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Abstract
Membrane nanotubes are a recently discovered form of cellular protrusion between two or more
cells whose functions include cell communication, environmental sampling, and protein transfer.
Although clearly demonstrated in vitro, evidence of the existence of membrane nanotubes in
mammalian tissues in vivo has until now been lacking. Confocal microscopy of whole-mount
corneas from wild-type, enhanced GFP chimeric mice, and Cx3cr1gfp transgenic mice revealed
long (>300 μm) and fine (<0.8 μm diameter) membrane nanotube-like structures on bone marrow-
derived MHC class II+ cells in the corneal stroma, some of which formed distinct intercellular
bridges between these putative dendritic cells. The frequency of these nanotubes was significantly
increased in corneas subjected to trauma and LPS, which suggests that nanotubes have an
important role in vivo in cell-cell communication between widely spaced dendritic cells during
inflammation. Identification of these novel cellular processes in the mammalian cornea provides
the first evidence of membrane nanotubes in vivo.

Long membrane nanotubular structures that connect mammalian cells have been identified
in vitro in a number of cell types including rat pheochromocytoma cell lines, normal rat
kidney cells (1), and primary cultures of dendritic cells (DCs),3 macrophages, human
peripheral blood NK cells, and B cells (2, 3). Membrane nanotubes, sometimes referred to as
“tunneling nanotubes,” range in diameter from between 50 and 200 nm in cultured neural
cells to 700 nm in macrophage cell lines (1–4). In primary cultures of human NK cells the
average length of nanotubes is ~30 μm; however, some intercellular connections between
NK cells and macrophages spanning up to 140 μm have been described (2). Speculative
functions for membrane nanotubes in vitro include a novel means of intercellular
communication via calcium fluxes, the transfer of cytoplasmic vesicles and cell surface
proteins including MHC class I molecules (2), and BCR-Ag complexes (3). Until now,
evaluating the relevance of membrane nanotubes during immune responses has been limited
by the lack of evidence that these structures exist in vivo in complex tissues (5–7), which
has raised the question that nanotubes may in fact be purely an in vitro phenomenon.
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The mammalian cornea was considered to be virtually devoid of resident tissue
macrophages and DCs, and this absence of potential APCs was thought to represent one
element underlying the so-called “immune privileged” status of the cornea (8). However,
recent studies of bone marrow (BM)-derived cells in the mouse cornea have revealed a
network of cells, including CD11c+MHC class II+ DCs and CD11b+ macrophages (8–10).
These studies have been made possible by the transparency of the cellular and extra-cellular
matrix of this critical refractive layer of the eye and its ready accessibility for both intravital
and ex vivo microscopic investigations (11, 12). During studies of these cells in corneal
whole mounts from wild-type, transgenic, and enhanced GFP (eGFP) chimeric mice we
noted the presence of extremely long, fine cellular processes arising from MHC class II+

putative DCs in the corneal stroma. These structures, some of which form distinct
intercellular bridges between MHC class II+ cells, may represent the first evidence of
membrane nanotubes in vivo in the mammalian immune system. We hypothesize that
membrane nanotube-bearing DCs in the “APC-poor” avascular environment of the dense
corneal stroma may act as a potential means of transfer of Ag/receptor complexes between
widely separated DCs. Although present in only low numbers in naive corneas, the
incidence of membrane nanotubes increased markedly, particularly in the central cornea,
following inflammatory stimuli. These data suggest a potential novel means of amplification
of immune surveillance by corneal DCs.

Materials and Methods
Animals

C57BL/6 mice, aged 6–12 wk, were used for immunostaining of corneal whole mounts as
described previously (12, 13). In BM chimeric studies, 6- to 12-wk-old eGFP C57BL/6TgN
(ACTbEGFP)10sb mice were used as donors, with C57BL/6 and TLR4−/− mice as recipients
(The Jackson Laboratory). TLR4−/− mice (Shizuo Akira) were fully backcrossed to C57BL/
6 mice, and age-matched littermates were used as controls. Transgenic heterozygote
Cx3cr1+/gfp mice and homozygote Cx3cr1gfp/gfp mice were also used in the present study
(14). No difference was noted between heterozygote and homozygote mice; therefore, the
data have been pooled. Mice were housed at the Animal Resources Centre, Murdoch,
Western Australia and were treated in accordance with the animal welfare guidelines at the
University of Western Australia, Crawley (Perth), Australia. A total of 48 mice were used in
the present investigation.

Generation of eGFP chimeric mice
Recipient mice received two 600-Gy doses of whole-body irradiation 3 h apart. Mice were
injected i.v. with 5 × 106 BM cells from C57BL/6TgN eGFP mice in 200 μl of DMEM (15).

Murine model of keratitis using TLR ligands
Mice were anesthetized by i.p. injection of either 2,2,2-tribomoethanol (TBE; 1.2%) (Sigma-
Aldrich) or ketamine (40 mg/ml) and xylazine (20 mg/ml). A 1-mm diameter epithelial
debridement wound in the central cornea was created using an Algerbrush II corneal rust
ring remover (16, 17) and either 20 μg of Ultra Pure Escherichia coli LPS (strain K12;
Invivogen) or sterile HBSS was applied to the surface of each eye. Mice were sacrificed 24
h later.

Corneal whole mount immunostaining
Corneas were dissected from eyes that had been fixed in 4% paraformaldehyde. Each cornea
was examined either whole for quantitative and qualitative analysis (n = 23) or cut into pie-
shaped wedges by radial incisions (n = 25) and processed as previously described for
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immunostaining (12). Corneas from eGFP chimeric mice and Cx3cr1gfp mice were double
stained with anti-GFP Ab (Chemicon) and a range of anti-leukocyte mAbs including MHC
class II (clone M5/114; BD Pharmingen), CD45 (Serotec), CD11b, CD68, CD169 (Sero-
tec), and CD11c (BD Pharmingen) were visualized by the appropriate conjugated secondary
Abs (12). Corneas from nonchimeric mice were double stained with one of the primary anti-
leukocyte mAbs and either rhodamine- or streptavidin-Alexa Fluor 488-conjugated
phalloidin (1/40) for 60 min at room temperature. To visualize nuclei, tissues were incubated
in 4′,6′-diamidino-2-phenylindole (DAPI; Roche Molecular Biochemicals) for 10 min at
room temperature. As negative control, isotype rat IgG2b was substituted for primary Abs.

Quantitative examination of complete corneal whole mounts
Corneal whole mounts were examined using both conventional epifluorescence microscopy
(Olympus; DMRBE, Leica) and confocal microscopy (Leica TCS SP2). Nanotubes on
immune cells were quantified in three separate regions of the cornea: central (within 0.5 mm
from the center of the cornea), paracentral (between 0.5 and 1.0 mm from the center), and
peripheral (between 1.0 mm and the limbal border) (18). Cells with nanotubes were
quantified in intact healthy (n = 5), epithelial debridement- and saline-treated (n = 9), and
epithelial debridement- and LPS-treated (n = 9) corneas. Corneal wedges were examined by
confocal microscopy and Z-stacks series were generated through the corneal stroma in 0.5
μm increments, with final compilation of images performed using Leica confocal software.
The diameter and length of nanotubes were determined using MetaMorph 4.5.1 software.

Results and Discussion
Intercellular or bridging membrane nanotubes

In inflamed corneas, short membrane bridges (<60 μm) were occasionally observed
interconnecting two or more MHC class II+ cells (Fig. 1, A and B). Corneas of BM chimeric
mice revealed rare physical membrane bridges or nanotubes connecting eGFP donor cells to
either resident host MHC class II+ TLR4−/− cells (Fig. 1A) or other donor GFP+ MHC class
II+ cells (Fig. 1B). These highly distinctive intercellular membrane nanotubes or bridges
between two or more cells were generally short (22.13 ± 10 μm) and straight and accorded
closely with previous descriptions of membrane nanotubes in vitro (1, 2, 4–7).

Identification of long, possibly nonbridging membrane nanotubes in vivo
Besides the bridging nanotubular structures described above, qualitative analysis of BM-
derived cells in the corneal stroma, particularly of inflamed corneas, revealed the presence
of extremely fine, elongated cell processes on MHC class II+ cells (Fig. 1, C and D) with
features identical to those of previously described membrane nanotubes in vitro (1, 2), with
the exception that in many cases a second interconnected cell was not always detectable.
Compared with conventional dendritic processes or filopodia, these nanotubes were usually
single, of smaller diameter, less ramified, and up to several cell diameters in length. This
category of nanotube-bearing MHC class II+ cell was more abundant in the central and
paracentral regions of the cornea (Fig. 1, C and D) and were up to 333 μm in length in the
inflamed central cornea (Table I). For reference, the radius of the mouse cornea is ~1500
μm, making it feasible for five or six cells to span its entire width. In the peripheral cornea,
nanotubes were generally shorter but of a similar diameter. The cross-sectional diameter of a
sample of membrane nanotubes in the present study (0.64 ±0.04 μm SEM, n =10) accords
with descriptions of “thick” membrane nanotubes (2). The presence of focal bulges or lipid
vesicles traveling along the lengths of nanotubes between HEK-293T cells (6) and
macrophage cell lines in vitro (2) are one proposed means of cell-cell exchange. Similar
bulges along the lengths and at the termination of some nanotubes were observed in the
present study (Fig. 1C). Membrane nanotubes were not visualized on BM-derived cells
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reactive with the macrophage-specific mAbs anti-CD11b, anti-CD68, or anti-CD169 (12),
indicating that membrane nanotubes are a feature of MHC class II-bearing putative DCs in
the corneal stroma.

The frequency of membrane nanotube-bearing MHC class II+ cells increases in the
inflamed cornea

Quantitation of the distinctive membrane nanotubes during corneal inflammation revealed a
significant increase in the density of cells possessing nanotubes, particularly in the central
cornea (Fig. 2) where extremely long nanotubes up to 330 μm were observed (Table I). The
increase in the density of nanotube-bearing cells in the entire cornea was not statistically
significant between LPS- and saline-treated corneas; however the central corneal region in
these mice contained significantly more nanotubes than the paracentral and peripheral
regions (Fig. 2A). In summary, in conditions of inflammation (injury plus saline or LPS) the
numbers of nanotubes in the cornea were significantly greater than in the normal cornea
(Fig. 2B).

Visualization of BM-derived cells in the cornea of Cx3cr1gfp transgenic mice did not reveal
membrane nanotubes

Because membrane nanotubes were not identifiable in corneas stained with anti-macrophage
markers, we next examined corneal whole mounts from Cx3cr1gfp transgenic mice in which
GFP expression occurs in the cytoplasm of myeloid-derived cells expressing the chemokine
receptor Cx3cr1 (i.e., macrophages and DCs) (12). In these corneas, membrane nanotubes
on MHC class II+ cells (Fig. 3, A–C) did not contain any detectable quantities of GFP,
suggesting that the membrane nanotubes contain sparse cytoplasmic contents, which
corresponds with previous descriptions (19, 20).

F-actin staining of membrane nanotubes
Two theories on the formation of membrane nanotubes in vitro have been proposed (19, 20).
The first, leading to the term “tunneling nanotubes,” implicates an F-actin-driven protrusive
mechanism. The second mechanism suggests that membrane nanotubes may be derived
from cell membrane bridges between closely apposed cells that elongate as these cells
diverge or separate. Double staining (phalloidin and MHC class II staining) revealed the
presence of rich intracytoplasmic F-actin in the abundant keratocytes or fibrocytes of the
corneal stroma and in the cytoplasm of BM-derived cells (Fig. 3, D and F). Nonbridging
membrane nanotubes were consistently F-actin negative; however, detection of small
quantities of F-actin in such thin nanotubes in corneal whole mounts (~100 μm in thickness)
may be a technical limitation of this study. Alternative explanations for these F-actin-
negative in vivo nanotubes could include their formation from diverging cells (5) or an F-
actin-independent protrusive mechanism involving curvature-driven self-assembly of
interacting anisotropic raft elements as recently described in primary astrocytes grown on
artificial decorated substrata (21).

The recent discovery that nanotube-mediated continuity between cells may act as a vehicle
for cellular communication, particularly in the immunological setting (5, 7, 20), aroused our
interest in the unusual morphology of a subpopulation of MHC class II+ putative DCs in the
mouse cornea. Due to its transparent, rigid, and avascular nature, the cornea permits “en
face” visualization of entire immune cell populations in situ without the need for extensive
tissue processing or sectioning that could potentially damage the integrity of delicate
nanotube structures that have been reported in vitro to be easily damaged by mechanical
stress, fixation, and even exposure to light (19).
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The identification of intercellular connections between putative DCs closely conformed in
dimensions and morphology to previous descriptions of membrane nanotubes in vitro (1, 2,
6, 19, 20). However, membrane nanotubes discovered in naive and inflamed corneas
differed from previous descriptions in several respects. First, they were often extremely
long, (>300 μm) and had a tortuous or curved course. Interestingly, the latter feature has
subsequently been confirmed in a study of T cells in vitro that was published after the
submission of the present manuscript (22). Second, membrane nanotubes on corneal MHC
class II+ cells apparently did not always form an obvious bridge to a neighboring cell. There
are a number of possible explanations for the presence of these long nonbridged nanotubes.
They may indeed be forming a connection to a neighboring but undetected cell or their
processes could be seeking contact with distantly located cells in a manner akin to the
recently described “dendrite surveillance extension and recycling habitude” (dSEARCH)
behavior of DCs (23, 24). De novo nanotubes, yet to establish a connection to neighboring
cells, have been described in culture conditions (1, 19).

In the central cornea the presence of extremely long membrane nanotubes may enable more
isolated cells to communicate with widely spaced DCs, thereby forming a potential
immunological “syncytium.” It is logical therefore that long nanotubes are less common in
the peripheral cornea, where there is a greater density of MHC class II+ DCs (18), a
conclusion borne out by our quantitative results. Previous studies have shown that
membrane nanotubes allow calcium fluxes between cultured DCs and mediate phenotypic
changes reminiscent of Ag stimulation in vitro (6). We speculate that corneal stromal DCs
use membrane nanotubes as a means of transferring Ag-specific signals from cells that are
distantly located from one another, especially during inflammatory conditions. This may
represent a means of effectively increasing the functional capacity of the APC pool in a
tissue that is “APC poor” similar to that recently proposed in the case of B cell Ag receptor
(BCR) transfer from activated Ag-specific B cells to bystander B cells via short membrane
nanotubes (3). These authors noted an increase in the number of nanotube-like structures
following LPS activation, a feature consistent with our own in vivo studies where membrane
nanotube-bearing MHC class II+ cells were more common in inflamed corneas (injury alone
or injury plus LPS).

Examination of inflamed corneal whole mounts from GFP chimeric mice provided a unique
opportunity to visualize the physical contact mediated by membrane nanotubes between
newly arrived donor GFP+ cells and resident MHC class II+ GFP− host cells. Indeed,
nanotubes from donor GFP+TLR4−/− MHC class II+ cells were observed extending to and
making contact with resident GFP−TLR4−/− MHC class II+ host cells in inflamed corneas.
Such cellular bridging may represent a route for the transfer of MHC class II-Ag complexes
or TLR from donor GFP+ cells to host GFP− cells, similar to the MHC class I protein
transfer via nanotubes (2) and the BCR transfer between B cells (3) discussed above.

The lack of detectable membrane nanotubes in tissues stained with macrophage phenotypic
markers and their occurrence solely on MHC class II-bearing cells indicates that resident
tissue macrophages in the cornea do not participate in this mode of cell-cell communication.
Although we recognize that a sub-population of corneal macrophages express MHC class II,
the majority of MHC class II-bearing cells in the mouse corneal stroma are likely DCs (8, 9,
12). Inconsistent immunostaining with anti-CD11c mAb in corneal whole mounts, a
technical problem experienced by other groups (9, 25), prevented a more definitive
determination of whether these MHC class II+ cells were in fact conventional CD11c+ tissue
DCs.

To our knowledge, the current data provide the first evidence for the presence of membrane
nanotubes in mammalian tissues in vivo and define a potential means of contact and
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integration between distant immune cells (5). We postulate that membrane nanotubes
between DCs in vivo could represent a significant means of transmitting Ag, thus
amplifying local immune surveillance in the “APC poor” environment of the mammalian
cornea. Our quantitative analyses of the response to injury and LPS-mediated inflammation
support this hypothesis. Determining the immunological function and dynamic behavior of
these membrane nanotubes in the living eye using two-photon confocal microscopy
represents an intriguing future research direction.
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FIGURE 1.
Membrane nanotubes in the corneal stroma. A, Chimeric mouse corneal whole mount
reveals a donor-derived (GFP+/green) MHC class II+ (red) and double positive (yellow) cell
connecting via a fine membrane nanotube (arrows) to a resident MHC class II+ GFP+ cell
(red only). B, Two donor-derived MHC class II+ cells expressing varying amounts of GFP
joined by a fine, straight, membrane nanotube (inset shows the area within the dotted square
at a higher magnification). C and D, Long, nonbridged membrane nanotubes on MHC class
II+ cells in the naive (C) and inflamed (D) mouse corneal stroma. Connected neighboring
cells were not identifiable. Scale bars =20 μm; inset scale bar = 10 μm.
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FIGURE 2.
Frequency of membrane nanotubes in naive and inflamed corneas. A, Significantly higher
densities of nanotubes were identified in the central cornea (cc) compared with the
peripheral (pe) and paracentral (pa) zones of the cornea in both saline- and LPS-treated
animals. B, Pooled data from all regions demonstrate a significantly higher density of
nanotubes in inflamed corneas (both saline- and LPS-treated eyes) compared with naive
corneas (**, p < 0.005; ***, p < 0.001).
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FIGURE 3.
A–C, GFP expression on BM-derived cells in the corneal stroma of Cx3cr1gfp transgenic
mice did not extend along the MHC class II+ membrane nanotube (A, GFP only; B, red
channel denotes MHC class II; C; merged image). D–F, Dual MHC class II (D) and F-actin
(E) staining revealed the lack of F-actin in the membrane nanotubes (F, merged image).
Strong F-actin reactivity was evident in both the BM-derived cell and the surrounding
keratocytes. Scale bars = 20 μm.
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Table I

Average nanotube length (μm) in various regions of the cornea

Corneal Region

Central Paracentral Peripheral

Naive corneas 0 (0) 188 ± 55 (4) 58 ± 6 (7)

Inflamed corneasa 151 ± 16 (50) 107 ± 10 (31) 73 ± 7 (17)

a
Pooled data from LPS- and saline-treated corneas; mean length per cell ± SE (n = number of nanotubes).
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