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Abstract
FM1-43, a fluorescent styryl dye that penetrates into and stains membranes, was used to investigate kinetics of constitutive endocytosis
and to visualize the fate of endocytic organelles in resting and activated human T lymphocytes. The rate of dye accumulation was strongly
temperature dependent and ⬃10-fold higher in activated than in resting T cells. Elevation of cytosolic free Ca2⫹ concentration with
thapsigargin or ionomycin further accelerated the rate of FM1-43 accumulation associated with cytosolic actin polymerization. Direct
modulation of actin polymerization affected membrane trafficking. Actin condensation beneath the plasma membrane with calyculin A
abolished FM1-43 internalization, whereas actin depolymerization with cytochalasin D had no effect. Photoconversion of DAB by FM1-43
revealed altered endocytic compartment targeting associated with T cell activation. Internalized cargo was carried to lysosome-like
compartments in resting T cells and to multivesicular bodies (MVB) in activated T cells. Externalization of exosomes from MVB occurred
commonly in activated but not in resting T cells. T cell exosomes contained raft-associated CD3 proteins, GM1 glycosphingolipids, and
phosphatidylserine at the outer membrane leaflet. The present study demonstrates the utility of FM1-43 as a marker of membrane trafficking
in T cells and reveals possible mechanisms of its modulation during T cell activation.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Membrane trafficking plays an important role in regulating the surface expression of membrane proteins in T lymphocytes and provides an important mechanism to modulate
immune responses. For example, T cell receptors (TCR)
undergo continuous recycling [1–3], resulting in a steadystate level of receptor expression at the plasma membrane
(PM). Receptor ligation by antigen/MHC complexes reduces TCR expression on the T cell surface [4 –7], either by
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preventing recycling [2] or by shifting the equilibrium between recycling/degradation pathways in favor of lysosomal
degradation [7,8]. Long-lasting down-regulation of TCR
expression is thought to be critical for termination of the
immune response [9,10]. Some viruses, including HIV, alter
receptor internalization/recycling mechanisms and shift the
equilibrium in favor of receptor degradation to evade immune surveillance [11].
Despite the importance of constitutive membrane trafficking, the origin and fate of endosomal compartments
have not been studied extensively in T lymphocytes, and
kinetics of endocytosis and mechanisms of its regulation in
T cells remain undefined. Lymphocyte activation by antigen/MHC induces T cell proliferation, lymphokine secretion, and changes in expression of membrane proteins.
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However, effects of lymphocyte activation on membrane
trafficking remain unclear. Several biochemically distinct
compartments for membrane uptake and turnover have been
identified in other cell types, including primary endocytic
vesicles, early endosomes (EE), late endosomes (LE), and
lysosomes [12]. Hematopoietic cells possess LE that may
serve as a secretory compartment [13]. Vesiculated LE, also
known as multivesicular bodies (MVB), can fuse with the
plasma membrane to release vesicles, termed exosomes
[14 –16]. Selected membrane and cytosolic proteins are released with exosomes into the extracellular space. Exosomes produced by dendritic cells enhance antigen presentation and have been shown to induce potent antitumor
immune responses in mice [17]. Human PHA/TCR-activated T cells, T cell clones, and Jurkat T cells have been
found to release microvesicles that contain MHC II molecules and several other PM and endosomal proteins into the
culture medium [14,18,19], suggesting that externalization
of exosomes may also occur in T lymphocytes. Difficulties
in elucidating the mechanisms of forming and releasing
vesicle-associated proteins have been compounded in T
cells because the fate of endocytic vesicles and the dynamics of transport intermediates remain uncertain. Structural
relationships among endocytic vesicles, intracellular compartments, and externalized material have not been established.
To address the issue of endocytic compartment biogenesis in T cells it is necessary to elucidate the dynamic
interactions between membrane compartments. Substantial
insight into the dynamics of synaptic vesicle cycling has
been made using the styryl dye FM1-43 [20,21]. FM1-43 is
an amphipathic molecule that intercalates spontaneously
into the outer leaflet of cell membranes without diffusing
across the membrane. Within the lipid environment,
FM1-43 exhibits 50- to 100-fold increased fluorescence
intensity than the dye in aqueous solution. FM1-43 can be
internalized by vesicular endocytosis, and an increase in
intracellular fluorescence can therefore be used as an index
of endocytosis. Moreover, intense illumination of FM1-43
in fixed specimens in the presence of oxygen and diaminobenzidine (DAB) catalyzes the polymerization of DAB into
an insoluble osmiophilic reaction product that can be visualized by electron microscopy [22]. The photoconversion
procedure allows for identification of endocytic compartments in living cells by real-time fluorescence monitoring,
followed by a snapshot with EM resolution, thereby permitting correlation of fluorescence measurements with the ultrastructure [23]. Here, we introduce the use of the FM1-43
to investigate real-time membrane trafficking dynamics and
mechanisms of its regulation in human T lymphocytes.
Photoconversion of FM1-43 allows definition of structural
intermediates of endocytic compartments, tracked from the
PM to early and late endosomes and back to the PM with
EM resolution.
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Materials and methods
Cell culture and chemicals
Unless otherwise indicated, all chemicals were from
Sigma (St. Louis, MO). Normal human peripheral blood
mononuclear cells were isolated using Accuspin SystemHistoplaque-1077 density gradient separation tubes. CD3⫹
cells were purified using human T cell enrichment columns
(R&D Systems, Minneapolis, MN) and cultured in media
containing 88% RPMI (Fisher Scientific, Pittsburgh, PA),
1% MEM, 1% Na-pyruvate, 1% 1-glutamine, and 0.035
L/L ␤-mercaptoethanol supplemented with 10% FCS
(Omega Scientific, Tarzana, CA). Unless otherwise indicated, T cells were stimulated in vitro with phytohemagglutinin P (PHA, 40 g/ml, Difco, Detroit, MI) for 48 –96 h to
activate T cell proliferation and lymphokine secretion. In
some experiments, T cells were activated with ionomycin
(200 nM) ⫹ PMA (10 nM). Cells were placed on a polyL-lysine-coated coverslip 10 min before the experiment.
Apoptosis/necrosis of adherent cells was assessed by annexin V and propidium iodide staining (Vibrant Apoptosis
Assay kit #2, Molecular Probes, Eugene, OR). Ionomycin,
thapsigargin Calyculin A, and Cytochalasin D were from
Calbiochem (La Jolla, CA). FM1-43 and FM4-64 (Molecular Probes, Eugene, OR) were used at 5 M final concentration in Tyrode solution.
Fluorescence measurements
A coverslip with adherent cells was mounted onto the
recording chamber on the stage of a Zeiss Axiovert 10
microscope. Cells were continuously superfused with external solutions of different composition. Most experiments
were done in modified Tyrode solution containing (in mM)
160 NaCl, 5.6 KCl, 1 MgCl2, 2 CaCl2, 5 Hepes, 10 glucose,
pH ⫽ 7.3 adjusted with NaOH. For some experiments, Ca2⫹
and Mg2⫹ were omitted from the solution and 5 mM EGTA
was added (Ca2⫹-free Tyrode solution). Fluorescence images were acquired with a Biorad MRC 600 laser scanning
confocal imaging system using a 63x/1.25 n.a. oil immersion Zeiss objective. For FM1-43 and Alexa Fluor 488conjugated annexin V and cholera-toxin B (Molecular
Probes), 488 nm excitation and 515 nm emission filters were
used. For FM4-64 fluorescence, 514 nm excitation and 600
nm emission filters were used. The pinhole was opened to
20% of its maximal diameter. For kinetic analysis all images
were taken at identical acquisition settings. Temperature
control was achieved by heated/cooled water circulation
around the objective, and by continuous superfusion of the
recording chamber with solution of the desired temperature.
Perfusion solutions were delivered through a temperaturecontrolled multitube pre-heater (Cell Micro Controls, Virginia Beach, VA) placed ⬃100 m from the field of view.
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Kinetic analysis of FM1-43 accumulation
Off-line analysis was performed with Scion Image software (Scion Corporation, Frederick, MD). The total fluorescence intensity was measured in unprocessed images
from the manually defined area within each individual cell
(shown in Fig. 1). Plasma membrane and bright peripheral
fluorescent patches stained immediately after dye application were excluded from consideration. Total fluorescence
intensity was normalized to the area and plotted against
time. The value obtained from the first image acquired 30 s
after application of FM1-43 was taken as a background
fluorescence and was subtracted from all measurements.
The rate constants (r) were estimated by fitting the experimentally derived time courses of FM1-43 accumulation
with the first-order exponential function: [FM1-43]in(t) ⫽
[FM1-43]max ⫻ (1⫺e⫺rt), where [FM1-43]in(t) is a mean
fluorescence intensity at a given time; [FM1-43]max is a
mean fluorescence intensity of maximally loaded dye; r is
the rate constant; and t is the time. Given the assumptions
that dye did not change fluorescence intensity within the
endocytic compartment and that dye did not recycle back to
the extracellular space to a significant degree during the
short incubation period, the r value approximates the rate of
constitutive endocytosis. Because the cytosolic region is
enlarged in activated T cells it is reasonable to expect that a
larger area within the plane of focus could account for some
of the increase in fluorescence intensity. From thin-section
electron microscope images, the ratio of nucleus to total cell
diameter was 0.7 ⫾ 0.02 and 0.63 ⫾ 0.02 (n ⫽ 16) for
resting and activated cells, respectively. From this, we estimate that the increase in cytosolic area (outside of the
nucleus) in activated compared to resting T cells would
account for a 20%–25% increase in mean fluorescence intensity measured from confocal planes, but cannot account
for the observed 10-fold increase. The relative change in the
rate constants for a 10 °C change in temperature, the Q10,
was calculated by: Q10 ⫽ (r2/r1)10/(T2⫺T1), where, r1 is the
rate constant of FM1-43 accumulation at lower temperature
T1 and r2 is the rate constant of FM1-43 accumulation at
higher temperature T2. Arrhenius activation energies were
determined from: Ea ⫽ (RT1T2/(T2⫺T1))xln(r2/r1), where R
is the gas constant and T1 and T2 are temperatures in
degrees Kelvin. In practice, experimental data were transferred into plots and Q10 and Ea determined from the slopes
of linear regression fits of experimental data (Microcal Origin 6.0, Microcal Software, Inc., Northampton, MA). All
plots represent mean value ⫾ s.e.m.
Photoconversion of DAB and EM imaging
Photoconversion experiments were performed as described [24]. Briefly, living cells were loaded with FM1-43
for different times and conditions as specified in Results.
Cells were washed and then fixed with 2% glutaraldehyde
(Electron Microscopy Sciences, Ft. Washington, PA) in

sodium cacodylate buffer (0.1 M, pH 7.4, Ted Pella Inc.,
Redding, CA) for 20 min, rinsed in buffer, and treated for 5
min in KCn (20 mM), aminotriazole (5 mM), glycine in
buffer (50 mM) to reduce nonspecific background. For
photoconversion, diaminobenzidine (DAB, 1 mg/ml) in oxygenated sodium cacodylate (0.1 M) was added to the chamber. DAB solution was refreshed every 3 min and cells were
illuminated by a 75 W xenon lamp through a Zeiss 63x/1.25
n.a. objective using a 488 nm filter for 10 to 15 min until a
brownish reaction product appeared in place of the green
fluorescence. Cells were then washed in buffer and postfixed in 1% osmium tetroxide (Electron Microscopy Sciences) for 30 min. Cells were rinsed in distilled water,
dehydrated in ethanol, embedded in Durcupan resin, and
polymerized at 60 °C for 48 h. To distinguish any nonspecific reaction between intracellular components and DAB,
we performed photoconversion of DAB in cells that were
never exposed to FM1-43. Except for mitochondria, no
nonspecific staining of internal organelles was induced by
illumination in the absence of FM1-43 even after 1.5 h
exposure to light. The nonspecific staining of the mitochondria was easily recognizable and was excluded from consideration. Photoconversion of cells bathed with FM1-43containing solution for ⬃30 s before fixation revealed a thin
ring of electron-dense reaction product at the PM due to dye
partitioning into the lipid bilayer. All other images presented in the results were taken from cells that were fixed
after FM1-43 was briefly washed from the extracellular
solution and therefore contained only remaining traces of
the photoconversion reaction product at the PM. Morphometric measurement of intracellular organelles was performed in thin section images using Scion Image software.
Immunohistochemistry
Adherent cells were fixed with 4% paraformaldelhyde in
2XPBS (Fisher Scientific, Pittsburgh, PA) for 30 min, then
washed three times with 2X PBS for 15 min. Cells were
permeablilized in a saponin solution (0.075% w/v saponin,
1% bovine serum albumin, 1% goat serum in 2X PBS) for
1 h. For F-actin staining, permeablilized cells were incubated with 2 U/ml Oregon Green-conjugated phalloidin
(Molecular Probes) in 2X PBS for 20 min at room temperature, washed three times with 2X PBS for 15 min, and then
mounted on slides with Slow Fade glycerol buffer (Molecular Probes). For TCR staining, permeablilized cells were
incubated with primary mouse anti-human CD3 antibodies
(UCHT1, BD Biosciences Pharmingen, San Diego, CA)
diluted 1:500 for 45 min at room temperature, washed three
times with 2X PBS containing 2% of goat serum, and then
incubated with rabbit anti-mouse Alexa Fluor 488 secondary antibodies (Molecular Probes) for 30 min at room temperature. Cells were washed three times with 2X PBS for 15
min and then mounted on slides. For IL2 staining, primary
rat anti-human IL2 antibodies (BD Biosciences Pharmin-
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Fig. 1. FM1-43 accumulation in resting and activated T cells is temperature dependent. T cells were exposed to 5 M FM1-43 in Tyrode solution for 21 min
while confocal images were acquired every 7 min. Resting (A–F) and activated (G–O) T cells exposed to FM1-43 for 30 s (top panels), 21 min (middle
panels), and following 1 min wash (lower panels) at temperatures indicated above each column. Note the lack of nuclear staining and dye accumulation within
the cytosol after washout. Scale bars are 10 m. (P) Mean fluorescence intensity in resting and activated T cells plotted against time (left and middle panels).
Intracellular fluorescence for each cell was measured within a circled area to exclude membrane fluorescence and then divided by the total measurement area
to yield the mean fluorescence intensity. Bright peripheral fluorescence patches were excluded from analysis. Each time course is an average of four
experiments from different cultures. Smooth lines are exponential fits of experimental data. At 34 °C, the rates of endocytosis were 0.07 min⫺1 in activated
T cells, compared to 0.008 min⫺1 in resting T cells. Arrhenius plot (right panel) of rate constants (r) of FM1-43 accumulation in activated T cells. T is the
absolute temperature. The activation energies (Ea) were calculated from the slopes of linear regression fits within the temperature ranges of 14 –24 °C and
24 –34 °C. If not shown, the error bars are smaller than the symbol size.

gen, San Diego, CA) were used as primary, and chicken
anti-rat Alexa Fluor 488 antibodies (Molecular Probes)
were used as secondary. Only background fluorescence was
detected when permeabilized cells were stained with secondary antibodies only. For the IL2 assay, cells were incubated with Golgi Stop solution (BD Biosciences, Franklin
Lakes, NJ) for 6 h before fixation.

Assessment of mitochondrial transmembrane potential
(⌬m)
⌬m was measured using 3,3⬘-dihexyloxacarbocynine
iodide (DiOC6(3), Molecular Probes) at a final concentration of 40 nM in PBS (stock 1 mM in methanol). Adherent
cells were incubated with DiOC6(3) for 15 min at 37 °C,
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followed by confocal imaging analysis (excitation 488 nm;
emission 515 nm). As a positive control, the mitochondrial
uncoupling agent carbonyl cyanide m-chlorophenyl-hydrazone (CCCP) was applied for 10 min to the same cells at
room temperature, or apoptosis was induced by incubation
of cells with 1 M staurosporine (Calbiochem, San Diego,
CA) for 6 h at 37 °C.

Results
Accelerated endocytosis in activated T cells
To visualize endocytosis in resting and activated human
T lymphocytes, we exposed cells to FM1-43 for varying
times and monitored fluorescence by confocal microscopy.
FM1-43 rapidly stained the plasma membrane (PM) of both
resting and PHA-activated T cells as a result of dye partitioning into the lipid bilayer (Fig. 1 top panels). In resting T
cells, the ring of staining indicated a uniform distribution of
dye within the PM. In activated T cells, brightly fluorescent
patches averaging 2.4 ⫻ 1.4 m in size (n ⫽ 271) appeared
at the cell periphery immediately after addition of FM1-43
to the extracellular solution, simultaneously with PM staining (Fig. 1G, J, and M). Surface membrane staining and
peripheral patches of FM1-43 fluorescence did not change
after several minutes of exposure to FM1-43 (Fig. 1, middle
panels). Upon washout of FM1-43, PM staining and brightness of the peripheral patches was substantially reduced, but
peripheral patches remained visible for several minutes
(Fig. 1, lower panels). The bright peripheral patches, found
only in activated T cells, consisted of clusters of external
vesicles adherent to the PM, as shown below by electron
microscopy (EM). After several minutes of exposure, in
addition to staining the cell surface, FM1-43 accumulated
inside the cell but was excluded from the nucleus. After
washout, dye was retained within the cells (Fig. 1, lower
panels). Intracellular accumulation was especially apparent
in activated T cells at or above room temperature. Similar
results were obtained with T cells activated by ionomycin ⫹
phorbol myristate acetate (PMA, data not shown).
The accumulation of dye within T cells may reflect
constitutive endocytosis. Consistent with this mechanism,
we found that rates of dye uptake were strongly temperature
dependent. In resting T cells, intracellular FM1-43 accumulation was not observed after 20 min of incubation at 24 °C
(Fig. 1A–C), but patches of FM1-43 fluorescence appeared
within the cytosol at 34 °C (Fig. 1D–F). Activated T cells
accumulated substantially more dye than resting T cells at

24 °C (Fig. 1J–L), and dye accumulation was strongly
enhanced at 34 °C (Fig. 1M–O) but completely blocked at
14 °C (Fig. 1G–I). To assess endocytosis quantitatively, we
fitted the time course of intracellular FM1-43 fluorescence
accumulation in resting and activated T cells at different
temperatures with first-order exponential functions (Fig.
1P). The rate constant (r) of dye uptake was strongly dependent upon temperature and was approximately one order
of magnitude larger at any given temperature in activated T
cells, consistent with a strong enhancement of the rate of
endocytosis, compared to resting T cells (Fig. 1P, left and
middle panels). An Arrhenius plot of the temperature dependence of r in activated T cells (Fig. 1P, right panel)
deviates from a straight line with an inflection point in the
vicinity of 24 °C, indicating that the temperature dependence is stronger at lower temperatures. The energies of
activation (Ea) calculated from the slopes of linear regression fits are 153 kJ/mol (Q10 ⫽ 7.8) and 76 kJ/mol (Q10 ⫽
3.9) in the lower (14 –24 °C) and high (24 –34 °C) temperature ranges, respectively. The nonlinear Arrhenius plot
may indicate that lipids undergo a phase transition [25] and
that membrane fluidity is a rate-limiting factor for constitutive endocytosis in T cells.
Rate of endocytosis increased by elevated [Ca2⫹]i
Ca2⫹ plays an important role in shaping T cell responses
[26]. In addition, Ca2⫹ regulates endocytosis in neuronal
cells and hematopoeitic cells [27,28]. Therefore, we explored the effects of Ca2⫹ on rates of FM 1-43 dye accumulation, using either ionomycin, a Ca2⫹ ionophore, or
thapsigargin, an inhibitor of the SERCA pump Ca2⫹-ATPase, to elevate cytosolic free Ca2⫹ concentration ([Ca2⫹]i).
Both ionomycin (Fig. 2A–C) and thapsigargin (Fig. 2D–F)
significantly accelerated the rate of FM1-43 accumulation in
activated T cells, in comparison to control cells (Fig. 1J–L
and Fig. 2J). Ionomycin also increased the rate of FM1-43
accumulation in resting T cells but to a lesser extent than in
activated T cells (n ⫽ 4, data not shown). Removal of
external Ca2⫹ did not affect the basal rate of FM1-43
internalization (Fig. 2G–I, J), indicating that extracellular
Ca2⫹ influx is not required to maintain the basal rate of
membrane internalization. Consistent with the previous
finding by Zweifach [29], ⬃10% of cells displayed annexin
V staining around the entire plasma membrane (not shown)
and increased FM1-43 surface fluorescence, presumably
due to phosphatidylserine (PS) scrambling. These cells were
excluded from analysis. Our data demonstrate that the rate
of endocytosis in human T cells is accelerated by elevated

Fig. 2. Elevation of [Ca2⫹]i accelerates the rate of FM1-43 accumulation in activated T cells. Activated T cells exposed to FM1-43 for 30 s (A, D, G), and
21 min (B, E, H) in the presence of 0.5 M ionomycin (B, C); 1 M thapsigargin (E, F); and in Ca2⫹-free Tyrode solution (G–I). All experiments were done
at 24 °C. Scale bars are 10 m. (J) Time courses of FM1-43 accumulation in normal Tyrode solution (closed circles); in Ca2⫹-free Tyrode solution (open
circles); in the presence of 0.1 M (closed squares) and 0.5 M (closed triangles) ionomycin; and in the presence of 1 M thapsigargin (open squares). Each
time course is an average of six experiments from different cultures.
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[Ca2⫹]i although basal endocytosis does not require Ca2⫹
influx.
Effects of cytoskeletal modulators
Engagement of T cell receptors during antigen presentation results in dramatic changes in cytoskeleton organization [30]. We tested whether changes in actin polymerization affect the rate of membrane trafficking in T cells. In
normal Tyrode solution, F-actin was distributed uniformly
near the membrane as revealed with phalloidin staining
(Fig. 3A). Elevation of [Ca2⫹]i with thapsigargin produced
actin polymerization in the cytosol (Fig. 3B) and, as shown
above (Fig. 2), was accompanied by an increased rate of
membrane internalization. Incubation of T cells with cytochalasin D (Cyto D), a membrane permeable inhibitor of
actin polymerization [31], induced formation of numerous
processes and PM shedding. In these cells, tight aggregates
of polymerized actin were located in cell extremities (Fig.
3C), and some patches were found within the cytosol. The
polymerized actin layer that appeared to be resistant to Cyto
D was observed in cell processes and beneath the PM. These
findings are compatible with observations of cytoskeletal
rearrangement in other cell types [31,32]. Monitoring of
FM1-43 fluorescence within the cytosol revealed that treatment with Cyto D did not significantly affect the rate of
FM1-43 accumulation (Fig. 3F–I, N) in activated T cells. In
contrast, treatment with calyculin A (Caly A), a serine/
threonine phosphatase (PP1 and PP2A) inhibitor, abolished
uptake of FM1-43 (Fig. 3J, K, N). Caly A induced the
formation of a dense actin ring beneath the plasma membrane (Fig. 3D), consistent with effects described in other
cell types [32–36]. Caly A-treated cells acquired a typical
kidney-like shape and appeared to be curved around a single
tightly condensed cytosolic actin bundle. To explore
whether the inhibition of vesicular trafficking by Caly A
was due to modification of the cytoskeleton, Caly A was
applied together with Cyto D. Coapplication of Caly A and
Cyto D produced an intermediate effect on polymerized
actin distribution; the dense near-membrane actin ring was
present, but actin patches within the cytosol were also observed (Fig. 3E). FM1-43 accumulation was partially res-

cued in these cells (Fig. 3L–N). We conclude that actin
polymerization can affect the vesicular trafficking in T cells
in different ways. Polymerized actin in the cytosol could
support vesicle transport and facilitate membrane internalization upon elevation of [Ca2⫹]i. In contrast, tight condensation of actin beneath the PM creates a barrier that inhibits
membrane trafficking. The limited amount of Cyto D-resistant actin is probably sufficient to maintain constitutive
vesicular trafficking in Cyto D-treated cells.
Changes in trafficking compartments revealed by EM
Photoconversion of DAB by FM1-43 allows the subcellular origin of FM1-43 fluorescence to be visualized with
EM resolution [22]. When cells were incubated with
FM1-43 for 20 min at room temperature, followed by washing to remove dye from the PM, the electron-dense reaction
product was found within a pool of vesiculo-tubular compartments located within the organelle-enriched pole of both
resting (Fig. 4A–C) and activated (Fig. 4D–I) T cells. Some
vesicles with reaction product appeared to pinch inward
from the PM (Fig. 4C) and probably represent primary
endocytic vesicles. The average size of FM1-43-positive
vesicular compartments within the cytosol was 72 ⫾ 2 nm
(n ⫽ 312); long tubular structures with similar diameter (68
⫾ 4 nm) were 234 ⫾ 20 nm in length (n ⫽ 73). Some of the
tubular structures appeared to be formed by clusters of small
vesicles (Fig. 4B, E, H). The appearance of FM1-43-positive compartments in resting and activated T cells was
similar to early endosomes (EE) described in other cell
types [12,37].
Many FM1-43-positive vesiculo-tubular structures were
observed in continuity with intermediate-sized (153 ⫾ 28
nm, n ⫽ 14) vacuoles located in the perinuclear region of
activated T cells (Fig. 4F and I). These vacuoles often
contained a small amount of reaction product and displayed
early signs of inward vesiculation suggesting that they are
late endosomes (LE) targeted by EE. Within single cells,
FM1-43-positive intermediate-sized LE coexisted with
large vesiculated vacuoles (388 ⫾ 30 nm, n ⫽ 18) that
contained no dye (FM1-43⫺), even though FM1-43-positive
EE were located in close proximity to the FM1-43⫺ vacuoles (Fig. 4E and F). These results suggested that EE target
a specific pool of perinuclear LE.

Fig. 3. Cytoskeleton polymerization may affect the rate of FM1-43 accumulation in activated T cells. Activated T cells were stained with Oregon Green
phalloidin after fixation. Before fixation, cells were incubated in normal Tyrode solution (A), in the presence of 1 M thapsigargin (5 min, B), 10 M
cytochalasin D (20 min, C), 200 nM calyculin A (20 min, D), or both 10 M cytochalasin D and calyculin A (20 min, E). Pretreatments with cytochalasin
D and calyculin A were done at 37 °C for 20 min whereas thapsigargin was applied at 24 °C. In parallel experiments, activated T cells were exposed to
FM1-43 for 30 s (F, H, J, L), or 21 min (G, I, K, M) in normal Tyrode solution (F, G); after pretreatment with 10 M cytochalasin D (H, I); or 200 nM
calyculin A (J, K); or both 10 M cytochalasin D and 200 nM calyculin A (L, M). Note that in panels J and K a bright FM1-43 fluorescence spot that appears
to be located in the cytosol (cell on the left) is in the extracellular space, because staining emerged immediately after dye application. This area was excluded
from the analysis. The time courses of FM1-43 accumulation were acquired at 24 °C. Scale bars are 10 m. (N) Time courses of FM1-43 accumulation in
normal Tyrode solution (closed circles); in the presence of 10 M cytochalasin D (open triangles); in the presence of 200 nM calyculin A (open squares);
and in the presence of both 10 M cytochalasin D and 200 nM calyculin A (closed triangles). Each time course is an average of six experiments from different
cultures.
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Fig. 4. Photoconversion of DAB by FM1-43 reveals similar early endocytic compartments in resting and activated T cells. Electron micrographs showing
representative images obtained from resting (A–C) and activated (D–I) T cells exposed to FM1-43 for 20 min at 24 °C. Note that (A) shows two parts of
a single nucleus (N) separated by a cleft. The photoconversion reaction product (dark staining) appeared within the cytosol of resting (A–C) and activated
(D–I) T cells. After 5 min of incubation with FM1-43 at room temperature, an electron-dense reaction product was found only around the PM (not shown).
(B) Enlargement of the boxed area in (A), and (C) showing examples of EE compartments in resting T cells. The arrow indicates a vesicle that appears to
pinch off from the PM and may represent a primary endocytic vesicle. Staining around the PM is due to residual FM1-43 in the PM after washout. (D and
G) A pool of EE (dark staining) stretching from the PM toward the nucleus. (E and F) and (H and I) Enlargements of the boxed areas (1) and (2) in (D) and
(G). Note tubular structures that appear to be formed by several small vesicles (arrows in (E) and (H)). Note fusion of FM1-43-positive vesicles with small
perinuclear MVB (arrowheads in (F) and I), whereas large MVB (* in E and F) remain FM1-43⫺. N, nucleus. Scale bars are 0.5 m.

In order to visualize late endocytic compartments, resting
and activated T cells were incubated with FM1-43 for 1.5 h
at 37 °C. In resting T cells the photoconversion reaction
product was found in the EE adjacent to perinuclear vacuoles (Fig. 5A and B) and inside peripheral vacuoles that

displayed no internal vesiculation but appeared as homogeneously filled compartments (Fig. 5A and C) typical of
lysosomes [38,39]. Strikingly different FM1-43-positive LE
containing numerous vesicles (mulivesicular bodies, MVB)
were observed in activated T cells after 1.5 h of incubation
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Fig. 5. Photoconversion of DAB by FM1-43 reveals different late endocytic compartments in resting and activated T cells. Representative images obtained
from resting (A–C) and activated (D–G) T cells exposed to FM1-43 for 1.5 h at 37 °C. (B) Enlargement of the boxed area (1) in (A). Note small
FM1-43-positive vesicles docked to the perinuclear vacuole. (C) Enlargement of the boxed area (2) in (A). Note that FM1-43-positive endosomes in resting
T cells display no internal vesiculation. (E and F) Enlargements of boxed areas (1) and (2) in (D). Note that FM1-43-positive endosomes in activated T cells
in (E) have a multivesicular structure. (F) A large MVB weakly stained with FM1-43. (G) EE continue to target large FM1-43-positive MVB. N, nucleus.
Scale bars are 0.5 m.

with FM1-43 (Fig. 5D–G). These FM1-43-positive MVB
were found anywhere in the cytosol, and were larger (367 ⫾
24 nm, n ⫽ 18) than perinuclear FM1-43-positive LE. In
addition, large MVB containing a small amount of photoconversion product were also observed within a single cell
(Fig. 5F). Interestingly, small vesicles/tubules were found in
continuity with a large FM1-43-positive MVB (Fig. 5G),
suggesting that directed targeting continues until the MVB
reaches a critical size or state. Alternatively, vesicles may
bud off from the mature MVB, as was suggested for dendritic cells [40]. Thus, our data indicate that resting and
activated T cells employ similar structural intermediates
that operate from the PM to perinuclear LE. In activated T
cells the perinuclear LE enlarge, vesiculate, and drift away
from the nucleus within 1.5 h. In contrast, LE in resting T
cells appear to mature to lysosomes within the same period
of time.
In many cell types, MVB undergo maturation into
lysosomes as a standard pathway for degradation of internalized membrane proteins [12]. However, in activated
T cells we observed fusion of the limiting membrane of
FM1-43-positive MVB with the PM (Fig. 6A and B),
resulting in release of vesicles enclosed in the MVB, a
secretory process known as exosome externalization

[16]. Externalized vesicles were 120 ⫾ 10 nm (n ⫽ 121)
in diameter, a size typical for exosomes. Fusion of FM143-positive MVB with the PM and externalization of
exosomes was observed as early as 1.5 h after dye was
allowed to internalize. Extracellular vesiculated membrane aggregates composed of ⬃110 –160 nm vesicles
adherent to the plasma membrane were present in the
majority of activated T cells (Fig. 6C and D). The external vesicles were often found in areas of cell-to cell
contact, sometimes within the extensive net of lamellopodia stretching from one cell to another (Fig. 6E and F).
Interestingly, exosomes retained FM1-43 even after PM
staining was significantly reduced by extensive washing.
Because clusters of externalized exosomes tend to retain
dye, we conclude that they correspond to large peripheral
patches of FM1-43 fluorescence in activated T cells
(Figs. 1 and 2).
Taken together, our data demonstrate that human T cells
constantly internalize their PM by endocytosis into EE that
then carry their cargo into lysosome-like LE in resting T
cells and into MVB in activated T cells. In activated T cells,
but not resting T cells, the MVB can externalize exosomes
into the extracellular space by means of fusion of the limiting membrane of MVB with the PM.
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Colocalization of exosomes with CD3, cholera toxin B,
and annexin V staining
In order to assess whether FM1-43 follows the same
pathway of internalization as surface receptors, we performed double staining of endocytic compartments with
FM4-64 (a red-shifted variant of FM1-43) and Alexa Fluor
488-conjugated anti-CD3. Fig. 7A–C demonstrates in activated T cells that internalized anti-CD3, visible as punctate staining in the cytosol, colocalizes with FM4-64 fluorescence. Although colocalization is restricted to a few
intracellular compartments, this observation strongly suggests that CD3 is internalized to the same endosomes as
FM4-64. On the cell periphery, bright spots of FM4-64
fluorescence originated from the clusters of exosomes also
colocalized with anti-CD3 immunofluorescence. Colocalization of exosome clusters with anti-CD3 immunofluorescence suggests that CD3 downregulation may follow
the pathway of exosome externalization (Figs. 5 and 6). To
further characterize the molecular composition of exosomes, we stained surface membranes with Alexa Fluorconjugated cholera toxin B (CT-B), a marker of lipid rafts [41,
42], or annexin V, a marker of phosphatidylserine (PS). Fig.
7D–F, demonstrates that CT-B staining was confined to
small areas that colocalized with bright fluorescence patches
of FM4-64, indicating that exosomes bear raft-associated
GM1 glycosphingolipid. In addition, annexin V staining
was restricted to the same areas (Fig. 7G–I), indicating
exposure of PS on the outer surface of exosomes.
Because transverse redistribution of plasma membrane
PS is an early indicator of apoptosis [43], we investigated
whether exosome externalization is a characteristic of viable, nonapoptotic cells. We found that 81% of adherent
activated T cells (363 out of 445 cells from four donors)
expressed exosomes positively stained by annexin V; none
of these cells were stained with PI, indicating that the cells
were not necrotic. Surface PS exposure by apoptotic cells is
associated with loss of mitochondrial transmembrane potentials (⌬m) [44]. However, we found that cells bearing
exosomes at their surface maintained a high ⌬m that could
be dissipated by CCCP, the mitochondrial uncoupler, or by
treatment with staurosporine, an agent that induces apoptosis (Fig. 8). In addition, the majority (67%) of activated T
cells were producing IL2 (102 out of 162 cells tested), as
assessed by immunohistochemical staining (not shown).
Only 27 out of 445 cells (4.5%) were uniformly stained with
annexin V, of which seven displayed nuclear PI staining.
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Thus, the majority of adherent activated T cells displayed
high mitochondrial potentials and were competent to produce cytokines. These data demonstrate that viable, activated T cells release exosomes that bear properties of raft
membranes and expose PS locally at their outer membrane
leaflet.

Discussion
Dynamic monitoring of membrane trafficking
In this study, we show that FM1-43 is rapidly and constitutively internalized by vesicular endocytosis in human T
cells and, therefore, can be utilized for unraveling fundamental mechanisms that regulate membrane trafficking.
Real-time monitoring of FM1-43 fluorescence indicated that
the rate of constitutive membrane trafficking was ⬃10-fold
higher in activated T cells compared to resting. Fast and
dynamic regulation of membrane protein expression may
help to shape specific responses in activated T cells. Furthermore, elevation of [Ca2⫹]i significantly accelerated
membrane internalization. Ca2⫹ signaling was shown previously to be enhanced in activated T cells, compared to
resting T cells [45,46]. Therefore, augmented Ca2⫹ signaling may enhance membrane traffic when activated T cells
are restimulated by antigen. Extracellular Ca2⫹ influx was
not required for basal endocytosis in T cells, in good agreement with previous reports in neuronal cells [47,48], and in
rat peritoneal mast cells in which high-affinity Ca2⫹ sites
were implicated in membrane uptake [27].
Cytoskeletal elements are involved in different steps of
the endocytic process, including membrane invagination
and fission, as well as vesicle movement in the cytoplasm
[49,50]. We found that [Ca2⫹]i elevation in human T cells
produced actin polymerization and accelerated FM1-43 accumulation, thus implying the involvement of the actin
cytoskeleton in regulation of endocytosis. However, actin
disruption with Cyto D had no effect on the rate of FM1-43
accumulation, consistent with results in several other mammalian cells [51–53]. Increased mobility of endocytic vesicles after treatment with agents that sequester monomeric
actin could be due to removal of a diffusional barrier [54].
It is also possible that a cortical layer of actin underlying the
PM in Cyto D-treated cells (Fig. 3C) could still support
vesicle formation and movement away from the PM. On the
other hand, strong condensation of cortical actin beneath the
PM with Caly A abolished FM1-43 accumulation, consis-

Fig. 6. Photoconversion reveals exosome externalization by activated T cells. (A) Fusion of a MVB with the PM and exosome externalization in activated
T cells. Cells were loaded with FM1-43 for 1 h and 20 min at 37 °C, washed for 5 min in Tyrode solution, fixed, and subjected to photoconversion. (B)
Enlargement of the boxed area in (A). (C and D) Clusters of external membranes adherent to the PM of activated T cell. Cells were exposed to FM1-43 for
20 min, and dye was then washed out. Note that many vesicles display cup-shaped morphology typical of exosomes. (E) Photoconversion reaction product
is found trapped within external vesicles in regions of cell– cell contact. (F) Enlargement of the boxed area in (E) Note that EE (dark staining) and MVB
(*) are located in the vicinity of cell– cell contact. N, nucleus; m, mitochondria. Scale bars are 0.5 m.
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Fig. 7. FM4-64 fluorescence colocalizes with CD3, cholera toxin-B staining and annexin V staining in activated T cells. (A–C) Anti-CD3 and FM4-64 in
fixed cells. Activated T cells were first incubated with FM4-64 for 30 min at 37 °C. Ionomycin (0.1 M) and PMA (50 nM) were added to promote
internalization of TCR/CD3 complexes [3]. After FM4-64 was thoroughly washed out, cells were fixed and costained with primary anti-CD3 antibody and
Alexa Fluor 488-conjugated secondary antibody. (A, green) Distribution of anti-CD3-Alexa Fluor 488 fluorescence, acquired with 515 nm band pass
emission filter. Note PM distribution of CD3 in two cells and complete internalization of CD3 in one cell. (B, red) FM4 – 64 fluorescence acquired with
600 nm long pass emission filter. (C) Superimposed images from (A) and (B); yellow indicates colocalization of FM4 – 64 fluorescence with anti-CD3
fluorescence. Note colocalization within endosomes (arrows) and within extracellular exosome clusters (arrowheads) (D–I) Living T cells were stained for
15 min at room temperature with CT-B-Alexa Fluor 488 (D, green) or annexin V-Alexa Fluor 488 (G, green) and then images were acquired with 515 nm
band pass emission filter. Cells were then briefly (30 s) exposed to FM4-64 and fluorescence acquired with 600 nm long pass emission filter (E and H, red).
(F and I) Superimposed images from (D) and (E), and (G) and (H), correspondingly. Note that surface CT-B and annexin V staining colocalize with exosome
clusters revealed with FM4 – 64. Scale bars are 10 m.

tent with the diffusional barrier hypothesis. Thus, our data
confirm that vesicular trafficking in T cells can be fine-tuned
by spatially restricted cytoskeleton modification.
Rates of endocytosis in T cells were strongly temperature dependent, consistent with studies of receptormediated and fluid-phase endocytosis in other cell types
[55–58]. The Arrhenius plot of endocytic rates in Fig. 1
deviates from a straight line at ⬃24 °C and reveals values
of activation energy similar to those measured for cleav-

age of the GPI-anchored protein, 5⬘-nucleotidase,
from the surface of porcine lymphocyte PM [59]. A
biphasic Arrhenius plot is common for many membranebound enzymes and may result from a lipid phase transition from a gel to a fluid liquid crystalline phase, from
lipid phase separation within the membrane [60,25], or
from other factors such as a change in activation entropy
or changes in membrane components other than lipids
[59].
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Fig. 8. Exosomes at the surface of viable activated T cells. (A) FM4 – 64
surface fluorescence (red) obtained from living cells after brief (30 s)
exposure to FM4 – 64. (B) Same cells stained with DiOC6 (3) (green). (C)
Same cells after incubation with 10 M CCCP for 15 min at room
temperature. (D) Histograms of DiOC6 (3) intensity measured from untreated activated T cells (control, top panel); from activated T cells treated
with 10 M CCCP for 15 min at room temperature (middle panel); and
from activated T cells preincubated with 1 M staurosporine for 6 h at 37
°C to induce apoptosis (lower panel). Fluorescence intensities were measured from randomly selected individual adherent T cells. Scale bars are 10
m.

Endocytic compartments and exosome externalization
The ability of FM1-43 to convert DAB into an electron-dense product provides a unique opportunity to relate real-time fluorescence monitoring of endocytosis in
living cells to the ultrastructural compartments within the
cell. T cells employ structurally different primary endocytic vesicles to mediate membrane receptor trafficking.
TCR and transferrin receptor are internalized via clathrin-coated pits [61,62], whereas IL2 R, CD4, CD8, CD19,
and CD20 are internalized primarily via uncoated vesicles [63,64]. The size of FM1-43-positive intracellular
vesicles (50 –100 nm) is consistent with either coated or
uncoated endocytic vesicles found in T lymphocytes [64].
Colocalization with anti-CD3 within the cell indicates
that the dye follows the clathrin-coated vesicle pathway,
among other endocytic pathways. Therefore, FM1-43 appears to be a powerful tool for investigation of T cell
membrane dynamics and mechanisms that regulate membrane receptor internalization.
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Tracking the fate of membrane-associated FM1-43
within the cell revealed a significant change in the organization of endocytic compartments as T cells become activated. Early endosomes (EE) in resting and activated T cells
displayed similar morphology to those in other cell types
[12], but late endosomes appear to take different paths when
T cells are activated. In resting T cells, FM1-43 was found
in lysosome-like vacuoles that lacked internal membranes,
whereas activated T cells readily accumulated the dye
within MVB. Our results indicate that fusion of MVB with
the PM of activated (but not resting) human T cells results
in externalization of exosomes. This pathway may allow
certain proteins to avoid degradation and initiate signal
transduction in neighboring cells. The mechanisms that regulate the fate of MVB within the activated T cell remain to
be determined.
Clusters of exosomes at the surface of activated T cells
were revealed as bright fluorescence patches of FM1-43/
FM4-64 that appeared simultaneously with PM staining
immediately after dye application. Exosome clusters
were usually located in cell– cell contacts and differed in
membrane composition from the PM by enrichment of
raft-associated GM1 and by exposure of PS on the outer
membrane leaflet (Fig. 7). The presence of PS at the outer
surface of T cell exosomes is consistent with plateletderived exosomes [65]. FM1-43 can change its spectral
properties depending on the lipid environment [29,66], a
property that may account for the bright fluorescence
from exosomes in the presence of dye and the prolonged
fluorescence from exosome clusters after dye washout
(Fig. 1). Exosome clusters observed by electron microscopy were composed of single vesicles 100 –200 nm in
diameter. Previous studies showed that similar-sized microvesicles at the surface of activated T cells, T cell
clones, and Jurkat T cells bear biologically active proteins including TCR, adhesion molecules CD2 and
LFA-1, MHC class I and class II, and the chemokine
receptor CXCR4 [18]. Our colocalization study revealed
the presence of raft-associated CD3 (a TCR component)
in exosomes, in addition to GM1 glycosphingolipid, indicating that exosomes are formed by raft membranes. In
lymphocytes that lack caveolae [41], raft domains were
implicated in GPI-anchored protein endocytosis [67]. We
hypothesize that the composition of internalized raft domains may be preserved when processed via LE compartments and then externalized by exosomes. It is possible that MVB also serve as vehicles for externalization
of newly synthesized and recycled raft components. Externalization of exosomes formed by raft membranes
from endocytic compartments may also participate in the
formation of larger, micron-sized raft aggregates at the
surface of T cells after CT-B or TCR cross-linking [68].
The functional role of exosomes in the immune response remains controversial [16]. Recently, costimulatory rafts that appear to originate from cytoplasmic vesicles were implicated as important amplifiers of the later
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phases of TCR-mediated stimulation [69, 70]. We suggest that specific types of raft aggregates can be delivered
by exosome externalization and may play a role in providing costimulatory signals for activated T cells. Moreover, it is established that exposure of PS on apoptotic
cells triggers phagocytosis by macrophages and DCs
[71,72] in turn resulting in presentation of antigens that
were expressed by the phagocytosed cells [73]. We speculate that exosomes released by nonapoptotic T cells can
also be phagocytosed, resulting in enhanced antigen presentation by professional APC. In addition, Fas and
APO2/TRAIL death ligands have been found in microvesicles released by Jurkat and PHA-activated human
T cells [14,19] and may suppress the immune response.
Finally, exosome externalization can result in permanent
TCR down-regulation, similar to down-regulation of the
transferrin receptor during reticulocyte maturation
[74,75]. T cell exosomes carrying membrane receptors
and exposed PS may underlie long-range cell-to-cell interactions by phagocytosis or transendocytosis.
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