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PURPOSE. The actin cytoskeleton of trabecular meshwork (TM) cells plays a role in regulating
aqueous humor outflow. Many studies have investigated stress fibers, but F-actin also
assembles into other supramolecular structures including filopodia. Recently, specialized
filopodia called tunneling nanotubes (TNTs) have been described, which communicate
molecular signals and organelles directly between cells. Here, we investigate TNT formation
by TM cells.

METHODS. Human TM cells were labeled separately with the fluorescent dyes, DiO and DiD, or
with mitochondrial dye. Fixed or live TM cells were imaged using confocal microscopy. Image
analysis software was used to track fluorescent vesicles and count the number and length of
filopodia. The number of fluorescently labeled vesicles transferred between cells was counted
in response to specific inhibitors of the actin cytoskeleton. Human TM tissue was stained with
phalloidin.

RESULTS. Live-cell confocal imaging of cultured TM cells showed transfer of fluorescently
labeled vesicles and mitochondria via TNTs. In TM tissue, a long (160 lm) actin-rich cell
process bridged an intertrabecular space and did not adhere to the substratum. Treatment of
TM cells with CK-666, an Arp2/3 inhibitor, significantly decreased the number and length of
filopodia, decreased transfer of fluorescently labeled vesicles and induced thick stress fibers
compared to vehicle control. Conversely, inhibiting stress fibers using Y27632 increased
transfer of vesicles and induced long cell processes.

CONCLUSIONS. Identification of TNTs provides a means by which TM cells can directly
communicate with each other over long distances. This may be particularly important to
overcome limitations of diffusion-based signaling in the aqueous humor fluid environment.
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Trabecular meshwork (TM) cells communicate by secreting
soluble signaling factors or encapsulating signals in small

lipid-derived nanovesicles called exosomes.1 Soluble signals and
exosomes diffuse through the extracellular space and positively
or negatively regulate neighboring TM cell function.2–5

However, in the anterior chamber of the eye, aqueous humor
(AH) fluid is a major barrier to diffusional-based signaling. All
secreted signals are continually diluted and washed away by the
continual flow of AH into Schlemm’s canal. Thus, it is unlikely
that signals can survive extracellularly at high enough
concentrations to signal more than one or two cell diameters.
Moreover, because AH flow is unidirectional, TM cells deep in
the outflow pathway, such as those in the juxtacanalicular
(JCT) region (Fig. 1A), cannot use a diffusional-based mecha-
nism to communicate with cells in the corneoscleral or uveal
meshwork. Furthermore, signals in TM tissue also appear to
travel relatively long distances. This was demonstrated in a
study utilizing argon laser trabeculoplasty, a surgical technique
used to reduce IOP in glaucoma patients.6 Laser spots placed
on the TM beams stimulated cell division in the insert region, a
putative TM stem cell niche >200 lm away (Fig. 1A).7 The
insert region is not bathed in AH so signals cannot be
transported there in fluid. Thus, it remains unclear how signals
could be transferred long distances from the laser sites to the
insert region. It is possible that signals could be transferred via a

signal relay or ‘‘bucket brigade’’ where signaling molecules

undergo repeated rounds of secretion, receptor-mediated
endocytosis on a recipient cell, trafficking through the

intracellular endocytic pathway, and exocytosis.8 However,

green fluorescent protein (GFP)-tagged decapentaplegic was
only propagated up to 80 lm in highly compliant embryonic

tissue.9 This distance is insufficient to bridge the space
between the laser sites and the insert region. Thus, additional

nondiffusion-based communication mechanisms must exist to
transfer signals between cells in different regions of the TM in

situ.

Actin monomers rapidly and reversibly polymerize to form

microfilaments, which are organized into higher ordered
structures such as stress fibers, lamellipodia and filopodia.10,11

The assembly of these supramolecular structures are governed

by the small GTPases RhoA, Rac1, and cdc42, respectively.12

Inhibition of the Rho-ROCK signaling pathway increases

aqueous outflow through the TM.13–18 Stress fibers are the
predominant F-actin structure in cultured TM cells, but actin

stress fibers are not a predominant structure in TM tissue in
situ.19 Thus, the mechanistic details of how Rho kinase

inhibition leads to greater outflow facility remain unclear.

Furthermore, although stress fiber formation has been studied
extensively in the TM, the relative contribution of the other F-
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actin supramolecular assemblies to TM cell function has been
mostly overlooked.

Filopodia are thin, finger-like projections that contain tight
bundles of F-actin.11 A newly identified class of specialized
filopodia is called tunneling nanotubes (TNTs).20–22 TNTs form
tubular conduits to directly transfer molecular information and
organelles between cells and are a novel mechanism of cellular
communication. Cargoes transported include endosomes,
lysosomes, mitochondria, viruses, prions and miRNAs.20,23–26

TNTs can form between homotypic cells or they can connect
different cell types such as stem cells and endothelial
cells.24,25,27 Several reports have detected TNT formation by
other ocular cell types including dendritic cells and hemato-

poietic stem progenitor cells in the mouse cornea and cultured
human retinal pigment epithelial cells.28–30 In this study, we
investigated whether TM cells could form TNTs to directly
communicate signals over long distances.

METHODS

Confocal Microscopy of Fixed Cells and Tissue

Primary TM cells were isolated from human cadaver eyes
(Lions VisionGift, Portland, OR, USA) using established
methods.31 The use of human cadaver tissue was approved
by Oregon Health & Science University Institutional Review

FIGURE 1. (A) Schematic of a cross-section of the TM, with the regions and approximate dimensions of the tissue indicated. TM cells (green);
corneoscleral beams (purple); the JCT region (blue); the inner wall cells of Schlemm’s canal (pink); the putative stem cell insert region (yellow); and
Schlemm’s canal. (B) TM cells immunostained with CD44 to label the cell membrane. Filopodia from neighboring cells appear to touch and fuse to
form a tube. Scale bar: 5 lm. (C) In coculture experiments, DiO-labeled vesicles (green) were present in a DiD-labeled (red) cell (arrowheads).
Cyan: CD44; scale bar: 20 lm. (D) At higher magnification, DiO-labeled vesicles are clearly visible (arrows) within a long cell process connecting
the two cells. Scale bar: 5 lm. (E) CD44 immunostaining (gray) of a TNT connecting two TM cells. (F) DiO-labeled vesicles (green; arrows) are
clearly visible within the SiR-actin-labeled cell process (red). Scale bar: 20 lm.
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Board and experiments were conducted in accordance with
the tenets of the Declaration of Helsinki. At least five biological
replicates were used from donors ranging from 3 to 47 years
old. All HTM cell strains induced myocilin by Western
immunoblotting after 2 weeks of dexamethasone treatment
(data not shown). Once confluent, a flask of TM cells was
trypsinized, split into two tubes and separately labeled with
Vybrant DiD dye (647 nm) or Vybrant DiO dye (488 nm;
Thermo Fisher Scientific, Waltham, MA, USA). In other
experiments, cells were labeled with the mitochondrial dye,
(594 nm MitoTracker Red CMXRos; Thermo Fisher Scientific),
and DiO. Fluorescently labeled cells were mixed 1:1 and plated
at 1 3 105 cells per well on collagen type I-coated BioFlex 6-
well plates (FlexCell International Corp., Burlington, NC, USA).
After overnight incubation, cells were fixed and immuno-
stained with rat monoclonal anti-CD44, clone IM-7 (Stem Cell
Technologies, Vancouver, BC), which was detected with an
AlexaFluor 594-conjugated goat anti-rat secondary antibody
(Thermo Fisher Scientific). In some experiments, TM cells
were labeled with 0.1 lM SiR-actin (Spirochrome, Cytoskele-
ton, Inc., Denver, CO, USA) with 10 lM verapamil during the
overnight incubation. TM cells were then imaged using a
confocal microscope (Fluoview FV1000; Olympus, Waltham,
MA, USA). Images were stacked and processed using open-
source FIJI software (http://fiji.sc/Fiji, in the public domain).

Live-Cell Imaging

For live-cell imaging, cells were plated in 2-well slides (l-slides;
Ibidi, Madison, WI, USA) and imaged using a widefield system
(Deltavision Core DV; GE Healthcare Life Sciences, Pittsburgh,
PA, USA) at 378C in a humidified environment with 5% CO2.
This system consists of an inverted microscope (IX71;
Olympus) with a 360 Plan-Apochromat objective (1.42 NA)
and a camera (Coolsnap ES2 HQ; Nikon Corp., Tokyo, Japan).
Images were captured every 2 minutes for a total of 4 hours on
3 z-planes and fluorescence was detected in the GFP (488 nm)
and Cy5 (647 nm) channels. A differential interference contrast
(DIC) image was captured at the central z-plane at each time
point. Following acquisition, z-planes were stacked and the
images were animated into a time-lapse movie at 12 frames per
second. For some movies, the 488-nm channel was overlaid
onto the DIC image. In addition, image analysis software
(Imaris; Bitplane, Concord, MA, USA) was used to analyze the
movies frame by frame and a dot was manually placed on DiO-
labeled vesicles in each frame. The software then added a
‘‘dragon tail’’ to denote from where the vesicles had come.

Staining of Human TM Tissue

To visualize F-actin in TM tissue, human cadaver anterior
segments (n ¼ 3) were immersion-fixed in 4% paraformalde-
hyde and frontal sections were cut perpendicular to the ocular
surface.17 After a brief permeabilization with 0.02% Tween-20,
tissue pieces were incubated AlexaFluor 488–conjugated
phalloidin (Thermo Fisher Scientific). Tissues were immersed
in gold-mounting medium (ProLong; Thermo Fisher Scientific)
containing DAPI and imaged using the confocal microscope
(Olympus) with a 360 Plan-Apochromat objective (1.42 NA).
At least three tissue pieces per eye were examined. For the
image shown, eighteen 0.2-lm z-slices were acquired and then
stacked using FIJI software.

Actin Inhibitor Experiments

TM cells were treated with 100 lM CK-666 (n ¼ 23 cells) or
DMSO vehicle control (n¼27 cells). The number and length of
filopodia on the surface of TM cells was measured using the

filaments module of the image analysis software (Bitplane).
Data from three biological replicates were combined and a
box-and-whisker plot was generated to show the median and
the upper and lower quartiles. Significance (P < 0.05) was
determined from the mean values (gray diamonds) using
ANOVA with Bonferroni post-hoc correction.

To quantitate the number of vesicles transferred, cells were
fluorescently labeled as above and allowed to adhere for 2
hours. The following actin inhibitors were added: 100 lM CK-
666,32 10 lM ML141, 5 lM Y27632, 10 lM wiskostatin, 0.78
lM cytochalasin D, 0.1 lM latrunculin B, or 0.04% DMSO
vehicle control (Sigma-Aldrich Corp., Saint Louis, MO, USA).
Cells were incubated for a further 24 hours and then fixed and
immunostained with CD44 antibodies as above. Confocal
images were acquired and each fluorescent channel was
analyzed separately. The number of TM cells containing at least
five vesicles of the opposite color was counted in each image.
Vesicles were not counted if they were not visible within the
boundaries of the CD44-stained cell membrane. The number of
cells containing ‘‘transferred’’ vesicles was made a percentage
of total cell number. This was repeated in >6 independent
experiments, using HTM cells derived from five biological
replicates. A box-and-whisker plot was generated as above.
Outliers were defined as those lying outside of 31.5
interquartile range, as defined by Tukey, and were omitted
from the calculations (outliers: n ¼ 2 for control; n ¼ 1 for
Wiskostatin; n ¼ 0 for all other treatments). Significance (P <
0.05) was determined from the mean values (blue diamonds)
using ANOVA with Bonferroni post-hoc correction.

Visualizing Actin Dynamics in Live TM Cells

To visualize actin dynamics live, TM cells were plated in a 4-
well slide (Ibidi) and labeled overnight with 0.1 lM SiR-actin
with 10 lM verapamil. The following day, medium was
replaced and inhibitors were added (100 lM CK-666; 5 lM
Y27632; 0.04% DMSO vehicle control) for 3 hours prior to
imaging on a widefield system (GE Healthcare Life Sciences).
Images were acquired in the Cy5 (647 nm) channel every
minute for a total of 30 minutes on 3 z-planes. Captured images
were deconvolved using commercial software (GE Healthcare
Life Sciences), stacked and movies were made at 3 frames per
second.

RESULTS

To investigate TNT formation by TM cells, primary cultures
were immunostained with the cell membrane protein, CD44.
Filopodia extended from adjacent cells to touch their tips (Fig.
1B). Some appeared to have fused suggesting the formation of
TNTs so we fluorescently labeled cell organelles to see if we
could detect cargo within the tubular conduit. TM cells were
separately labeled with the fluorescent dyes, DiO or DiD, and
were mixed 1:1 at low cell density (1 3 105 cells/well). A long
filopodia (~240 lm) extended between a DiO-labeled cell
(green) and a DiD-stained cell (red; Fig. 1C). At higher
magnification, DiO-stained vesicles (green) were clearly
observed in the connecting tube and the cytosol of a DiD-
stained cell (red; Fig. 1D). No DiD-labeled vesicles were
present in this DiO cell suggesting unidirectional transfer.20 To
demonstrate that F-actin was a component of TNTs, F-actin of
TM cells was labeled with SiR-actin. Again, CD44 was used to
label the cell surface (Fig. 1E), while DiO-labeled vesicles
(green; arrows) were clearly observed traveling along the SiR-
actin-labeled TNT (red; Fig. 1F).

Studies of other cell types have demonstrated that
mitochondria are transferred via TNTs.24,27 Therefore, we
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FIGURE 2. Transfer of mitochondria via TNTs. TM cells were labeled 
separately with dye (Thermo Fisher Scientific) to stain mitochondria 
(red) or the fluorescent dye, DiO (green), then mixed 1:1. (A) After 
overnight incubation, mitochondria (red) were observed in a DiO-
labeled cell (green). Cyan: CD44 immunostaining. (B) A higher 
magnification image of labeled mitochondria (red; Thermo Fisher 
Scientific) in a DiO-labeled cell (green). Arrows point to mitochondria 
in a TNT. Scale bar: 20  lm.

transferred vesicles (57.78% 6 4.1%; P ¼ 0.002). ML141 
treatment decreased transfer (30.7% 6 2.2%), but not 
significantly, while Wiskostatin (36.7% 6 2.8%) had no effect 
compared to vehicle controls. As expected, Latrunculin B and 
cytochalasin D significantly reduced vesicle transfer (23.83% 6 
2.2% and 18.61 6 1.7%, respectively).

Representative confocal images of DMSO vehicle control, 
CK-666– and Y27632-treated TM cells demonstrate vesicle 
transfer between cells (Fig. 6C). In addition, CD44 immuno-
staining showed the profound effect of Y27632 on TM cell 
phenotype. Rho kinase inhibition induced very long thin cell 
processes which often extend the full length of the field of 
view and beyond. Fluorescently labeled vesicles were clearly 
visible in nearly all of these processes (Fig. 6C). Collectively, 
these results show that inhibition of stress fiber formation by 
Y27632 increased vesicle transfer, whereas inhibition of 
filopodia formation by CK-666 or preventing F-actin assembly 
(Latrunculin B or cytochalasin D) decreased transfer.

To further examine actin cytoskeletal dynamics, F-actin was 
stained with SiR-actin. Addition of this actin-label did not 
significantly affect TM cell morphology (data not shown). SiR-
actin was used to label live TM cells and time-lapse movies were 
generated (Supplementary Fig. S2). Still images are shown in 
Figure 7. In DMSO-vehicle control TM cells (Figs. 7A–D), F-actin 
was assembled into stress fibers, cortical actin at the cell 
periphery and was present in punctate vesicles, which were 
predominantly located perinuclearly. Some actin bundles

Tunneling Nanotube Formation by TM Cells

tested whether mitochondria were transferred in TM cells. TM
cells were separately labeled with DiO (green) or a mitochon-
drial fluorescent stain (red; Thermo Fisher Scientific). After
mixing and overnight incubation as above, mitochondria (red)
were clearly visible in a DiO-labeled cell (green; Fig. 2A) and in
a TNT connecting two cells (arrows; Fig. 2B). Thus, TM cells
appear to transfer mitochondria via TNTs.

To provide further support for TNT formation by TM cells,
live-cell confocal microscopy was performed. Still frames are
shown in Figure 3. The top panels (Figs. 3A, 3B) show DiO-
labeled cells (green) overlaid onto a DIC image at the first (0
minutes) and last (240 minutes) frames of the movie,
respectively. The cell at the top right is labeled with
mitochondrial dye (red, inset; Thermo Fisher Scientific). At
the start of the movie, the red cell already contained some
green vesicles due to transfer prior to imaging. The movies
demonstrate that the TM cell membrane is highly dynamic and
multiple filopodia are formed at the cell surface (Supplementary
Fig. S1). One of these filopodia formed a ‘‘tube’’ (arrows) and
DiO-labeled vesicles (green) are transferred to the cell labeled
with mitochondrial dye (Thermo Fisher Scientific) through the
conduit (Figs. 3C, 3D). Image analysis software (Bitplane) was
used to add ‘‘dragon tails’’ (cyan) to the vesicles to aid tracking of
their movement (Figs. 3E–G). Four vesicles were calculated to
be completely transferred via one TNT in 40 minutes.

Electron microscopy studies of the TM have described long
cell processes extending between cells in the JCT region and
cells residing on TM beams.33–36 Here, frontal sections were 
labeled with AlexaFluor 488–phalloidin to investigate whether
long actin-rich processes could be detected in human TM tissue
in situ (Fig. 4). Confocal microscopy showed a long, actin-rich
cell process bridging an intertrabecular space (~160 lm long; 
double-headed arrow). This cell process was not attached to the
collagen beam running parallel to it, whereas other cell
processes (arrowheads) appear tightly adhered to collagen
beams (blue autofluorescence). The anchorage-independence
and thin, long dimensions of these processes are similar to
features described for TNTs.22

Next, we investigated the effects of specific actin inhibitors
on TNT formation. The Arp2/3 inhibitor, CK-666, inhibits
assembly of branched actin networks from which filopodia
emanate.32 Thus, CK-666 should reduce the number of 
filopodia/TNTs on TM cells. In this study, image analysis
software (Bitplane) was used to count the number of filopodia
on the surface of the TM cell membrane. Treatment with CK-666
significantly reduced the number of filopodia on the surface of
TM cells (mean ¼ 10.34 6 0.65 filopodia/cell) compared to
vehicle control cells (19.51 6 1.06 filopodia/cell)(P < 0.001; 
Fig. 5A). In addition, the length of filopodia was significantly
shorter in CK-666–treated cells versus control cells (average
length ¼ 4.49 lm 6 0.225 vs. 8.35 lm 6 0.254; P < 0.0001; Fig. 
5B).

We used additional specific inhibitors to measure the effects
on vesicle transfer. ML141 inhibits the small GTPase, cdc42,
while Wiskostatin inhibits N-WASP (Fig. 6A).12 The Rho Kinase 
inhibitor, Y27632, was used to inhibit actin stress fibers, while
cytochalasin D and Latrunculin B prevent assembly of F-actin
into all supramolecular structures. DiO- and DiD-labeled TM cells
were cocultured in the presence of the inhibitors and the
number of cells containing vesicles of the opposite color
(‘‘transferred vesicles’’) was counted from confocal images. In
DMSO vehicle control cultures, approximately 36.7% 6 2.9%of
cells contained transferred vesicles (Fig. 6B). Treatment with
CK-666 significantly inhibited transfer with only approximately
27.1% 6 2.5% of cells containing transferred vesicles (P ¼ 0.02).
Conversely, a significantly increased percentage of cells treated
with the Rho kinase inhibitor, Y27632, contained
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FIGURE 3. Still images from movies of live TM cells at 0 minutes (A) and at 240 minutes (B) with the DiO (green) channel overlaid onto a DIC image.
The insets show the fluorescence channels to demonstrate that the cell at the top right is labeled with mitochondrial dye (red; Thermo Fisher
Scientific). (C, D) The white boxed area in (A) is shown at 84 and 86 mins. A ‘‘tube’’ appears to be formed (arrows) between TM cells and green
vesicles are clearly seen in the tubular interior. (E–G) Image analysis software (Bitplane) was used to add ‘‘dragon tails’’ to the vesicles to track their
movement. For this, the 488-nm channel was analyzed frame-by-frame and a ‘‘dot’’ was manually placed on a vesicle in each frame. The software
added a dragon tail (cyan line) to denote where the vesicles had come from. Dragon tails of 4 vesicles were overlaid onto the DIC images of 78, 84,
and 112 minutes. Scale bar: 10 lm.
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protruding from the cell surface are likely in filopodia
(arrowhead). In CK-666–treated cells (Figs. 7E–H), the stress
fibers and cortical actin fibers were thicker than in control
cells. Moreover, there were fewer actin-positive punctate
vesicles and they were distributed throughout the cell. One
actin-positive protrusion retracted over the time frame (arrow)
and there were few other cellular protrusions. In Y27632-
treated cells (Figs. 7I–L), few stress fibers were present, as
expected, but cortical actin remained. There was a major
change in cell phenotype with many protrusions emanating
from the cell surface, similar to CD44 immunostaining
described above. The actin-rich punctate vesicles were highly
dynamic and moved rapidly in the cells compared to control
and CK-666–treated cells. They were distributed throughout
the cell.

DISCUSSION

In this study, we report the formation of TNTs by TM cells and
demonstrated that fluorescently-labeled vesicles as well as
mitochondria can be transported between TM cells. The TNTs
extended approximately 240 lm between cells in culture and
160 lm in TM tissue. These lengths are similar to those
described for TNTs formed by other cell types.22 When
compared to signaling ranges of other mechanisms, TNTs
allow cellular communication over greater distances than
diffusion-based signals (<80 lm),9 but not as far as that of
exosomes, which are secreted into biofluids and have a much
farther range of signaling.1,37 Moreover, TNTs can deliver
signals directly to areas of the tissue not bathed in AH such as
the putative TM stem cell niche and can communicate signals
from JCT cells to corneoscleral meshwork TM cells, which is
against AH outflow.

TNTs are transient structures and two models of TNT
formation have emerged: the ‘‘cell dislodgement mechanism’’,
where two adjacent cells fuse transiently and, as the cells move
apart, a thin retraction tubule remains through which cargo
can travel.38,39 The other proposed model is an ‘‘actin driven
protrusion mechanism.’’ This is an active process whereby
filopodia are extruded from two adjacent cells and when their
tips touch, they undergo fusion to create a tunnel.20,39 The
movies shown here suggest that TNTs in TM cells are formed
by an actin-driven mechanism because vesicle transfer was
essentially complete before the cells retracted and moved away
from each other. However, it remains possible that both
mechanisms are used to form TNTs in TM cells. Furthermore,
the mechanism utilized could be dependent on culture
conditions. The TNT shown here was actively transporting
vesicles for 40 minutes, which is similar to TNTs in other cell
types where they endure from minutes to several hours.22,40

Interestingly, the movie also shows formation of multiple
filopodia at the TM cell surface, but only one of these
transitioned into a TNT. What governs TNT formation is
unclear. The unconventional myosin, myosin-10, appears to
play a role in other cell types,41,42 and in the case of electrically
coupled TNTs, gap junction proteins may stabilize the contact
at the tips of TNTs.39 However, more studies are required to
investigate which molecules are involved in TNT formation in
TM cells.

In several of the experiments reported herein, CK-666 was
used as an inhibitor. CK-666 stabilizes the Arp2/3 complex in
an inactive state, which inhibits assembly of branched actin
networks important for both lamellipodia and filopodia
formation.32 Lamellipodia are sheet-like actin-rich protrusions
that are characteristic of motile cells.11 Yet, the movies in this
study show that TM cells are predominantly sedentary with
few, if any, lamellipodia. Conversely, TM cells have many
filopodia emanating from the underlying actin networks to
protrude from the cell surface. Our results show that CK-666
significantly reduced the number of filopodia on the cell
surface of treated TM cells as well as reduced the length of
those filopodia that were present. Moreover, there was a
significant reduction in the number of vesicles transferred.

FIGURE 4. Frontal section of human TM tissue stained with AlexaFluor
phalloidin (green) to label F-actin. A long, actin-rich cell process
(approximately 160 lm) bridges an intertrabecular space between
corneoscleral beams (double-headed arrow). Other F-actin-rich
processes are tightly wrapped around the underlying collagen beams
(arrowheads). Blue: DAPI staining and autofluorescence of collage-
nous TM beams. Scale bar: 20 lm.

FIGURE 5. Effect of CK-666 on filopodia number and length. (A) The
average number of filopodia per cell and (B) the length of filopodia was
quantitated using image analysis software (Bitplane) from TM cells
treated with DMSO vehicle control (n ¼ 27 cells, 496 filopodia
counted) and CK-666 (n ¼ 23 cells; 231 filopodia counted). Data are
from three biological replicates. The gray diamond in each box is the
mean value. * P < 0.001 by ANOVA with Bonferroni correction.
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FIGURE 6. Effect of actin inhibitors on vesicle transfer. (A) Schematic of molecules involved in filopodia and stress fiber formation and their
inhibitors. (B) The effects of inhibitors on vesicle transfer between TM cells. The percentage of TM cells containing vesicles of the opposite color
were counted in confocal images of control (0.04% DMSO vehicle; n¼58 images; total no. of cells¼294) and TM cells treated with 100 lM CK-666
(n¼53 images; total no. of cells¼284);10 lM ML141 (n¼66 images; total no. of cells¼374); 5 lM Y27632 (n¼35 images; total no. of cells¼163);
10 lM wiskostatin (n¼50 images; total no. of cells¼259); 0.1 lM Latrunculin B (n¼42 images; total no. of cells¼227) and 0.78 lM cytochalasin D
(n¼25 images; total no. of cells¼186). The blue diamond in each box is the mean value. Data are from five biological replicates. * P¼0.02 and ** P

< 0.002 by ANOVA with Bonferroni correction. (C) Representative confocal images of control, CK-666– and Y27632-treated TM cells labeled with
DiD (red); DiO (green); and CD44 (membrane; cyan) used for cell counts. Boxed regions show vesicles in long cell processes in Y27632-treated
cells. Here, the CD44 immunostaining was made gray in order to highlight the fluorescently-colored vesicles. Scale bar: 20 lm.

Tunneling Nanotube Formation by TM Cells IOVS j October 2017 j Vol. 58 j No. 12 j 5304



Collectively, these results suggest that Arp2/3 may play a role in
TNT formation.

The Rho kinase inhibitor, Y27632, increased vesicle transfer
via TNTs. CD44 immunostaining showed a dramatic change in
cell phenotype with the formation of many long cell processes
that contained fluorescently-labeled vesicles. Disassembly of F-
actin stress fibers by Rho kinase inhibition may enrich the
cellular pool of G-actin available for assembly into filopodia.
This may in turn drive TNT formation and increase vesicular
transfer by TNTs. Agents that disrupt all F-actin structures
(cytochalasin D and latrunculin) decreased vesicle transfer,
which was expected since TNTs contain actin. However,
vesicle transfer was not completely eliminated. Low concen-
trations of inhibitors were used to prevent cell death during
the experiment and thus F-actin assembly may not have been
completely inhibited. Alternatively, it is possible that some
vesicles were exchanged via endocytosis, phagocytosis or a
non-actin based communication mechanism. Our data do not
exclude communication by these mechanisms, but describe an
additional method by which TM cells can communicate with
each other.

Our live-imaging of actin dynamics in human TM cells
provide additional insight into the function of the actin
cytoskeleton in TM cells. Only one other study has

investigated actin dynamics in real-time using live porcine
TM cells transfected with a GFP-fused actin construct.43 In
response to Y27632 treatment, they showed that stress fibers
were rapidly disassembled and there was a major change in
cell shape, similar to that described in this study. F-actin–
labeled punctate vesicles were detected, but were not as
numerous as in our study. This is likely due to differences in
actin staining methods and/or imaging resolution. The SiR-
actin used in this study is a Jasplakinolide analog, which binds
to F-actin with high affinity.44 This small cell permeable
fluorescent probe labels all TM cells in a field and thus has a
major advantage over transfection because transfection
efficiency is low for TM cells. However, there is still some
debate as to whether SiR-actin stabilizes F-actin structures or
induces actin polymerization because of its structural
similarities to Jasplakinolide.45 Despite this, we found several
differences in the actin labeling in control, and CK-666– and
Y27632-treated TM cells. Stress fibers appeared thicker and
there were fewer, less dynamic actin-positive vesicles when
TM cells were treated with the filopodia inhibitor, CK-666.
Conversely, few stress fibers were detected and the punctate
vesicles were more dynamic and moved all over the cell when
TM cells were treated with the Rho kinases inhibitor, Y27632.
Thus, using SiR-actin to monitor actin dynamics in live human

FIGURE 7. Actin dynamics in live human TM cells labeled with SiR-actin. Representative images of actin supramolecular structures from time-lapse
movies at the start and after 10, 20, and 30 minutes in (A–D) DMSO control; (E–H) CK-666–; and (I–L) Y27632-treated TM cells. Arrowheads (A–D)
and arrows (E–H) point to actin in cellular protrusions. Scale bar: 25 lm.
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TM cells may be a valuable tool to evaluate the effects of
drugs on the actin cytoskeleton.

Here, we showed transfer of mitochondria between TM
cells. Studies in other cell types showed mitochondrial transfer
via TNTs connecting cells of different types can rescue stressed
cells from apoptosis.24,27 Although the functional significance
of mitochondrial transfer in TM cells has yet to be determined,
the transfer of mitochondria may help maintain the health of
the TM tissue. It should be noted that glaucomatous TM has
elevated levels of reactive oxygen species (ROS), which
impairs mitochondrial function.46 If damaged mitochondria
are transferred between glaucomatous TM cells via TNTs, this
could exacerbate the pathogenic process.

In conclusion, our results describe a novel cellular structure
by which TM cells may directly communicate with each other.
This may be especially advantageous to circumvent the
limitations of diffusion-based signaling in the fluid environment
of the TM. Future studies will focus on identifying molecules
involved in TNT formation and the signals that are transferred
via TNTs.
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