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Structurally Distinct Membrane Nanotubes between Human

Macrophages Support Long-Distance Vesicular Traffic or

Surfing of Bacteria1

Björn Önfelt,2* Shlomo Nedvetzki,* Richard K. P. Benninger,† Marco A. Purbhoo,*

Stefanie Sowinski,* Alistair N. Hume,‡ Miguel C. Seabra,‡ Mark A. A. Neil,†

Paul M. W. French,† and Daniel M. Davis3*

We report that two classes of membrane nanotubes between human monocyte-derived macrophages can be distinguished by their

cytoskeletal structure and their functional properties. Thin membrane nanotubes contained only F-actin, whereas thicker nano-

tubes, i.e., those > �0.7 �m in diameter, contained both F-actin and microtubules. Bacteria could be trapped and surf along thin,

but not thick, membrane nanotubes toward connected macrophage cell bodies. Once at the cell body, bacteria could then be

phagocytosed. The movement of bacteria is aided by a constitutive flow of the nanotube surface because streptavidin-coated beads

were similarly able to traffic along nanotubes between surface-biotinylated macrophages. Mitochondria and intracellular vesicles,

including late endosomes and lysosomes, could be detected within thick, but not thin, membrane nanotubes. Analysis from

kymographs demonstrated that vesicles moved in a stepwise, bidirectional manner at �1 �m/s, consistent with their traffic being

mediated by the microtubules found only in thick nanotubes. Vesicular traffic in thick nanotubes and surfing of beads along thin

nanotubes were both stopped upon the addition of azide, demonstrating that both processes require ATP. However, microtubule

destabilizing agents colchicine or nocodazole abrogated vesicular transport but not the flow of the nanotube surface, confirming

that distinct cytoskeletal structures of nanotubes give rise to different functional properties. Thus, membrane nanotubes between

macrophages are more complex than unvarying ubiquitous membrane tethers and facilitate several means for distal interactions

between immune cells. The Journal of Immunology, 2006, 177: 8476–8483.

T
he study by Rustom et al. (1) reported that rat neuronal

PC12 cells, and other cells, could be connected by tun-

neling nanotubes. These nanotubes were shown to medi-

ate transfer of lipid organelles between cells by actin-dependent

mechanisms. Membrane-bound proteins were also seen to diffuse

between cells, suggesting a seamless transition of the plasma mem-

branes of the two cells. However, there was some selection in what

could transfer between cells because small cytoplasmic molecules,

such as calcein, could not diffuse along nanotubes. Nanotubular

structures were also reported to connect a range of immune cells,

such as B cells, T cells, NK cells, and monocyte-derived macro-

phages (2, 3). Membrane nanotubes were observed, for example,

between NK cells and B cells upon disassembly of immunological

synapses (3). Membrane nanotubes thus represent one mechanism

that could facilitate the commonly observed intercellular exchange

of cell surface proteins and lipids (2, 4–12).

Most recently, Watkins and Salter (13) reported that myeloid

cells can transmit calcium signals through nanotubes. After receiv-

ing a nanotube-mediated calcium signal, dendritic cells were ob-

served to spread membrane veils toward the origin of the signal (13),

similar to the response observed toward Ags (14). Thus, signals trans-

mitted via membrane nanotubes between myeloid cells could aug-

ment immune responses at sites distal to the triggering Ag.

In this study, we demonstrate an unexpected heterogeneity in the

cytoskeletal structure of membrane nanotubes connecting human

macrophages. Importantly, this heterogeneity in structure under-

pins distinct functional properties of membrane nanotubes: thick

nanotubes traffic intracellular vesicles along microtubules, whereas

thin nanotubes facilitate transport of bacteria along their surface

toward macrophage cell bodies. The latter is reminiscent of recent

observations that virus particles can move along the surface of

filopodia, a process recently termed surfing (15).

Materials and Methods
Generation of macrophages

Human monocyte-derived macrophages were isolated and cultured as pre-
viously described (16). Briefly, buffy coat PBMCs (National Blood Trans-
fusion Service, London, U.K.) were isolated by density gradient centrifu-
gation (Ficoll-Paque Plus; Amersham Biosciences). The serum was
collected, heat-inactivated for 30 min at 56°C, and filtered. PBMCs were
incubated for 2 h in plastic plates previously coated overnight with 2%
gelatin (Sigma-Aldrich). After 2 h the flask was washed intensively to
remove the nonadherent cells. After 24 h of incubation in serum-free me-
dium (X-Vivo 10; BioWhittaker) with 1% autologous serum, monocytes
were washed with cold PBS, and CD14 expression was assessed by flow
cytometry (CellQuest; BD Biosciences), which showed 98% of the cells
CD14-positive. Monocytes were then cultured in X-Vivo medium with 1%
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autologous serum for 8–12 days in eight-well chamber slides (LabTek;
Nunc), at a density of �750 cells per mm2, replacing the medium every 3
days. For the majority of the experiments, uncoated glass substrates were
used, but to test the influence of different culturing conditions and sub-
strates on tube formation, chamber slides were coated overnight with 100
ng/ml fibronectin (Sigma-Aldrich) or 100 ng/ml collagen (Sigma-Aldrich)
before seeding, or cells were grown in a presence of 50 ng/ml recombinant
human M-CSF (PeproTech). Thereafter, the relative number of thick and
thin nanotubes was assessed by counting.

Transfection of macrophages

Plasmid pEGFPN2-EB1, which allows expression of a fusion protein of
EB1 C terminus tagged with enhanced GFP, was created by PCR ampli-
fication of the full murine EB1 coding sequence from IMAGE clone
5057090 using primers EB1 sense 5�-CCGGAATTCAGATCTATGGA
CATGCTC TTCCCTG and EB1 antisense 5�-GCCGCTCGAGTTAATA
CTCTTCTTGTTCCTC. The PCR product was then subcloned into the
pEGFPN2 vector (Clontech Laboratories) using restriction endonucleases
EcoR1 and XhoI for insert DNA and EcoR1 and SalI for vector DNA. For
transfection, day 6–10 primary macrophage cultures were detached by 1 h
incubation in trypsin/EDTA (Sigma-Aldrich) at 37°C, followed by gen-
tle scraping. Macrophages were pelleted and 1–2 � 106 cells trans-
fected with 0.5 �g of pEGFPN2-EB1 by electroporation (human mac-
rophage electroporation kit using program Y-10; Amaxa). Cells were
resuspended in 1 ml of macrophage medium, plated into eight-well
chamber slides, and imaged 24 – 48 h after transfection.

Bacteria and beads

Mycobacterium bovis bacillus Calmette-Guérin (BCG)4 expressing GFP, a
gift from D. Young, Imperial College (London, U.K.), was cultured as
previously described (17). For experiments, BCG-GFP were washed and
resuspended in warm medium and added to the imaging chamber to an
average multiplicity of infection of 12. When appropriate, macrophages
were surface-biotinylated by incubation with 0.5 mg/ml Sulfo-NHS-LC-
biotin (sulfosuccinimidyl-6-(biotinamido) hexanoate, EZ-Link; Pierce)/
PBS for 15 min at 37°C, quenched with warm PBS complemented with 50
mM NH4Cl, washed in warm PBS and incubated with streptavidin-coated
fluorescent beads with a mean diameter of 1.6 �m (Bangs Laboratories).
Cells were imaged �0–3 h after addition of bacteria or beads.

Live cell reagents and drugs

To investigate the transport of lipid vesicles, macrophages were stained
with DiD (1,1�-dioctadecyl-3,3,3�,3�-tetramethylindodicarbocyanine per-
chlorate; Molecular Probes) according to supplier’s instructions and left to
rest overnight before imaging. Acidic lysosomes or mitochondria were
visualized by staining with LysoTracker Red DND-99 or MitoTracker
Deep Red 633 according to supplier’s instructions (Molecular Probes). To
investigate whether transport along nanotubes was dependent on ATP and
the cytoskeleton, 100 mM azide (Sigma-Aldrich), 10 �M colchicine
(Sigma-Aldrich), 15 �M nocodazole (Sigma-Aldrich), 10 �M cytocha-
lasin D (Sigma-Aldrich), or 0.3–10 �M latrunculin B was added to the
imaging chamber.

Fixation and immunostaining

For immunostaining, macrophages were fixed with 0.1% glutaralde-
hyde/4% paraformaldehyde in PBS for 1 min at room temperature followed
by further fixation with either Cytofix/Cytoperm (BD Biosciences) for 5
min at 37°C or 4% paraformaldehyde for 15 min at room temperature. For
fluorescence staining of F-actin, cells were incubated with phalloidin-
Alexa Fluor 633 or phalloidin-Alexa Fluor 635 (Molecular Probes). Abs
for immunofluorescence were mouse anti-�-tubulin mAb (clone
DM1A; Sigma-Aldrich), mouse anti-lysosome-associated membrane
protein (LAMP)-1 mAb (clone H4A3), mouse IgG1 isotype control
mAb (both from BD Biosciences), and Alexa Fluor 488-labeled goat
anti-mouse IgG (Molecular Probes). All incubations were performed for
45 min at 4°C in 3% BSA, 5% horse serum in buffer containing deter-
gents (Perm/Wash; BD Biosciences).

Microscopy

All live cell imaging was performed by confocal microscopy (TCS SP2
RS; Leica Microsystems), equipped with an environmental chamber (So-
lent Scientific) kept at 37°C/5% CO2. When necessary, the pinhole was

opened to capture more fluorescence at the cost of obtaining thicker optical
sections. Brightness and contrast were changed in some images, only to
increase visibility of nanotubular connections. Confocal stacks were re-
constructed for three-dimensional visualization of cells (Volocity;
Improvision).

Image analysis

Kymographs were created using routines developed in-house (LabView;
National Instruments and MATLAB; The MathWorks). Briefly, a bound-
ing box was drawn over the length and width of the nanotube. For each
frame of the time-lapse sequence, the bounding box data was summed
perpendicular to the nanotube to give an intensity profile down the length
of the nanotube, and profiles stitched together to create a time-position
image (i.e., a kymograph). Kymographs were then normalized according to
both position and time to reduce the effect of permanent bright features
such as at the nanotube ends, and the effect of photobleaching. Kymo-
graphs were finally smoothed using a 3 � 3 filter. Brightness and contrast
were changed in some kymographs to increase visibility. Speeds and
distances were calculated from the coordinates of trajectories. Limits in
temporal and spatial resolution made it difficult to identify vesicle paths
shorter than �1 �m.

Results
Distinct types of long-distance intercellular membrane tethers

connect human macrophages

Human monocyte-derived macrophages were seen to be connected

by multiple membrane tethers or nanotubes. Most nanotubes were

raised above the coverslip and connected apical parts of the cells.

Importantly, these nanotubes were not vestiges of cytokinesis be-

cause human monocyte-derived macrophages do not divide under

the culturing conditions used (data not shown). Staining for �-

tubulin and F-actin revealed that some nanotubes contained mi-

crotubules and F-actin, whereas other nanotubes contained only

F-actin (Fig. 1, A and B). To test whether microtubules could grow

seamlessly from within a cell body into a nanotube, macrophages

transfected to express EB1-GFP, which is associated with plus

ends of growing microtubules (18), were imaged by time-lapse

microscopy. Bright EB1-GFP “rockets” were observed to stop and

abruptly disappear at the base of some nanotubes (Fig. 1C and

supplemental video 1),5 although they were readily observed to

move inside other nanotubes (Fig. 1D and supplemental video 2).5

In this model, EB1-GFP was observed to move freely into the

nanotube at one end but was not observed to enter the cell body at

the other end, in which the nanotube instead formed a bulbous tip

(Fig. 1D). Surprisingly, considering its polarized association with

microtubules, EB1-GFP rockets were observed to travel in both

directions inside this membrane nanotube. Most importantly, these

data further established that microtubule growth only occurs

within a subset of nanotubes that connect macrophages.

Some images of fixed cells stained with anti-�-tubulin mAb

showed no apparent junction separating the microtubule networks

originating from different cell bodies connected by a nanotube

(Fig. 1, E–G). This finding suggests that at least some nanotubular

connections could be open at both ends, thereby joining cell

bodies together. Interestingly, albeit rarely, nanotubes were

seen branched such that three cells could be connected together

simultaneously (Fig. 1H).

Brightfield images clearly showed heterogeneity in the morphol-

ogy of membrane nanotubes, most noticeably seen in nanotubes

having different diameters. Importantly, nanotubes containing both

F-actin and microtubules were thicker, i.e., �0.7 �m, than those

that only contained F-actin (Fig. 1I). Both the total number of

nanotubes and the ratio of thin to thick connections (�2:1) were

very similar whether cells were grown on glass, fibronectin or

4 Abbreviations used in this paper: BCG, bacillus Calmette-Guérin; LAMP, lyso-
some-associated membrane protein. 5 The online version of this article contains supplemental material.
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collagen, or in presence of M-CSF (data not shown). Thus, mem-

brane nanotubes connecting macrophages can form under various

culture conditions and are heterogeneous in their cytoskeletal

composition.

Membrane nanotubes can form as macrophages separate after

contact

Live cell imaging extending over several hours showed that mem-

brane nanotubes could be formed as migrating macrophages sep-

arated after contact (Fig. 2A and supplemental video 3).5 Thick

nanotubular connections could remain stable for several hours, but

we also observed their disassembly through apparent retraction of

part of the nanotube, leaving a thin nanotube (Fig. 2, B and C).

Such retraction could start either from the base of the nanotube

close to one of the connecting cell bodies (Fig. 2B), or from a point

in the middle of the nanotube (Fig. 2C). It has been shown previously

that nanotubular connections could create large and complex net-

works of myeloid cell bodies (13, 19). Thus, membrane nanotubes can

FIGURE 1. Heterogeneity in the

cytoskeletal structure of membrane

nanotubes. A, Some membrane nano-

tubes between macrophages contained

F-actin (stained by phalloidin; red) but

not microtubules (stained with mAb

against �-tubulin; green). B, Other

nanotubes contained both F-actin and

microtubules. C–D, EB1-GFP, which

binds to the leading end of growing mi-

crotubules, can only enter some nano-

tubes. C, Time-lapse sequence shows a

rocket of high density EB1-GFP (ar-

rowhead), representing a growing mi-

crotubule, traveling in the cell body to

the base of a thin membrane nanotube

where it stops. In the last time frame,

the EB1-GFP cluster disappeared, con-

sistent with discontinued growth of the

microtubule. D, A mosaic made up

from four images at different positions

along a membrane nanotube. Time-

lapse microscopy at each section of the

nanotube revealed several EB1-GFP

rockets inside. Arrows mark the direc-

tion and distance traveled of rockets

seen in the image shown. E–G, Staining

of �-tubulin (green) suggests no inter-

cellular junction in the microtubule net-

work between the two connected cells.

Enlarged views are shown for left (F)

and right (G) contacts between the

nanotube and two cell bodies shown in

E. H, Three macrophages networked by

a branched membrane nanotube. Cells

were stained for F-actin (phalloidin,

white). Enlarged view (inset) of the

junction are shown. All fluorescence

images, other than those in C–E, are re-

constructed from several optical slices.

Scale bars, 20 �m. I, Nanotubes were

counted as either thick or thin by their

diameter being estimated to be above

or below 0.7 �m, respectively. Thick

nanotubes commonly contained both

microtubules and F-actin, whereas thin

nanotubes usually only contained F-ac-

tin. Error bars represent SD of binomial

distribution.
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form as cells separate after contact and can connect macrophages into

large and complex cell networks.

Bacteria surf along thin membrane nanotubes to macrophage

cell bodies

Individual M. bovis BCG or clusters of several bacteria could bind

to the surface of nanotubes between macrophages. Time-lapse im-

aging showed that bacteria could be transported along thin nano-

tubes to connected cell bodies (Fig. 3A and supplemental videos 4

and 5).5 After surfing to the end of a nanotube, bacteria could be

internalized into the cell body (Fig. 3B), within a time consistent

with previous observations of phagocytosis of bacteria (20, 21).

Thus, bacteria can be trapped and transported along thin membrane

nanotubes for phagocytosis at the macrophage cell body. Impor-

tantly, bacteria also adhered to the surface of thick nanotubes but

surfing toward cell bodies was not observed along these nanotubes

(Fig. 3C). Thus, bacteria can be trapped and transported along thin

but not thick membrane nanotubes for phagocytosis at the macro-

phage cell body.

FIGURE 2. Membrane nanotubes can form as migrating cells separate

after contact. A, Brightfield time-lapse sequence show several macrophages

(some labeled 1–4) connected by membrane nanotubes (�). Macrophage 1

migrates to form a tight intercellular contact with macrophage 2 (white

arrowhead), and then macrophage 1 elongates (t � �3–7 h), and as the

cells separate a membrane nanotube is formed (black arrowheads at t �

6 h). Time format is hours:minutes:second. B and C, Thin nanotubes can

form through retraction of thick nanotubes. Time format is minutes:second.

B, Time-lapse sequence shows two macrophages connected by a nanotube.

At t � 1:40, the nanotube starts to retract from the base at the connection

with the lower cell (arrowhead), leaving the cells connected by a thinner

nanotube. C, Same as in B, but the retraction starts from a point in the

middle of the tube (arrowhead), again leaving the cells connected by a

thinner tube. Scale bar, 20 �m. FIGURE 3. Bacteria can surf along membrane nanotubes, aided by con-

stitutive flow of nanotube surface. A, Brightfield time-lapse imaging shows

Mycobacterium bovis BCG bacteria expressing GFP, incubated with hu-

man macrophages. A cluster of bacteria (arrowhead) is shown trapped on

a membrane nanotube connecting two macrophages. Bacteria were

transported along the nanotube to the cell body where they were phago-

cytosed. B, To confirm that the bacteria were indeed internalized, the

cell membrane was labeled by addition of DiD directly to the imaging

chamber. A reconstructed view (left) from the top of the macrophage,

the cross-section (middle, along the thin white line in the left panel) of

the same image stack, and a schematic drawing (right) of this cross-

section shown to aid visualization of the fluorescence data are pre-

sented. Approximately 1 h and 45 min elapsed between the time when the

bacteria (A) were first observed on the nanotube and the bacteria were phago-

cytosed (B). C, Brightfield and fluorescence time-lapse sequences show a bac-

teria (arrowhead; green) being stationary on the surface of a thick nanotube.

An expanded section (inset) shows the bacteria on the nanotube (arrowhead).

D and E, Brightfield time-lapse image of streptavidin-coated beads with

surface biotinylated macrophages is shown. Time format is minutes:sec-

ond. D, Beads (one marked by arrowhead) bound to the surface of thin

membrane nanotubes and were transported to the body of one of the con-

nected macrophages (n � 27). E, A bead (arrowhead) remained stationary

on the surface of a thicker nanotube (n � 16). Scale bar, 20 �m. F, Tra-

jectories of several bacteria (red) and beads (black) along thick (solid lines)

and thin (circles) nanotubes. Beads and bacteria surf systematically toward

cell bodies along thin but not thick nanotubes.
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Constitutive flow aids transport along the surface of thin

membrane nanotubes

We next set out to test whether surfing of bacteria along thin nano-

tubes was aided by a constitutive flow along the nanotube surface.

Macrophages were surface-biotinylated and imaged in the pres-

ence of streptavidin-coated beads. Indeed, beads were found to

surf along thin nanotubes in a manner similar to bacteria (Fig. 3D

and supplemental video 6).5 Beads generally traveled unidirection-

ally toward one of the connected cells with almost constant speed

of 0.13 � 0.02 �m/s. Occasionally, beads moved intermittently in

both directions before eventually starting to move steadily toward

one of the connected cells (n � 5/27). Thus, there is a constitutive

flow along the surface of thin membrane nanotubes, which can

carry cargo to macrophage cell bodies.

Similar to bacteria, systematic transport of beads toward cell

bodies was not observed along thick nanotubes (Fig. 3E and sup-

plemental video 7).5 Analysis of several bacteria and beads at-

tached to thin and thick tubes showed that the surfing was re-

stricted to thin tubes (Fig. 3F). Although bacteria and beads

sometimes changed position along the surface of thick nanotubes,

this movement did not appear directed or systematic and merely

correlated with migration of the connected cells. Thus, thin and

thick nanotubes are functionally distinct.

Vesicles and mitochondria are transported within thick

membrane nanotubes

Vesicles labeled with the lipophilic dye DiD were readily observed

inside thick nanotubes connecting macrophages (Fig. 4, A and B).

For example, two particularly bright DiD-labeled vesicles, or per-

haps multivesicular bodies, moved within a nanotube connecting

two macrophages, ending up within the cytoplasm of one of the

cells (Fig. 4B and supplemental video 8).5 Acidic lysosomes,

stained with LysoTracker, were also observed to move within

nanotubes (Fig. 4, C and D). Monoclonal Ab against LAMP-1

showed a clear punctuate staining within thick nanotubes, identi-

fying at least some vesicles in these nanotubes to be late endo-

somes or lysosomes (Fig. 4E). Larger organelles, mitochondria

stained by MitoTracker, were also observed inside thick, but not

thin, nanotubes between live macrophages (Fig. 4F). Thus, a wide

variety of intracellular compartments can traffic within thick mem-

brane nanotubes.

Vesicles move stepwise and bidirectionally along microtubules

inside thick membrane nanotubes

To analyze the movements of vesicles inside thick membrane

nanotubes in more detail, kymographs were plotted. Individual

vesicles moved bidirectionally in a stepwise manner inside mem-

brane nanotubes (Fig. 5A). Furthermore, vesicles were seen to pass

each other, either as they were traveling in the same direction or

when moving in opposite directions (data not shown), indicating

the presence of several independent “tracks” for vesicular traffic

inside nanotubes. Vesicles were sometimes transported the full

length of tubular connections and into the cytoplasm of a con-

nected cell body.

By measuring the slope and length of a linear period within

vesicle trajectories, the speeds and distances traveled were quan-

tified (Fig. 5B). Vesicles inside nanotubes moved with an average

speed of 1.01 � 0.04 �m/s with a maximum speed of �5 �m/s

(Fig. 5C). The average distance of a single vesicle “run,” i.e., of

one continuous vesicle movement before stopping, changing

speed, or reversing direction, was 9.3 � 0.5 �m and the maximum

distance was �70 �m (Fig. 5D). Importantly, these speeds and

distances are characteristic for trafficking along microtubules (22–

26). The polarity of the vesicular traffic was assessed by comparing

the total traveled distances in each direction in the different ky-

mographs (data not shown). Individual nanotubes sometimes, but

not always, showed a small net transport of vesicles in one

direction.

ATP- and cytoskeletal-dependent processes are required for

vesicular transport within membrane nanotubes

We next set out to probe the specific requirements for vesicular

transport inside nanotubes by treating cells with drugs while being

imaged. Kymographs were plotted before and after the addition of

each drug to clearly reveal the movements of vesicles. Individual

membrane nanotubes containing lipid vesicles, stained by DiD,

were imaged before (Fig. 6A) and after (Fig. 6B) addition of 100

FIGURE 4. Endosomes, lysosomes, and mitochondria traffic within

thick membrane nanotubes. A, Brightfield image of two macrophages con-

nected by a thick membrane nanotube is shown. B, Time-lapse imaging

shows several DiD-labeled vesicles (white) inside the membrane nanotube.

Arrowheads mark two bright vesicles that moved along the nanotube and

into the cytoplasm of one of the connected cells. C–D, Analogous data as

in A and B, but cells were labeled with LysoTracker, which stained acidic

lysosomes (white). E and F, Reconstructions from several optical slices. E,

Punctuate staining of LAMP-1 in a thick membrane nanotube connecting

two macrophages. Expanded section of the tube (inset) shows three bright

vesicles (arrowheads). F, Two macrophages connected by a thick mem-

brane nanotube containing mitochondria stained with MitoTracker (right;

white). Time format is minutes:second. Scale bar, 20 �m.
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mM azide to the cell culture. Addition of azide abruptly abrogated

vesicle movement, as evident by the appearance of vertical lines in

the kymograph of a nanotube after the addition of azide (Fig. 6B).

Thus, vesicular traffic within membrane nanotubes requires ATP-

dependent processes.

To test whether specific cytoskeletal processes were involved in

vesicular traffic within nanotubes, cells were incubated with the

actin-depolymerizing drugs, latrunculin B or cytochalasin D, or the

microtubule-destabilizing drugs, colchicine or nocodazole. Addi-

tion of 10 �M colchicine or 15 �M nocodazole stopped vesicle

movement (Fig. 6, C–F). Nocodazole treatment sometimes caused

gross changes to the morphology of the nanotubes before the effect

on vesicular traffic could be assessed. Similar changes to the mor-

phology of nanotubes were found when 10 �M cytochalasin D or

0.3–10 �M latrunculin B was added (supplemental videos 9 and

10).5 Thus, trafficking of vesicles within thick nanotubes requires

microtubules, and cytoskeletal proteins are important for maintain-

ing the integrity of both types of membrane nanotubes.

ATP-dependent but not microtubule-dependent processes are

required for surfing along thin membrane nanotubes

To test whether surface transport along membrane nanotubes also

required ATP-dependent processes, streptavidin-coated beads

FIGURE 5. Vesicles move bidirectionally in a stepwise manner within

thick membrane nanotubes. A, Kymograph from a section within a nano-

tube shows how the movement of vesicles could be followed and analyzed.

The vesicle trajectory is visualized as the bright streaked white line. A

sloped line corresponds to the vesicle moving and a vertical line corre-

sponds to the vesicle being still. It is clearly seen that this vesicle moved

in a stepwise and bidirectional manner. B, Quantification of vesicle speeds

and distances traveled was done by using the coordinates of lines drawn

within kymographs, as exemplified by the lines shown. A vesicle’s “run”

is defined as a period of continuous movement before a vesicle changes

speed, transiently stops, or changes direction. C, Distribution of speeds and

distances for individual vesicular runs (n � 337) measured over 10 kymo-

graphs depicting nanotubes connecting macrophages. The average speed

was 1.01 � 0.04 �m/s, maximum 4.9 �m/s, and the mean distance was

9.3 � 0.5 �m, maximum 72 �m. D, The distribution in distances traveled

(omitting distances �2 �m) has been fitted to an exponential decay with

decay constant 7.3 �m (black line).

FIGURE 6. Vesicular transport along membrane nanotubes requires

ATP- and microtubules. Membrane nanotubes between macrophages con-

taining motile fluorescent lipid vesicles were imaged before and after the

addition of drugs. A, Brightfield and fluorescence images of a membrane

nanotube before treatment with azide are shown. The kymograph for the

time-lapse sequence shows several streaked trajectories corresponding to

motile vesicles within the nanotube. B, In contrast, after treatment with 100

mM azide vesicles stopped, resulting in vertical lines in the corresponding

kymograph. C–F, Membrane nanotube before (C and E) and after (D and

F) addition of the microtubule destabilizing agent colchicine (C and D) or

nocodazole (E and F). Kymographs show that colchicine and nocodazole

also abrogated vesicular transport. Scale bar, 20 �m.
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bound to thin nanotubes of surface-biotinylated macrophages were

imaged before (Fig. 7A) and after (Fig. 7B) addition of azide. ATP

depletion efficiently stopped beads surfing along nanotubes. In

contrast to the vesicular transport, surfing of beads was unaffected

by the addition of 10 �M colchicine (Fig. 7C). Abrogation of

intracellular vesicular transport within the cell bodies confirmed

that colchicine was effective in inhibiting microtubule-mediated

traffic within these cells (data not shown). Thus, traffic of cargo

bound to the surface of thin membrane nanotubes requires ATP-

dependent processes but not microtubules.

Discussion
Recently, there has been much interest in immune cell membrane

nanotubes, particularly because transmission of calcium fluxes be-

tween myeloid cells has been shown to occur via such nanotubes

(13, 19, 27–29). This area of research is still in its infancy and

finding out the possible mechanisms by which nanotubes can me-

diate communication between cells is central. For this it is impor-

tant to know the cytoskeletal composition of membrane nanotubes

and whether all membrane nanotubes are alike. We report here that

there is a surprising heterogeneity in the structure of membrane

nanotubes connecting human monocyte-derived macrophages.

Specifically, thicker nanotubes contained both F-actin and micro-

tubules, whereas thinner nanotubes contained only F-actin. Impor-

tantly, we demonstrated that these distinct nanotubular structures

support specific mechanisms for distal interactions between cells.

Nanotubes containing microtubules traffic vesicles over long dis-

tances, while bacteria “surf” along nanotubes lacking microtubules

using a constitutive flow of the nanotube surface.

Surface transport along thin nanotubes was found to be depen-

dent on ATP but independent of microtubules because colchicine

has no effect on surface transport and these connections were not

accessed by EB1-GFP nor stained by mAb against �-tubulin. In-

stead, it is likely that surfing of bacteria and beads on nanotubes

uses mechanisms analogous to recent observations of surfing of

viral particles along filopodia (15) and the retrograde flow ob-

served in filopodia and retraction fibers (30–32). Concurrent with

transport of beads and bacteria along the surface of thin nanotubes,

brightfield images revealed “particles” that traffic along thin nano-

tubes with a speed of 0.10 � 0.01 �m/s and integrated with the cell

body as they reached the base of the tubular connection (data not

shown). This is reminiscent of “nodules” previously observed to

travel in retraction fibers connecting epithelial cells to the substra-

tum (30, 32). The nodules observed by Cramer and Mitchison (30)

were rich in actin and traveled monotonously toward the cell body

along stationary actin filaments with speeds of around 0.04–0.09

�m/s. Thus, in addition to the surface flow there may also be

mechanisms that support transport of molecules or organelles

within thin membrane nanotubes.

Transport of vesicles, including late endosomes and lysosomes,

however, were only observed inside thicker nanotubes connecting

macrophages. Vesicles moved in a stepwise manner, with speeds

and distances consistent with previous quantitative measurements

of microtubule-based vesicular traffic (22–26). Moreover, their

movement was specifically abrogated by the microtubule destabi-

lizing drugs, colchicine and nocodazole, as well as azide. Thus, the

presence of microtubules, only found in thicker nanotubes, is es-

sential for vesicular traffic. Vesicles were observed to traverse the

full length of nanotubes, i.e., many tens of microns, from the con-

nection with one cell body all the way into the cytoplasm of the

other connected cell. It is therefore possible that, for example,

cross-presentation could be facilitated by the intercellular transfer

FIGURE 7. Surfing requires ATP but is independent

of intact microtubules. A, Brightfield and corresponding

kymograph showing two beads being transported along

the surface of a thin nanotube before addition of azide.

An enlarged view (inset) of the nanotube with the flu-

orescent beads bound to it (green). After �200 s, one of

the beads reached the connecting cell body (arrowhead

in kymograph). B, After addition of azide, the bead that

was still bound to the nanotube (inset) stopped moving,

seen as a nearly vertical line in the kymograph (n � 5).

C, Brightfield image and corresponding kymograph of a

bead (arrowhead; green) bound to a nanotube in medium

containing 10 �M colchicine (n � 5). Scale bar, 20 �m.
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of Ag or MHC class II-rich vesicles (33) via membrane nanotubes.

Vesicles could directly transfer from within nanotubes into the

connecting cell body (1) or alternatively could deliver their con-

tents across a small synaptic contact between a nanotube and

cell body.

In addition to endosomes and lysosomes, we also found that

mitochondria can access thick nanotubes. It has recently been

shown that aerobic respiration of cells with dysfunctional mito-

chondria can be rescued by transfer of whole mitochondria or mi-

tochondria DNA from other, undamaged cells (34). Thus, one

mechanism by which the reported exchange of mitochondria could

occur is via membrane nanotubes.

It is currently unknown to what extent nanotubes exist, and

whether they have any function in vivo. However, cells in the

imaginal disc of Drosophila can form long actin-rich protrusions

called cytonemes, believed to be important for signaling transduc-

tion between cells (35, 36). Studies using two-photon microscopy

have demonstrated that it is perhaps technically feasible to detect

membrane tethers between immune cells in lymph nodes (37).

Thus a major next goal must to be attempt detection of membrane

nanotubes in vivo, as recently achieved for the visualizing the pro-

totypical bulls-eye arrangement of proteins at a T cell immune

synapse (38). Broadly, it is possible that communication mediated

by long-range physical connections among immune cells is more

widespread than previously thought. This report demonstrates that

structurally distinct membrane nanotubes between macrophages

can support different types of intercellular traffic. Thus, macro-

phages may use membrane nanotubes to interact over long dis-

tances with far more complexity and specificity compared with

using soluble secretions alone.

Acknowledgments
We thank members of our laboratory for useful discussions, and Douglas

Young, Imperial College (London, U.K.), for providing Mycobacterium

bovis BCG-GFP.

Disclosures
The authors have no financial conflict of interest.

References
1. Rustom, A., R. Saffrich, I. Markovic, P. Walther, and H.-H. Gerdes. 2004. Nano-

tubular highways for intercellular organelle transport. Science 303: 1007–1010.
2. Stinchcombe, J. C., G. Bossi, S. Booth, and G. M. Griffiths. 2001. The immu-

nological synapse of CTL contains a secretory domain and membrane bridges.
Immunity 15: 751–761.
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