlation between a transfer event and a TNT
connection. This was achieved by a thorough statistical analysis of
�18000 cells applying high-throughput image processing of 3D
microscopy data. These studies indicated that the degree of corre-
lation increases over time, resulting in a significant degree of cor-
relation 24 h after proper cell attachment. Given the transient
nature of TNT bridges the obtained correlation value is most likely
an underestimation of the real correlation. In a previous study we
reported on a 74% correlation value between organelle transfer and
TNT connection in PC12 cells [1]. However, the analysis was carried
out under different experimental conditions (e.g. organelle transfer
was measured in both directions, fixed cells were used, different
staining procedures were applied, etc.), which may explain the dif-
ferent results.

In conclusion, we show here that filopodia are the main precur-
sors of TNTs in PC12 cells and that the removal of filopodia by low
concentration of CytoB will strongly inhibit TNT formation and
subsequently reduce TNT-dependent organelle exchange. To our
knowledge, this study represents the first demonstration that a
selective inhibition of TNT connectivity between cells results in a
concurrent interference with cell-to-cell communication. Thus,
the treatment of cell populations with low concentration of CytoB
provides a valuable tool to further elucidate signaling pathways
propagating between cells along TNT bridges.
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