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Abstract. We used water-soluble styryl pyridinium dyes
that fluoresce at the membrane-water interface to study
vesicle traffic in endothelial cells. Cultured endothelial
cells derived from bovine and human pulmonary mi-
crovessels were incubated in styryl probes, washed to
remove dye from the plasmalemmal outer face, and ob-
served by digital fluorescence microscopy. Vesicles that
derived from plasmalemma by endocytosis were filled
with the styryl dye. These vesicles were distributed
throughout the cytosol as numerous particles of hetero-
geneous diameter and brightness. Vesicle formation was
activated 2-fold following addition of extracellular albu-
min whereas a control protein, immunoglobulin G, had
no effect. Dye uptake was abrogated by labeling at low
temperatures and inhibitors of phosphoinositide-3-kinase
(PI 3-kinase). Tyrosine kinase inhibitors (genistein and
herbimycin A) prevented the albumin-induced vesicle
formation. Cytochalasin B prevented vesicle redistribu-
tion indicating involvement of actin filaments in trans-
location of endosomes away from sites of vesicle forma-
tion. Styryl dye was lost from cells by exocytosis as
evident by the disappearance of discrete fluorescent par-
ticles. N-ethylmaleimide andbotulinum toxin types A
and B caused cells to accumulate increased number of
vesicles suggesting that exocytosis was regulated by
NSF-dependent SNARE mechanism. The results sug-
gest that phosphoinositide metabolism regulates endocy-
tosis in endothelial cells and that extracellular albumin
activates endocytosis by a mechanism involving tyrosine
phosphorylation, whereas exocytosis is a distinct process
regulated by the SNARE machinery. The results support
the hypothesis that albumin regulates its internalization

and release in vascular endothelial cells via activation of
specific endocytic and exocytic pathways.
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Introduction

The microvascular endothelium is the primary barrier to
exchange for macromolecules, liquid, and nutrients be-
tween the blood and tissue (Palade, 1953). Transport is
mediated by two distinct pathways (Michel, 1992; Lum
& Malik, 1994). Diffusive-convective flux through the
paracellular pathway is controlled by endothelial cell
contractility and integrity of interendothelial junctions
(Renkin, 1985; Garcia et al., 1989). The transcellular
pathway in endothelial cells utilizes vesicle trafficking
(Palade, 1953) coupled to plasmalemma receptors for
specific substrates such as albumin (Milici et al., 1987),
transferrin (Jeffries et al., 1984), and insulin (King &
Johnson, 1981). Because transcytosis enables receptor-
mediated transport of substrates such as the osmotically
active albumin molecule across the endothelial mono-
layer, the activation of endocytosis and exocytosis may
be important in regulating tissue fluid homeostasis.

The mechanisms of endocytosis and exocytosis in
endothelial cells are unclear. Fluid-phase and adsorptive
markers placed in the capillary lumen adsorb to uncoated
plasmalemma invaginations [i.e., the caveolae (Ander-
son, 1983; Parton, 1996)] and appear first in membrane-
enclosed endosomes. These markers appear in ‘‘omega-
like’’ caveolar invaginations of the albuminal plasma-
lemma and in the pericapillary interstitium on a time
scale ranging from 5 sec to 20 min (Descamps, 1996;
Ghitescu et al., 1986; Predescu et al., 1988). The cytosol
of endothelial cells contains plasmalemma-derived
vesicles (Hammersen, Hammersen & Osterkamp-Baust,
1983), variegated involutions of plasmalemma (Frøkjaer-
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Jensen, 1981), and fused vesicles and vacuoles (‘‘vesicu-
lar-vacuolar organs’’) connecting both luminal and albu-
minal plasmalemma (Dvorak et al., 1996). The signifi-
cance of endothelial vesicles has been questioned
because markers added to the capillary lumen such as
cationic ferritin were not quantitatively represented in
cytosolic vesicles (Clough, 1983).

Biochemical evidence indicates that endothelial
cells have proteins required for endocytosis and exocy-
tosis. Binding proteins for albumin (gp60) and tetrahy-
drofolate were localized in plasmalemma caveolae (Liu
et al., 1986; Anderson, 1993; Tiruppathi et al., 1997).
Microvascular endothelial cells have abundant caveolar
plasmalemma invaginations (Schnitzer et al., 1994) and
contain caveolin-1 (Tiruppathi et al., 1997). Internaliza-
tion of plasmalemma caveolar proteins by vesicle forma-
tion requires hydrolysis of GTP (Schnitzer, Oh & McIn-
tosh, 1996). Immunoreactive homologues of SNARE
proteins that control exocytosis (Rothman, 1994) such as
VAMP-2/synaptobrevin, SNAP, and N-ethylmaleimide
(NEM)-Sensitive Fusion protein (NSF) also have been
localized in endothelial caveolae (Schnitzer, Liu & Oh,
1995b). However, the role of SNARE proteins in exo-
cytosis remains unclear because NEM inhibited trans-
cytosis of albumin in capillaries (Predescu et al., 1994),
whereas long exposures of cultured endothelial cells to
NEM was shown to abolish endocytosis (Schnitzer, Al-
lard & Oh, 1995a).

We used digital imaging fluorescence microscopy
with styryl pyridinium dyes to study vesicle traffic in
endothelial cells. Cultured endothelial cells are ideal for
optical observation using these dyes because they are flat
with thicknesses ranging from 200 to 800 nm. Styryl
probes, used to study synaptic vesicle recycling at nerve
terminals (Betz, Bewick & Ridge, 1993; Murthy &
Stevens, 1998) and cell-cell fusion mediated by influenza
hemagglutinin (Melikyan, White & Cohen, 1995), have
physical properties that make them useful probes for
study of vesicle traffic in endothelial cells. They fluo-
resce primarily at an interface between polar and nonpo-
lar media while having a high solubility in water and low
solubility in the hydrocarbon phase of membranes
(Etaiw, Samy & Fayed, 1993). We exploited these prop-
erties to test the hypothesis that endothelial plasmalem-
ma becomes incorporated into cytosolic vesicles and
these vesicles are returned to the plasmalemma by exo-
cytosis. We showed that the plasmalemma was con-
stantly cycled in vesicles through the endothelial cell.
Endocytosis was doubled in the presence of physiologi-
cal concentrations of albumin, a response blocked by
inhibitors of tyrosine kinases. Endocytosis was pre-
vented by inhibitors of phosphoinositide metabolism and
dye release was inhibited by blockers of SNARE ma-
chinery indicating that endocytosis and exocytosis in en-
dothelial cells are regulated by distinct pathways.

Materials and Methods

ENDOTHELIAL CELL CULTURE

Primary bovine pulmonary microvascular endothelial cells (BPMVEC)
were cultured as described by us (Del Vecchio et al., 1992). Human
pulmonary microvascular endothelial cells (HMVEC) and human pul-
monary artery endothelial cells (HPAE) were obtained from Clonetics
Laboratories (San Diego, CA). BPMVEC were grown in plastic flasks
and maintained in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, Grand Island, NY) supplemented with 10% fetal bo-
vine serum (FCS, Hyclone Laboratories, Logan, UT), 5 mM L-
glutamine, 1 mM Eagle’s nonessential amino acids, 50 U/ml penicillin,
and 50 mg/ml streptomycin (Complete Growth Medium). HMVEC
and HPAE were grown and maintained in Endothelial Growth Medium
(EGM, Clonetics) supplemented with 10% FCS. Cells were passaged
by standard technique at confluency (Del Vecchio et al., 1992; Folk-
man, Haudenschild & Zetter, 1979). Cells were grown and maintained
in an incubator at 37°C in a 5% CO2 atmosphere at 95% relative
humidity, which also served as a controlled test chamber for dye la-
beling and other experimental manipulations.

For observation by microscopy, cells were grown on circular #1
glass coverslips coated with 0.1% gelatin. Coverslips were seeded with
5 × 104 cells, which was sufficient for complete coverage. The seeded
cells were grown in 2 ml of Complete Growth Medium and used at
>80% confluency (overnight to 2 days for BPMVEC and 5 to 7 days for
HMVEC and HPAE). Confluent monolayers of endothelial cells were
in all cases contact-inhibited (Folkman et al., 1979).

FLUORESCENTDYES AND INCUBATION REAGENTS

We used the styryl pyridinium probes N-(3-triethylaminopropyl)-4-(p-
dibutylaminostyryl) pyridinium dibromide (FM 1-43) and N-(3-
(triethylammonium) propyl)-4-(4-(p-diethylaminophenyl) butadienyl)
pyridinium dibromide (RH 414) (Molecular Probes, Beaverton, OR).
Stock solutions of 5 mg/ml dye in water were stored at −80°C for up
to 1 month. Staining solutions were made by adding stock solution to
Hanks Balanced Saline Solution (HBSS) containing 2 mM Ca2+ and 2
mM Mg2+ (divalent-HBSS). Rhodamine B dextran 20S (rho-dextran,
Sigma Chemical, St. Louis, MO) was used to trace the fluid phase and
the low-density lipoprotein (LDL) receptor substrate dil-LDL (Molecu-
lar Probes) was used to trace clathrin-coated pits. Both probes were
suspended in divalent-HBSS immediately prior to use. Staining solu-
tions and dye-free washing buffers usually contained bovine serum
albumin (BSA-Fraction V, >99% purity, <1 ng endotoxin/mg, Sigma
Chemical).

CELL STAINING

Cultured cells on coverslips were labeled with styryl dyes by a stan-
dardized procedure. Growth medium was aspirated and cells were
washed with 2 ml divalent-HBSS plus BSA at 37°C. After a brief wash
with 1 ml of staining solution, cells were covered with 2 ml of fresh dye
and incubated in a dark tissue culture incubator at 37°C unless other-
wise indicated. At the end of staining, dye solution was decanted and
cells were washed by rapid manual agitation with 3 changes of dye-free
divalent-HBSS to remove all unincorporated styryl probe from the
external surfaces of endothelial cells. Labeling with rho-dextran was
performed by the same procedure; however, more extensive washing
(>10 min) was required to remove the unincorporated rho-dextran.

For labeling with dil-LDL, a specific substrate for the LDL re-
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ceptor in clathrin-coated pits on capillary endothelial cells (Pitas et al.,
1985), cells were incubated in 10mg/ml dil-LDL in HBSS at 37°C for
45 min. After 3 quick washes in dye-free HBSS at 37°C, dil-LDL
associated with the external face of the plasmalemma was detached
with 2 washes in ice-cold 100 mM NaCl, 50 mM Na acetate, pH 5.0, each
10-min duration (Dunn, McGraw & Maxfield, 1989). An ice-cold
wash with pH 7.4 HBSS neutralized the pH.

PHARMACOLOGICAL REAGENTS

N-ethylmaleimide, cytochalasin B,botulinumtoxin types A and B, Ly
294002, and rat IgG (Sigma Chemical) were stored dessicated at −80°C
dilution in HBSS for immediate use. Wortmannin (Calbiochem, San
Diego, CA), genistein, and herbimycin A (Calbiochem, San Diego,
CA) were stored in dimethylsulfoxide at −20°C until dissolved in
HBSS for use. Brefeldin A (LC Laboratories, Woburn, MA) was dis-
solved in water and then diluted in HBSS.

CHEMICAL FIXATION OF CELLS

For cell permeabilization studies, cells were fixed with 1% formalde-
hyde (Sigma Diagnostics, St. Louis, MO) in divalent-free HBSS with-
out BSA at either 4 or 37°C. With cold fixation, the cells were initially
cooled on ice for 15 min; this step was omitted with warm fixation.
Cells were fixed in aldehyde solution either for 5 min at 37°C or for 30
min at 4°C. Fixed cells were washed for 30 min with 3 changes of
HBSS, and residual aldehyde was quenched by incubation in 0.1M

glycine buffer for 15 min.

FLUORESCENCE ANDDIFFERENTIAL INTERFERENCE

CONTRAST (DIC) MICROSCOPY

Stained cells were observed unfixed and live with an inverted micro-
scope (Diaphot 200, Nikon, Garden City, NJ) equipped for both DIC
and epifluorescence observation. For fluorescence observation, dye
was excited by axially aligned, nonvergent Ko¨hler illumination (Inoue´,
1986) from a 100W Hg arc lamp operated with a stabilized power
supply. Filters used to select excitation and emission wavelengths were
the B-2A cube (Nikon) for FM 1-43 and the G-2E cube for RH 414,
rho-dextran, and dil-LDL. Cells on coverslips were observed with a
60× oil-immersion objective (DIC 60 Plan Apo 1.4 N.A., Nikon).
Transmission DIC observation was used to locate the focus plane for
fluorescence observation and to evaluate the endothelial cell condi-
tion. Coverslips with any cells having vacuolated nuclear envelopes
were discarded.

IMAGE ACQUISITION AND PROCESSING

Fluorescence and DIC images were recorded for each cell field with a
cooled, integrating CCD array camera (Imagepoint, Photometrics,
Phoenix, AZ) connected to the microscope by a 0.6 × f/0.4 projection
lens. Array integration times of 4 to 6 sec were necessary for the
low-light level fluorescence images. The size of the readout frame was
750 vertical by 482 horizontal pixels and each pixel amplitude was
digitized with a brightness resolution of 8 bits under computer control
(Data-Stor P90, Data-Stor Marketing, Boulder, CO).

Quantitative analysis of images was performed with custom-
written functions (Image Pro Plus Software Development Kit v. 1.3,
Media Cybernetics, Silver Spring, MD; Visual C++ v. 1.6., Microsoft,
Redmond, WA). Images were flat-field corrected, and paired DIC and
fluorescence images were placed in registration using common land-

marks. A background image, obtained from a cell-free field or by
moving the focus plane below the specimen, was subtracted from each
fluorescence image. Endothelial cell boundaries were located in the
DIC image and overlaid on the paired fluorescence image to isolate cell
fluorescence. Fluorescence brightness values, quantitated on a mono-
chromatic scale of [0,255] units, were read for each pixel situated
within the profile of each cell.

Linearity of the integrated CCD image (Aikens, Agard & Sedat,
1989) was determined with gelatinized coverslips bathed in 5mg/ml
FM 1-43. Intensity b was proportional to integration timet (100 msec
to 20 sec) for brightness valuesù230 units by the functionb 4 4.214t
− 0.429 (R2 4 0.998). This quantification ensured valid comparisons
between brightnesses of different specimens.

QUANTITATION OF CELL FLUORESCENCE

Styryl dye fluorescence in cell images was quantitated by intensity
distributions of identified particles (Russ, 1992). For pixels situated
within the profiles of identified cells, spatial organization was deter-
mined by image segmentation into objects with the brightness range
subdivided into 8 intervals. Each pixel was assigned to an intensity
interval, and spatially connected pixels in the same interval were
grouped into objects. Objects with areas <5.6mm2 (50 pixels) were
subclassified as particles. Cell intensity was described by the distribu-
tion of the number of pixels in particles having brightness values of
each of the 256 possible values. These particle brightness distributions
were non-normal due to underdispersion. For example, distributions
from 3 coverslips, seeded from the same batch of cells and labeled by
the same procedure, failed the one-way analysis of variance test for
homogeneity (P < 0.01,F(3,1020)4 26,427), although the differences
were not significant in pairwise comparisons using the nonparametric
2-sample Kolmogorov-Smirnov test (allP > 0.2). Therefore, we used
the medians and ranges of the particle brightness distributions to com-
pare treatments; medians for replicated treatments were averaged. The
proportion of cell image area covered by particles was calculated by
summing the number of pixels in particles and dividing by the total
number of pixels inside cell profiles. To calculate the fraction of cell
brightness organized as particles, brightnesses of pixels in identified
particles were summed and divided by the brightness sum for all pixels
enclosed by cell profiles.

MEASUREMENT OFDYE LOSS FROM STAINED CELLS ON

MICROSCOPESTAGE

To examine dye loss in microscopic detail, endothelial cells were main-
tained continuously on the microscope stage after labeling. The tem-
perature at the object plane under epi-illumination was 29 ± 4°C. La-
beled cells were washed with 37°C buffer and placed on the stage.
Fluorescence loss was determined with a time series in which a fluo-
rescence image was recorded once every 2 to 15 min with brief illu-
mination for 4 to 6 sec to avoid dye bleaching. Fading was corrected
with an internal reference in each field provided by either a dead cell
or a large dye-filled vacuole. Continuous illumination caused the in-
tensities of these reference spots to decrease at the same rate as ve-
sicular particles. Reference intensities decreased by <0.5% during 1 hr
(28-sec total illumination time); thus, the dye photodamage was mini-
mized by this procedure.

To detect dye release immediately after labeling, cells still in
dye-containing media were plunged into ice-cold buffer to arrest mem-
brane dynamics. The cells were washed 3 times with cold buffer to
remove external dye, and then rewarmed to 37°C. Within 15 min at
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37°C, the buffer was transferred to a fresh dish of unlabeled cells and
plasmalemma fluorescence was examined.

FLUORESCENCEPROPERTIES OFSTYRYL

PYRIDINIUM DYES

Our rationale for using styryl dyes was to unambiguously mark plas-
malemma-derived vesicles. This interpretation hinged on 4 crucial
physical properties: solubility in water with minimal fluorescence, in-
solubility (or nonfluorescence) in hydrocarbon, enhancement of fluo-
rescence at a membrane-water interface, and rapid desorption from the
interface. Because a systematic study of these properties has never
been presented (Betz et al., 1992; Etaiw et al., 1993; Parda & Mishra,
1996), we examined the fluorescence properties of FM 1-43.

Fluorescence spectra were obtained with a spectrofluorimeter
(SPF 500C, Aminco Bowman, Urbana, IL) with the photomultiplier
tube operated at maximum dynode voltage and gain. The emission
spectra shown in Fig. 1 were obtained with a 3-ml quartz cuvette
containing 2 ml of 5mg/ml FM 1-43. Dye was excited at 440 nm and
fluorescence was read at 1 nm emission wavelength intervals with
correlation for absorbance.

Although the dicationic FM 1-43 was readily soluble in water, its
emission intensities were small as shown in Fig. 1 (thick line). FM
1-43 was insoluble and nonfluorescent in decane (dashed line). We
tried 2 methods of solubilization, vortexing 3 ml of aqueous 50mg/ml
FM 1-43 with 3 ml of decane, and incubating a 5 &l aliquot of 5 mg/ml
FM 1-43 in DMSO with 5 ml decane at 37°C for 24 hr. Neither method
produced fluorescence in decane (n 4 5) confirming that FM 1-43 is
either insoluble in hydrocarbon and unable to partition into lipid bilayer
membranes or nonfluorescent in aliphatic media. Emulsifying 5mg/ml
FM 1-43 in 1 ml water containing 0.5% C12E9 (CMC4 0.26%,
Calbiochem, La Jolla, CA) in 1 ml decane, however, increased emis-
sion intensities by a factor >15 (thin line). The spectrum was poly-
chromatic and blue-shifted consistent with stabilizedp-orbital hybrid-
ization in the excited state by coplanarity of the anilinium and pyri-

dinium rings at the water-hydrocarbon interface (Turro, 1978). At 520
nm, the ratio of emulsion-to-aqueous intensities was >35, indicating
that the B-2A filter could discriminate between interfacial and aqueous
probe. Emulsion breakage by excess water resulted in zero residual
fluorescence in the decane. Neither detergent nor 10 mg/ml BSA in-
creased intensities of FM 1-43 in water by >7%, indicating that the dye
did not associate stably with either surfactant micelles or proteins.
Because cell surfaces are complex, dye desorption was systematically
studied using endothelial cells.

Results

ENDOCYTOSIS OFPLASMALEMMA BY ENDOTHELIAL CELLS

Punctate Fluorescence in Endothelial Cells Stained
with Styryl Dyes

Extracellular styryl dyes became incorporated into
vesicles by cultured microvessel endothelial cells after
incubation at 37°C for at least several minutes. The
staining pattern obtained with FM 1-43 in Fig. 2A was
typical. Fluorescence was due to the dye; autofluores-
cence by unstained cells was undetectable. Cell fluores-
cence was distributed throughout the cytosol except in
dark areas corresponding to the nucleus as determined in
the paired DIC image of Fig. 2B. The spatial distribution
was punctate; bright discrete inclusions of dye with a
broad distribution of diameters were resolved against a
less bright and more diffuse but textured background.
Particles had brightnesses ranging from 30 to 200 units
that comprised∼50% of the total fluorescence intensity
and occupied∼14% of the cell image area. The remain-
ing fluorescence (intensity range from 10 to 50 units)
was present in diffuse areas. Unwashed cells were uni-
formly bright due to dye adsorbed to external plasma-
lemma (Fig. 2C).

Fluorescent Particles Originate by Endocytosis

Punctate staining resulted from endocytosis during the
period of dye incubation which enclosed styryl dye in
cytosolic membrane-demarcated compartments. Endo-
thelial cells equilibrated at 4°C before labeling did not
retain fluorescence (Fig. 2D), although cells stained at
4°C and observed without washing were uniformly fluo-
rescent as in Fig. 2C, indicating that cold abolished en-
docytosis without altering the dye fluorescence. Uptake
was also abolished by pretreatment of endothelial cells at
37°C for 1 hr with 2 mM NaCN, NaN3, or N-
ethylmaleimide indicating that cellular metabolism was
required for endocytosis. Since BSA was present in
these experiments, punctate labeling also did not result
from dye adsorption to nonpolar pockets of proteins on

Fig. 1. Corrected fluorescence emission spectra of the styryl pyri-
dinium dye FM 1-43 excited at 440 nm. FM 1-43 (5mg/ml) in water
(thick line), although readily soluble, was weakly fluorescent with a
peak at 648 nm. Decane (dashed line) exposed to 5 mg/ml FM 1-43
showed no fluorescence, except for a very small peak at 505 nm. 5
mg/ml FM 1-43 in 1 ml water emulsified with 1 ml decane by 0.5%
C12E9 (thin line) exhibited increased fluorescence and a blue-shifted
polychromatic spectrum with a maximum at 593 nm. The requirement
of a water-hydrocarbon interface for appreciable fluorescence and non-
fluorescence in hydrocarbon indicated that the water-soluble FM 1-43
was useful for determining movements of plasmalemma-derived
vesicles through endothelial cells. Inset: Molecular structure of FM
1-43.
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the cell surface. Stained cells permeabilized with alde-
hyde completely lost fluorescence (Fig. 2E) because of
leaching of dye during post-fixation washes. Exposing
these fixed cells to styryl dyes resulted in uniform, non-
punctate staining throughout∼10% of the cells.

Fluorescent Particles are not Connected
to Plasmalemma

Punctate fluorescence originated from distinct vesicles
within the cytosol. Regions of diminished, spatially un-

Fig. 2. Punctate fluorescence of BPMVEC stained with FM 1-43. BPMVEC grown to confluency on gelatin-coated glass coverslips were stained
with 5 mg/ml FM 1-43 dissolved in HBSS plus 6 mg/ml BSA for 15 min at 37°C. Extracellular dye was removed by 3 rapid, brief washes in dye-free
HBSS plus 6 mg/ml BSA at 37°C. (A) Cells observed through B-2A filter in epifluorescence. (B) Same field of cells in A observed in DIC optics.
Dye is distributed in a punctate pattern throughout the cytosol. (C) Cells stained with FM 1-43 and examined without washing. Intense fluorescence
originates from the dye adsorbed to external plasmalemma. (D) Cells cooled at 4°C for 30 min, stained at the same temperature with 5mg/ml FM
1-43 for 15 min, and then washed with ice-cold buffer. Low temperature prevented particulate staining of endothelial cells with styryl dyes. (E)
Endothelial cell membrane permeabilization by aldehyde. Cells were labeled with 5mg/ml FM 1-43 for 15 min at 37°C, washed with dye-free buffer,
and fixed in buffered 1% formaldehyde at 4°C for 30 min. Fixation permeabilized endothelial cell membranes enabling diffusion of the∼600 m.w.
styryl probe from the cytosolic plasmalemma-derived vesicles. Results are typical of 5 experiments. All scale bars 10mm.
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dulating brightness that were not optically resolved into
particles (the diffuse regions) did not originate from sty-
ryl dye remaining adsorbed to plasmalemma after wash-
ing. When the extent and duration of the post-labeling
washes were varied (Fig. 3A–D), one replacement of the
labeling solution with dye-free buffer caused the greatest
diminution of nonparticulate fluorescence (Fig. 3A and
E). Further washing decreased background fluorescence
and increased the number of resolvable particles per cell.
After 3 washes, additional washing did not decrease the
average brightness of the diffuse regions and, concomi-
tantly, did not significantly increase the particle density
(Fig. 3C–E), indicating that diffuse regions comprised
clusters of plasmalemma-derived vesicles with subreso-
lution diameters. In addition, extended washing did not
diminish particle brightness (Fig. 3E). Thus, the staining
pattern did not originate from dye trapped in long invo-
lutions of plasmalemma that would hinder removal of
styryl dye from the external plasmalemma.

Concentration Dependence of Labeling Intensity and
Kinetics of Endocytosis

Staining intensity depended on both styryl dye concen-
tration and duration of labeling period. Concentration
dependencies of labeling BPMVEC with FM 1-43 (black
symbols) and RH 414 (white symbols) at 37°C are
shown in Fig. 4A. Amount of dye incorporated in both
particles and diffuse regions increased with dye concen-
tration. RH 414 produced more intense staining than FM
1-43 (despite shorter incubation time) perhaps because of
increased interfacial adsorption due to the extra olefin in
its styryl linking group (Betz et al., 1992).

Kinetics of uptake were measured by varying the
labeling duration. In Fig. 4B, cells were incubated at
37°C with either FM 1-43 (black) or RH 414 (white) for
2 to 60 min. Increasing duration of labeling increased
both number of particles and intensities of diffuse re-
gions. Staining intensity rapidly increased between 2
and 15 min and reached steady state between 15 and 45
min. Similar time- and concentration-dependencies were
obtained with HPAE and HMVEC.

Styryl Dyes are More Effective than other
Endocytosis Markers

Water-soluble interface probes were similar to traditional
fluid-phase markers of endocytosis such as fluorescent
dextrans but with 2 major exceptions. Highly fluores-
cent rhodamine B dextran 20S (rho-dextran) is widely
used to detect endocytosis because its negative charge
makes it water soluble and unable to associate with the
anionic plasmalemma and glycocalyx. BPMVEC la-
beled with 200mg/ml rho-dextran (equal in mole fraction
to 5 mg/ml styryl dye) exhibited particulate staining but

fewer vesicles were apparent and diffuse regions were
less bright. Only the largest vesicles contained enough
rho-dextran to form resolvable images, and smaller
vesicles (comprising diffusely stained regions) contained
few rho-dextran molecules.

Removal of external unincorporated rho-dextran
was much more difficult than the styryl dyes. Punctate
staining was present after 30 min washing in 2 out of 6
coverslips of cells cooled to 4°C for 1 hr to arrest endo-
cytosis (Fig. 5B), whereas staining was completely ab-
sent from the other 4 coverslips. Thus, rho-dextran is a
less reliable indicator of endocytosis than interfacial
dyes. In addition, aldehyde-fixed cells could not be
stained with rho-dextran (n 4 4), indicating that perme-
ation pathways created by aldehyde were too small for
the 20,000 M.W. dextran.

BPMVEC stained with dil-LDL exhibited only∼1%
of the number of particles as cells labeled with styryl
dyes and these particles were much less bright (Fig. 5C).
Since dil-LDL undergoes endocytosis triggered by spe-
cific receptors located in clathrin-coated pits on endothe-
lial cells (Pitas et al., 1985), these data indicate that en-
docytosis by clathrin-coated pits in endothelial cells is
small relative to uncoated pits.

MECHANISMS OF ENDOCYTOSIS IN ENDOTHELIAL CELLS

Stimulation of Styryl Dye Uptake by
Extracellular Albumin

BPMVEC were incubated in serum-free HBSS for 12 hr
and then in the test concentration of BSA for 4 hr prior
to labeling. Endocytosis was unaffected with BSA con-
centrations ranging from 50 mg/ml to 10mg/ml (Fig. 6).
Uptake decreased by∼50% at 10 and 0.1mg/ml BSA to
values observed in the absence of serum albumin. Low
albumin reduced endocytosis; i.e., number of particles
was decreased and diffuse regions were less bright. This
was not the result of decreased fluorescence of interfacial
styryl pyridinium dyes because BSA had too small an
effect on aqueous dye fluorescence to account for the
50% reduction in brightness secondary to deletion of
BSA from the medium (see Materials and Methods).
Albumin specifically stimulated the uptake since incuba-
tion of serum-depleted cells in rat IgG produced the same
level of staining observed in the absence of albumin.
Because plasma concentration of albumin ranges be-
tween 30 and 70 mg/ml and theKd of albumin binding to
endothelial cells is∼1 mg/ml, these results indicate that
albumin-stimulated endocytosis operates at maximal rate
over the psychological range of albumin concentration.

Tyrosine Kinase Inhibitors Prevent Albumin-induced
Stimulation of Endocytosis

Incorporation of interface probes by endothelial cells
maintained in BSA was decreased by∼50% in cells
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Fig. 3. Rapid desorption of external interfacial styryl dye from
plasmalemma into dye-free buffer. BPMVEC were labeled by a
15-min incubation at 37°C in 5mg/ml FM 1-43 in HBSS plus 6
mg/ml BSA. Coverslips were washed at 4°C. (A) The dye solution
replaced once with 2 ml dye-free buffer. (B) Dye solution replaced
with dye-free buffer, cells agitated for 2 sec, and the buffer
replaced twice for a total of 3 washes. (C) Cells washed 7 times in
dye-free buffer. (D) Cells were washed for 60 min with 6 changes
of buffer. (E) Intensities of particles and diffusely stained regions.
Particles were detected and classified by object recognition.
Particle densities (crosses) were calculated by dividing the total
number of particles by the total number of cells. Average particle

brightness values (squares) were calculated by summing intensity values of all image pixels in particules and dividing by the
number of pixels in particles. Average brightness values of diffuse cytosolic regions (circles) were determined from 8, 1mm2

areas selected in particle-free regions. These data show that particulate staining resulted from membrane-enclosed vesicles in
the cytosol demarcated from the external medium. Data are representative of 4 experiments. All scale bars 10mm.
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treated with 10mM of either genistein (black) or herbi-
mycin A (grey) compared to DMSO-treated controls
(Fig. 7A). In serum-starved cells treated with genistein
(hatched) or herbimycin A (white) in the absence of
BSA, styryl dye uptake was not inhibited compared to
serum-starved, BSA-depleted controls. These results
show that only the BSA-stimulated component of endo-
cytosis is sensitive to tyrosine kinase inhibitors. At ty-
rosine kinase inhibitor concentrations of 500mM, how-
ever, dye incorporation was inhibited by >80% regard-
less of the medium BSA concentration, indicating
nonspecific actions of these inhibitors. These data are
consistent with the hypothesis that albumin activation of
endocytosis relies on the tyrosine kinase pathway (Tir-
uppathi et al., 1997).

1-Phosphatidylinositol-3-Kinase Inhibitors
Prevent Endocytosis

We found that endocytosis in endothelial cells was ex-
tremely sensitive at the early endosome stage of PI 3-ki-

nase inhibitors, wortmannin and LY 294002. Endocyto-
sis was decreased in endothelial cells incubated in wort-
mannin concentrations ranging from 20 mM to 1mM with
an EC50 of 20 nM (Fig. 7B) and dye uptake was abolished
at concentrations >100 nM. LY 294002 was less effec-
tive, with an EC50 > 10 mM; 100 mM LY 294002 was
required to inhibit endocytosis >80% (Fig. 7B). This ef-
fect of PI 3-kinase inhibitors was independent of extra-
cellular albumin suggesting that they acted at the stage of
plasmalemma vesicle budding rather than blocking either
albumin-induced activation of endocytosis or post-
endocytic processing (Joly, Kazlauskas & Corvera,
1995).

Cytochalasin B Blocks Translocation of Endosomes
in Cytosol

The stereotypical pattern of endothelial cell labeling with
styryl dyes was disturbed by the filamentous actin de-
polymerizing agent cytochalasin B. The morphology of
endothelial cells treated with cytochalasin B was consid-
erably altered (Fujimoto, Miyawaki & Mikoshiba, 1995)
and dye was confined primarily to the cell periphery with
a small amount diffusely distributed throughout the cy-
tosol (Fig. 8A). Perinuclear staining was notably de-
creased compared to untreated cells (Fig. 8B). This sur-
face fluorescence was impervious to extensive washing
(n 4 4), indicating enclosure of dye in vesicles adjacent
to plasmalemma (this block was also seen with rho-
dextran). Thus, translocation of endosomes away from
budding sites utilized an actin-based mechanism and the
primary blockade of motility by cytochalasin B resulted
in inhibition at the early endosome stage.

Endocytosis in Endothelial Cells is Unaffected by
Brefeldin A

Brefeldin A treatment (up to 50mg/ml for 1 hr prior to
labeling) had no effect on uptake of styryl pyridinium
dyes (n 4 8). As Brefeldin A blocks membrane transfer
through the Golgi apparatus by displacing guanine
nucleotide from ADP-Ribosylation Factor-1 (Klausner,
Donaldson & Lippincott-Schwartz, 1992), these results
indicate that blockade of intracellular membrane path-
ways did not cause secondary block of plasmalemma
internalization. Furthermore, Brefeldin A did not inhibit
transcytosis of fluorescent BSA across cultured endothe-
lium (Antohe et al., 1997), a finding consistent with our
observation that a significant number of the plasmalem-
ma-derived vesicles labeled by styryl pyridinium dyes
are devoted to albumin-dependent endocytosis.

FATE OF PLASMALEMMA -DERIVED VESICLES IN

ENDOTHELIAL CELLS

Loss of Labeled Cell Fluorescence with Incubation

Styryl dye incorporated into endothelial cells by endo-
cytosis was lost by several processes with different rates.

Fig. 4. Dependence of stained endothelial cell brightness on styryl dye
concentration and duration of labeling period. (A) Concentration de-
pendence. BPMVEC were labeled with FM 1-43 (black) for 15 min or
RH 414 (white) for 10 min at 37°C and then washed with 3 rapid
changes of dye-free buffer at 37°C. All buffers contained 6 mg/ml
BSA. Three coverslips of cells were treated with each concentration.
Medians of 3 distributions were averaged to generate each point. Error
bar indicates range of medians around each average value. (B) Time
dependence. BPMVEC were labeled with 5mg/ml of either FM 1-43
(black symbols) or RH 414 (white symbols) and then washed. Medians
and ranges of brightness distributions obtained at each point were de-
termined as inA.
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Immediately following labeling, cells began to liberate
dye (seeMaterials and Methods), but the fluorescence
was extremely low (<10 units) due to significant dilution
into the wash medium and variable cell recovery kinetics
from low temperatures. When multiple coverslips of
cells seeded from the same culture were maintained in

the dark and then periodically sampled, each batch lost
styryl dye fluorescence with an exponential rate constant
of 3.84 ± 2.82 × 10−2 hr−1 (n 4 9). All cells lost >95%
of their fluorescence by processes requiring cellular me-
tabolism since maintenance at 4°C resulted in no loss of
cell fluorescence. Because cells were confluent, their

Fig. 5. Endothelial cell labeling by rhodamine B dextran 20S and dil-LDL. (A) Endocytosis of rho-dextran. BPMVEC were incubated with 200
mg/ml rho-dextran in HBSS plus 10 mg/ml BSA for 15 min at 37°C. Unincorporated dye was removed by 3 washes each 10 min in duration with
dye-free buffer at 4°C. Staining with rho-dextran was low relative to the styryl dyes, because interfacial partitioning of the latter increases its
concentration in endosomes. (B) Punctate staining with rho-dextran in the absence of endocytosis. BPMVEC, preincubated at 4°C for 1 hr were
labeled and washed as in A but at 4°C. Particulate staining resulted from wash-resistant rho-dextran bound to discrete regions of plasmalemma.
Staining at 4°C was never observed with styryl probes. (C) Endothelial cell labeling by dil-LDL. BPMVEC were labeled with 10mg/ml dil-LDL
In HBSS plus 10 mg/ml BSA for 45 min at 37°C. The cells were rinsed with dye-free ice-cold buffer and residual dil-LDL adhering to plasmalemma
was removed with Na acetate pH 5.0 for 10 min. Few vesicles were labeled, indicating that a small area of plasmalemma mediates dil-LDL uptake
via clathrin-coated pits in endothelial cells. In all panels, pixel intensities are multiplied by a factor of 3 for display. All scale bars 10mm.
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long doubling times (Folkman et al., 1979) ruled out dye
loss by dilution of vesicles into post-mitotic cells.

Disappearance of Discrete Fluorescent Particles

In time series images of stained cells maintained on the
microscope stage after labeling (Materials and Methods),
dye loss occurred by disappearance of discrete particles.
To observe dye loss, we subtracted an image obtained at
a later time from an earlier image obtained in a series of
images of the same cells, as shown in an expanded image
of a subcellular region (Fig. 9). Particles that moved
rather than disappeared were identified by object track-
ing (Niles, Li & Cohen, 1992) and not scored as events.
The difference image (Fig. 9C) shows that changes in
fluorescence spatial distribution between early (Fig. 9A)
and later images (Fig. 9B) occurred as discrete particles
and portions of diffuse regions.

Particle disappearance events were random and not
accompanied by changes in particle area or brightness.
The average area (Fig. 9D) and brightness (Fig. 9E) of
vesicles remained unchanged, and thus were not the re-
sult of fading or enzymatic degradation, which would

cause smaller vesicles to disappear preferentially. Par-
ticle disappearance was also not secondary to fusion with
lysosomes, which would cause the vesicles to increase in
size and diminish in brightness. The dye content to each
vesicle was instead lost in the ‘‘all-or-none’’ manner
expected for exocytosis. Disappearances were uniformly
distributed across all brightness classes of particles (Fig.
9F). Loss by the population of cells on each coverslip
was well-fitted by an exponential rate equation with a
rate constant of 0.131 ± 0.053 min−1 (R2 4 0.922,n 4

Fig. 6. Albumin concentration dependence of styryl dye uptake by
endothelial cells. BPMVEC were depleted of albumin by incubation in
divalent-HBSS for 12 hr at 37°C. Cells were then bathed in the indi-
cated concentration of BSA for 4 hr at 37°C to replenish albumin in
fiber matrix and at surfaces of cells. Cells were stained with 5mg/ml
FM 1-43 in the test BSA concentration for 15 min at 37°C and washed.
Column heights show median brightnesses; bars indicate ranges of
brightness distributions. Varying albumin from 50 mg/ml to 10mg/ml
slightly decreased styryl dye accumulation (black columns). At 100
ng/ml albumin, endocytosis was decreased by 50% to level of cells
serum-depleted in HBSS containing no BSA for 16 hr and labeled in
BSA-free dye (white column). Cells deprived of serum for 12 hr,
equilibrated for 4 hr in 50 mg/ml rat IgG, and then labeled (grey
column) incorporated the same amount of dye as cells labeled in albu-
min-free media, indicating albumin specificity. Half of membrane up-
take in BPMVEC depends specifically on extracellular serum albumin.

Fig. 7. Inhibitors of endothelial endocytosis. (A) Albumin-dependent
inhibition by the tyrosine kinase inhibitors genistein and herbimycin A.
BPMVEC were preincubated in divalent-HBSS at 37°C for 16 hr either
in 10 mg/ml BSA or in protein-free buffer. During the final 30 min,
cells were incubated in 10mM or 500mM of either genistein or herbi-
mycin A (dissolved in 0.05% DMSO) or in HBSS containing only
0.05% DMSO. Inhibitor solutions contained BSA concentrations
matched to those of the preincubations. Cells were stained with 5mg/ml
FM 1-43 in HBSS (with or without BSA as appropriate) for 15 min at
37°C and washed. Medians of brightness distributions for 3 coverslips
subjected to the same treatment were averaged. Bars denote range of
medians. DMSO-treated cells were randomly matched to the drug-
treated cells. Tyrosine kinase inhibitors at 10mM decreased endocytosis
only when BSA was present, indicating inhibition of coupling between
albumin binding and endocytosis. Column key: White-herbimycin A;
Grey-herbimycin A plus BSA; Hatched-genistein; Black-genistein plus
BSA. (B) Inhibition of endocytosis by 1-phosphatidylinositol-3-kinase
inhibitors wortmannin (black) and LY 294002 (white). BPMVEC were
incubated in albumin-free HBSS containing wortmannin or Ly 294002
for 30 min at 37°C. Cells were labeled with 5mg/ml FM 1-43 for 15
min and washed. Control cells were incubated for 30 min at 37°C in
0.1% DMSO. Each point denotes the average median brightness for 3
experiments. Error bar denotes the median range.
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16), revealing that a uniform first-order stochastic pro-
cess governed particle disappearance. Particle disap-
pearance rate was independent of image integration pe-
riod and temporal separation between successive images
in a series indicating that dye photobleaching was not the
source of fluorescence decline. Particles were conserved
between the early, later, and difference images (Fig. 9F)
indicating that vesicular loss accounted for all fluores-
cence changes in cells maintained on the microscope
stage. Disappearance of vesicles containing water-
soluble fluorescent markers with the concomitant ap-
pearance of marker in a volume topologically equivalent
to the vesicular interior is an indicator of membrane fu-
sion (Niles & Cohen, 1987).

NEM Induces Accumulation of Vesicles

To assess occurrence of exocytosis and to probe regula-
tion of membrane fusion in endothelial cells by N-
ethylmaleimide-sensitive Fusion Factor (NSF) (Block et
al., 1988), we incubated endothelial cells with NEM for
<5 min prior to staining at 37°C. NEM increased the
number of labeled vesicles (Fig. 10A, Fig. 11B) consis-
tent with blockade of exocytosis. Treatments as short as
90 sec in 1 mM NEM were sufficient to enhance dye
uptake (Fig. 10A). Pretreatment with 10 mM dithiothrei-
tol for 30 min before and during treatment with NEM
prevented the increase in styryl dye uptake. Incubation
in 5 mM NEM for >5 min decreased dye uptake. NEM
did not create independent permeation pathways for sty-

ryl dyes in the plasmalemma because cells treated with
NEM at either 4 or 37°C and labeled in cold remained
unstained. Labeling only at 37°C increased vesiculation
indicating that NEM inhibited exocytosis.

Botulinum Toxins Increase Vesicle Number

We probed for function of Soluble NSF-Associated Pro-
tein (SNAP) Receptors (SNAREs), integral membrane
proteins of vesicle (v-SNARES) and plasmalemma (t-
SNARES) that are part of the exocytosis machinery
(Rothman, 1994). SNAREs are cleaved by endopepti-
dase toxins fromClostridium botulinum(Block et al.,
1988), which use sialic acid residues as endogenous re-
ceptors (Kozaki, 1979). Lectins densely bind to the ex-
ternal plasmalemma of caveolae in endothelial cells in-
dicating extensive sialation of membrane constituents
near sites of endocytosis and presence ofbotulinumtoxin
receptors (Simionescu & Simionescu, 1985, Predescu et
al., 1988). Endothelial cells incubated withbotulinum
toxin type A (which targets t-SNAREs) orbotulinum
toxin type B (which targets v-SNAREs) accumulated in
increased number of styryl dye-labeled vesicles relative
to paired control cells (Fig. 10B, Fig. 11C and D). In-
creased dye uptake was not observed with inactivated
NaOH-digested toxin. Increased uptake was unaffected
by presence or absence of BSA in the incubation buffer
indicating thatbotulinum toxins inhibited exocytosis of
plasmalemma-derived vesicles of all origins.

Fig. 8. Inhibition of vesicle translocation in cytosol after endocytosis by cytochalasin B. BPMVEC were incubated in 1mg/ml cytochalasin B in
HBSS plus 10 mg/ml BSA for 1 hr at 37°C, labeled with 5mg/ml RH 414 for 10 min at 37°C, and washed for 15 min in dye-free buffer at 37°C.
Cytochalasin B treatment altered pattern of cell labeling, vesicles were clustered near plasmalemma at the periphery of cells. Results indicate that
translocation of plasmalemma-derived vesicles through cytosol after endocytosis is dependent on the actin cytoskeleton. (A) Cytochalasin-treated.
(B) Untreated controls. Scale bars 10mm.
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Fig. 9. Fluorescence decrease occurs by vesicle disappearance. Cells were labeled with RH 414 as in Fig. 8. (A) Fluorescence image of an area from
a labeled cell 9 min after washing and placement on the microscope stage. (B) The same region after 30 min in the dark at a stage temperature of
∼29°C. (C) Difference image ofA − B. The difference image was comprised of discrete vesicles undergoing exocytosis betweenA and B. (D)
Average areas of particles detected in full image frames from which A (black) and B (white) were obtained. The decrease in fluorescence between
images A and B was not accompanied by significant changes in areas of particles in any brightness class (seeMaterials and Methods). (E) Average
brightness values of particles detected in images A (black) and B (white). Fluorescent particles did not gradually dim, indicating expulsion of
discrete vesicular contents of dye. Remaining styryl dye did not undergo fading or enzymatic degradation. (F) Histogram of particles in each
brightness class in early (black), late (white), and difference (grey; i.e., the third bar of each brightness class) images. For each brightness class, the
number of particles in the difference image equals the difference between numbers of particles in early and late images. This confirms conservation
of particles and shows that loss of fluorescence occurred as exocytosis of discrete units of dye. Scale bars 5mm.
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Discussion

MEMBRANE DYNAMICS IN ENDOTHELIAL CELLS

ASSESSED BYSTYRYL PYRIDINIUM DYES

Styryl pyridinium dyes combine advantages of fluid-
phase and lipophilic membrane markers for probing

membrane traffic in endothelial cells. Their water solu-
bility enables easy removal of unincorporated plasma-
lemma dye and of dye subsequently released from cells
by exocytosis. Because styryl dyes fluoresce predomi-
nantly at the interface between polar and nonpolar media,
their enclosure by vesicles provided unambiguous as-
sessment of vesicle formation (Fig. 1). Surface adsorp-
tion of styryl probes provides the fundamental advantage
over fluid-phase markers. A lower concentration in the
external medium is necessary to label the plasmalemma
that then becomes internalized. Styryl dyes weakly ad-
sorb to polar-nonpolar interfaces (DG ranges from −0.01
to +3.0 kcal/mol) (Parda & Mishra, 1996); thus, for a
Boltzman distribution of molar fraction bound-to-free,
exp(−DG/RT), <1⁄2 of the molecules in the external so-
lution are adsorbed to external plasmalemma face of en-
dothelial cells. On a 25-mm coverslip covered with a
confluent monolayer of cells bathed in 1 ml of 5mg/ml
styryl dye,∼1.6 × 1015 phospholipids (headgroup area of
0.6 nm2) are exposed to an external solution containing 5
× 1015 dye molecules (this includes plasmalemma facing
the gelatin-coated coverslip). Even if only 1% of dye
partitions to membrane-water interface (3 dye molecules
per 100 phospholipids), a 60 nm diameter endosome
would contain >560 probe molecules. This value com-
pared favorably with an equimolar concentration of the
fluid-phase marker, rho-dextran. At 100mg/ml rho-
dextran in the external buffer, only 1 out of every 3
vesicles of the same size would containù1 rho-dextran
molecules. The present observation that styryl dyes were
more effective probes for detection of vesicles in endo-
thelial cells than rho-dextran (Figs. 2 and 6) may be
explained on this basis.

VESICLE FORMATION IN ENDOTHELIAL CELLS

The mechanisms of formation of vesicles in endothelial
cells remain controversial. Plasmalemma invaginations
were seen in rapidly frozen and fixed endothelial cells
from mesentery capillaries (Frøkjaer-Jensen, 1991), an-
giogenic capillaries of tumors, and endothelial cells ex-
posed to Vascular Endothelial Growth Factor (VEGF)
(Dvorak et al., 1996). In the present study, we showed
that a remarkable feature of styryl dye uptake by endo-
thelial cells is the particulate organization of fluores-
cence, which resulted from enclosure by vesicles of plas-
malemma origin but not from entrapment in long invagi-
nations of plasmalemma into the cytosol (Fig.
3). However, invaginations are noteworthy hallmarks of
dynamic membrane (which would be captured by rapid
freezing), as unpressurized phospholipid membrane
vesicles undergo spontaneous curvature fluctuations and
these coalesce into surface-connected tubules that relax
by vesiculating (Do¨bereiner et al., 1993). Thus, vesicle
budding may be driven by thermal fluctuations in lipid

Fig. 10. Exocytosis inhibition increases dye uptake by endothelial
cells. (A) N-ethylmaleimide (NEM) inhibits exocytosis in endothelial
cells. BPMVEC were labeled by incubation in 5mg/ml FM 1-43 for 5
min at either 37°C or 4°C (as indicated) and washed at the same
temperature. Column height denotes averaged median brightness of 3
coverslips subjected to the same treatment. Error bars show maximum
ranges of distributions. Left columns — BPMVEC cooled on ice to
arrest endocytosis and incubated with 5 mM NEM for 5 min at 4°C
prior to labeling. Paired controls were identically treated except for
NEM. Second pair of columns — BPMVEC treated as above at 37°C.
Increased labeling of NEM-treated cells at 37°C compared to 4°C
indicated that endocytosis was required for styryl dye uptake. Two
pairs of rightmost columns — NEM treatment for indicated time prior
to labeling at 37°C reveals increase in dye uptake suggesting inhibition
of exocytosis. Column key: White-control; Black-NEM-treated. (B)
Exocytosis inhibition in endothelial cells byBotulinumtoxin types A
(hatched) and B (black). BPMVEC were incubated in toxin-containing
HBSS plus 10 mg/ml BSA for the indicated duration. Control cells
were incubated for the same duration in toxin-free HBSS plus 10
mg/ml BSA (white). All cells were labeled with 5mg/ml RH 414 for 5
min at 37°C. Column height denotes averaged median brightness of 3
coverslips treated identically. Error bar depicts top range of medians.
Toxin types A at 100 ng/ml and B at 1 ng/ml produced the same
increased vesicle accumulation after 6 hr incubation in toxin, so this
time was sufficient for toxin entry and action.
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membrane curvature regulated and guided by specific set
of signaling molecules. The present results show the un-
equivocal plasmalemma origin of cytosolic vesicles in
endothelial cells.

An unexpected observation was that at least 50% of
membrane vesiculation in endothelial cells is sustained
by extracellular albumin over the physiological range
(concentrations of 30–70 mg/ml). Albumin is known to
stimulate endocytosis and transcytosis in mouse pulmo-
nary and myocardial endothelium (Ghitescu et al., 1986;
Milici et al., 1987). Thus, vesicle formation by albumin

and its transcytosis may provide a mechanism for the
continual equilibration of albumin between plasma and
extracellular fluid. The present study indicates that the
number of clathrin-coated vesicles as detected by dil-
LDL uptake is ∼1% of the total number of vesicles;
therefore, formation of vesicles by scission of uncoated
pits or caveolae (Schnitzer et al., 1994) may be the dom-
inant mode of vesicle traffic in endothelial cells.

We found that albumin stimulated endocytosis by a
mechanism distinct from the actual budding mechanism.
PI 3-kinase inhibitors blocked endocytosis independently

Fig. 11. Accumulation of excess styryl dye in endothelial cells induced by N-ethylmaleimide (NEM) andbotulinumtoxins A and B. (A) Control
BPMVEC labeled with 5mg/ml RH 414 in HBSS plus 10 mg/ml BSA for 5 min at 37°C. (B) BPMVEC incubated in 1 mM NEM for 5 min at 37°C,
washed, and labeled as in (A). NEM caused endothelial cells to accumulate more particulate inclusions of dye resulting in greater brightness. (C)
BPMVEC incubated for 6 hr in 100 ng/mlBotulinumtoxin type A prior to labeling as inA. (D) BPMVEC incubated for 6 h in 1 ng/mlBotulinum
toxin type B prior to labeling as in A. Scale bars 10mm.
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of extracellular albumin, whereas tyrosine kinase inhibi-
tors prevented only the albumin-dependent component of
endocytosis. PI 3-kinase is believed to induce endocy-
tosis secondary to activating membrane fusion between
endosomes and intracellular compartments (Rameh,
Chen & Cantley, 1995; Carpenter & Cantley, 1996).
Since the endocytosis blocked by wortmanni was not
accompanied by accumulation of labeled intracellular
membrane, the present findings suggest that PI 3-kinase
has an important role in membrane budding and fission
in endothelial cells whereas tyrosine kinases regulate the
albumin-activated vesicle formation.

The effect of tyrosine kinase inhibitors described in
the present study implicates a role for tyrosine phosphor-
ylation in signalling the albumin-mediated induction of
endocytosis. Albumin binding to endothelial plasma-
lemma albumin-binding protein gp60 stimulates tyrosine
phosphorylation of gp60, which may in turn activate en-
docytosis by tyrosine phosphorylation of caveolin-1 (Tir-
uppathi et al., 1997). Further studies will be needed to
determine the signals by which the albumin receptor,
gp60, is coupled to vesicle formation and the role of
tyrosine kinases, plasmalemma-cytokeleton anchors such
as ARF-6 (D’Souzza-Schorey et al., 1995), and GTPases
such as rab17 (Zacchi et al., 1998) in the activation of
endocytosis.

RATES OF ENDOCYTOSIS AND EXOCYTOSIS IN

ENDOTHELIAL CELLS

Our data indicate that plasmalemma-derived vesicles un-
dergo several possible fates including both rapid and
slow exocytosis. We did not detect any change in the
size and brightness of vesicles that disappeared when
labeled cells were observed on the microscope stage.
The vesicles did not undergo fusion events with intracel-
lular processing compartments as would be expected for
receptor recycling prior to release of dye to the external
medium. Vesicles instead underwent exocytosis in a
manner consistent with rapid transcytosis (Ghitescu et
al., 1986; Milici et al., 1987). We observed that endo-
thelial cells began to release dye as soon as they were
labeled. The effect of exocytosis poisons NEM and
botulinumtoxin types A and B in inducing the accumu-
lation of an extraordinary number of vesicles enabled
estimation of this rapid rate. We represent the particulate
dye distribution in endothelial cells as a pseudo-steady
state between endocytosis and exocytosis with the Pois-
son jump process X1 → X2 → X3 (Parzen, 1967), where
state X1 denotes a plasmalemma unit available for endo-
cytosis, X2 is a plasmalemma-derived vesicle, X3 is
membrane returned to the plasmalemma by fusion, and
v1 and v2 are transition rate constants for endocytosis and
exocytosis. During dye incubation, new vesicles enter
state X2 at the rate 1 − e1

−vt, and the endocytosis kinetics

(Fig. 4B) are well-fitted by this expression with v1 4
0.131 ± 0.053 min−1 (R2 4 0.992). Dye is lost from
cells at the rate e2

−vt (our data reveal several distinct loss
processes that dominate at different time scales). This
model predicts that the ratio of vesicle number in poi-
soned cells to that of normal cells is given by

v1 + v2

v1
?

1 − e1
−v t

1 − e1 2
−~v+v!t

where t is labeling duration. Since exocytosis poisons
caused vesicle number to increase 3-fold over unpoi-
soned cells for the 5-min labeling period, the calculated
rate constant v2 for fast exocytosis is 0.26 min−1. This
time is consistent with release of Lucifer Yellow by cul-
tured brain endothelial cells (Guillot, Audus & Raub,
1990).

Transcytosis in endothelial cells occurs over a wide
time course that may depend on origin of cells, tracer,
and method of determination. For example, colloidal
gold-albumin conjugates perfused through mouse vascu-
lature begin to appear in pericapillary spaces of lung and
myocardium within 15 sec as determined by electron
microscopy of fixed tissue (Ghitescu et al., 1986; Milici
et al., 1987). Release of colloidal gold by pulmonary
vascular endothelial as determined by absorbance occurs
at a rate of 0.05% hr−1 (Schnitzer & Bravo, 1993) and
temperature-dependent flux of14C-sucrose through cul-
tured cerebrovascular endothelial cell monolayers occurs
at 0.02 % hr−1 (Descamps et al., 1996). Although we did
not study transcytosis, these values are similar to the
>95% removal of styryl pyridinium dyes from cultured
endothelial cells occurring over 24 hr as observed by us.
However, we also observed the rapid disappearance of
vesicles within an hour, which is similar to the 15 min
kinetics of fluorescent albumin release by endothelial
cells from rat epididymal fat (Williams, Greener & So-
lenski, 1984). The complex nature of the kinetics of
plasmalemma-derived vesicles in endothelial cells ob-
served in the present study suggests the intracellular sort-
ing of vesicles in endothelial cells.

In summary, we have identified features of mem-
brane dynamics in endothelial cells important in vesicle
trafficking. The results support the hypothesis that en-
docytosis involves the formation of discrete vesicles de-
rived from plasmalemma, followed by their translocation
and then exocytosis. Data obtained using inhibitors sug-
gest that the activation of endocytosis induced by albu-
min occurs via a tyrosine kinase pathway. Endocytosis
and exocytosis in endothelial cells are distinct and sepa-
rately regulated processes which involve PI 3-kinase and
the SNARE machinery, respectively.

We thank Asma Naqvi for expert assistance in the culture and main-
tenance of endothelial cells. Supported by National Institutes of
Health, grants T32 HL07829 and HL27016, HL46350 and HL45638.
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