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To investigate the role of filamentous actin in the endocytic pathway, we used the
cell-permeant drug Jasplakinolide (JAS) to polymerize actin in intact polarized Madin-
Darby canine kidney (MDCK) cells. The uptake and accumulation of the fluid-phase
markers fluorescein isothiocyanate (FITC)-dextran and horseradish peroxidase (HRP)
were followed in JAS-treated or untreated cells with confocal fluorescence microscopy,
biochemical assays, and electron microscopy. Pretreatment with JAS increased the up-
take and accumulation of fluid-phase markers in MDCK cells. JAS increased endocytosis
in a polarized manner, with a marked effect on fluid-phase uptake from the basolateral
surface but not from the apical surface of polarized MDCK cells. The early uptake of
FITC-dextran and HRP was increased more than twofold in JAS-treated cells. At later
times, FITC-dextran and HRP accumulated in clustered endosomes in the basal and
middle regions of JAS-treated cells. The large accumulated endosomes were similar to
late endosomes but they were not colabeled for other late endosome markers, such as
rab7 or mannose-6-phosphate receptor. JAS altered transport in the endocytic pathway at
a later stage than the microtubule-dependent step affected by nocodazole. JAS also had
a notable effect on cell morphology, inducing membrane bunching at the apical pole of
MDCK cells. Although other studies have implicated actin in endocytosis at the apical
cell surface, our results provide novel evidence that filamentous actin is also involved in
the endocytosis of fluid-phase markers from the basolateral membrane of polarized cells.

INTRODUCTION

The actin cytoskeleton has many important roles in
cellular activities such as motility, adhesion, division,
stabilization of microvilli, formation of ruffles, and
endocytosis. The highly ordered architecture of the
actin cytoskeleton is regulated by several kinds of
actin-binding proteins including cross-linking pro-
teins, severing proteins, end-capping proteins, and
monomer-sequestering proteins (Stossel et al., 1985;
Kreis and Vale, 1993). The regulated actions of these
proteins result in the dynamic assembly and disassem-
bly of monomeric actin into filamentous (F-) actin
throughout the cell.
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Previous studies have implicated the actin cyto-
skeleton in various endocytic membrane trafficking
pathways in yeast and mammalian cells. Tempera-
ture-sensitive mutations of the yeast actin and actin-
binding protein genes inhibit endocytic internalization
and serve to demonstrate that the early stages of en-
docytosis require actin polymerization and depoly-
merization (Kubler and Riezman, 1993; Reizman,
1993). The use of drugs that disrupt or inhibit actin
polymerization, such as cytochalasin D, have pro-
vided much of the evidence to date for actin filament
involvement in processes such as endocytosis. Cy-
tochalasins act by decreasing the rate of addition of
monomeric actin molecules to the barbed fast-growing
ends of actin filaments (MacLean-Fletcher and Pollard,
1980), thus inducing depolymerization of F-actin. Cy-
tochalasin D treatment affects endocytosis in a variety
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of mammalian cells, often inducing blocks in early
stages of endocytic uptake (Sandvig and van Deurs,
1990; Gottlieb et al., 1993; Jackman et al., 1994; Durr-
bach et al., 1996b; Shurety et al., 1996). Later stages of
endocytosis, such as late-endosome/lysosome fusion
(van Deurs et al., 1995) and delivery of ligands to
degradative compartments (Durrbach et al., 1996b),
have also been shown to involve actin filaments. In
similar ways, the actin cytoskeleton has also been
implicated in various stages of exocytosis or secretion.
The cortical actin web has been shown to create a
barrier preventing exocytosis of zymogen granules in
pancreatic acinar cells (Muallem et al., 1995). Similarly,
movement of water channels to the cell surface of
kidney epithelial cells involves active interaction of
vesicles with the cortical actin network (Hays et al.,
1987). Disruption of actin polymerization thus has
wide-reaching effects on trafficking throughout cells.
It is not yet clear how actin associates with, or reg-
ulates the movement, shape, or function of endocytic
compartments. Staining of F-actin shows that there are
actin filaments closely associated with endosomes, ly-
sosomes, and endocytic invaginations of the cell sur-
face (Kubler and Riezman, 1993; Durrbach et al., 1996b;
Murphy et al., 1996). Actin-binding proteins have the
potential to link organelle membranes directly with
the actin cytoskeleton, and there are now several ex-
amples of such proteins associated with endocytic
compartments. Myosin I, which binds both to mem-
branes and to actin, and myosin I have been found on
vesicles in endocytic and secretory pathways of mam-
malian cells (Fath and Burgess, 1993; Durrbach et al.,
1996a; Ikonen et al., 1997). Deletion of the type 1 my-
osin genes MYO3 and MYOS5 in yeast abolishes
growth as a result of a specific defect in early steps of
receptor-mediated endocytosis (Geli and Riezman,
1996). Members of the actin-binding monomeric G
protein families, Rac, Rho, and Cdc42, are associated
with vesicle membranes, and several different lines of
evidence point to essential functional roles for these G
proteins in actin filament assembly associated with
endocytosis (Lamaze et al., 1996; Murphy et al., 1996;
Ridley, 1996). Studies to date suggest that actin-bind-
ing proteins and actin filaments associate with endo-
cytic compartments to regulate specific steps of endo-
cytosis and also to couple endocytic trafficking to
other membrane movements and cellular activities.
The surface of polarized epithelial cells is separated
into apical and basolateral domains with distinct com-
positions of protein and lipid (Rodriguez-Boulan and
Nelson, 1989). At the apical domain of polarized cells,
the actin cytoskeleton is divided into two specialized
domains consisting of the microvilli and the underly-
ing terminal web, and at the basolateral domain of
cultured epithelial cells, actin filaments are present as
arrays of stress fibers (Brown and Stow, 1996). Endo-
cytosis in epithelial cells occurs at both the apical and
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basolateral domains. Ligands or solutes are first deliv-
ered to domain-specific early endosomes and then
either transferred to late endosomes, which may be
common to both the apical and basolateral endocytic
pathways (Parton et al., 1989; Bomsel ef al., 1990), or
delivered to early recycling compartments, where li-
gands can be recycled to their respective surface or
transcytosed across the cell. Previous studies using
cytochalasin D have shown a domain-specific effect on
endocytosis, by demonstrating that F-actin must be
maintained for endocytosis of membrane markers at
the apical domain of polarized epithelial cells (Got-
tlieb et al., 1993; Jackman et al., 1994).

In the present study, we used a novel approach to
investigate the role of F-actin in the endocytosis of
fluid-phase markers, by inducing actin polymeriza-
tion in intact polarized epithelial cells. Previously,
only phalloidin and a limited number of related toxins
were available as agents to stabilize actin filaments;
however, cells are generally impermeant to these
agents (Wehland et al., 1980; Joos and Gicquand, 1987).
Jasplakinolide (JAS) is a cell-permeable monocyclic
peptide isolated from the sea sponge Jaspis johnstoni
(Crews et al., 1986; Zabriskie et al., 1986). In vitro
experiments have demonstrated that JAS is a potent
inducer of actin polymerization and has a much
greater effect on Mg?"-actin than on Ca®*-actin (Bubb
et al., 1994). It binds to the same sites on F-actin as
phalloidin and competes with it for binding (Bubb et
al., 1994; Senderowicz et al., 1995). JAS disrupts the
actin cytoskeleton in intact cells and shows potential
as an antiproliferative drug in tumorigenic cells (Sen-
derowicz et al., 1995). Manipulation of intracellular
actin with JAS offers the potential to study the effects
of newly polymerized actin filaments and/or stabi-
lized existing actin filaments on intracellular mem-
brane trafficking pathways. We used JAS to study the
role of F-actin in endocytosis in both polarized and
nonpolarized Madin-Darby canine kidney (MDCK)
cells. Our studies show that F-actin has a role in the
basolateral uptake and accumulation of fluid-phase
markers and in the organization of endocytic compart-
ments.

MATERIALS AND METHODS
Cell Culture

MDCK cells, strain II, were grown as previously described in
DMEM with 10% fetal calf serum and 2 mM glutamine in 5%
CO,/95% air (de Almeida and Stow, 1991; Narula ef al., 1992). Cells
were passaged in flasks and were plated on glass coverslips or on
semipermeable polycarbonate filters (Transwell; Corning Costar,
Cambridge, MA) for experiments.

Immunofluorescence Staining

MDCK cells, plated at either high or low density, were grown for 3
to 4 d on coverslips or semipermeable filters. Cells were fixed in 4%
paraformaldehyde and then permeabilized for 5 min in phosphate-
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buffered saline (PBS) containing 0.1% Triton X-100. Fixed cells were
incubated with primary antibodies followed by fluorescein isothio-
cyanate (FITC) or indocarbocyanine (Cy3)-conjugated secondary
antibodies or probes, using bovine serum albumin in blocking/
washing buffers. F-actin was labeled by incubating fixed permeabil-
ized cells with 0.4 ug/ml FITC-conjugated phalloidin. Coverslips or
filters were mounted on glass slides in a solution of 50% glycer-
ol/1% n-propyl gallate in PBS and then examined with an Olympus
microscope fitted for epifluorescence. In some experiments, cells
were pretreated with 1 uM JAS (Molecular Probes, Eugene, OR;
diluted from a stock of 1 mM in methanol) for 45 min before
processing.

FITC-Dextran Uptake

MDCK cells were grown to semiconfluence on coverslips or conflu-
ence on semipermeable filters for 3 to 4 d. Cells were washed with
DMEM+ (serum-free DMEM with 10 mM HEPES, pH 7.4, 0.05%
bovine serum albumin) and then incubated with or without 1 uM
JAS for 45 min at 37°C. This condition for JAS preincubation was
used in all experiments. For some experiments, cells were incubated
with 3 uM nocodazole for 90 min prior to and during uptake. To
measure fluid-phase uptake, cells were incubated for various times
in DMEM+ containing 1 mg/ml FITC-dextran, (lysine-fixable an-
ionic fluorescein-conjugated dextran, M, = 10,000; Molecular
Probes) in the presence or absence of 1 uM JAS. To measure uptake
from apical and basolateral domains in polarized cells, FITC-dex-
tran was added to either the upper or lower chamber of Transwell
filters. Cells were then placed on ice and washed three times with
ice-cold serum-free medium, followed by fixation for 90 min in
paraformaldehyde/lysine/periodate fixative (2% paraformalde-
hyde, 75 mM lysine, 10 mM sodium periodate, 0.0375 M phosphate
buffer, pH 6.2). Cells were then washed briefly in PBS, and cover-
slips or filters were mounted on glass slides in a solution of 50%
glycerol/1% n-propyl gallate in PBS. For double-labeling experi-
ments, cells were first incubated with FITC-dextran and fixed in
paraformaldehyde/lysine/periodate fixative, and then the immu-
nofluorescence procedure was carried out with primary and sec-
ondary antibodies as described in the section above. Coverslips
were examined with an Olympus microscope fitted for epifluores-
cence, and cells on filters were examined with a Bio-Rad MRC-600
confocal laser scanning microscope mounted on a Zeiss Axioskop.
Intensity measurement values were obtained from confocal micro-
scope images. Image analysis was performed by measuring the total
fluorescence intensity using SOM software.

FITC-Transferrin Uptake

MDCK cells grown on semipermeable filters were incubated with
serum-free DMEM at 37°C for 1 h followed by a 45-min incubation
with DMEM+ in the absence or presence of 1 uM JAS. FITC-
transferrin (100 ug/ml) in DMEM+ (with or without JAS) was
bound to the basolateral cell surface during an incubation on ice for
90 min. Cells were washed three times with ice-cold DMEM+ and
then the transferrin was internalized by transferring cells to 37°C for
15 min. Cells were then placed on ice and washed three times in
ice-cold PBS+ (PBS containing 1 mM CaCl, and 0.5 mM MgCl,),
followed by fixation for 1 h with 4% paraformaldehyde in PBS.

Attached Cell Patches (ACPs)

This method was adapted from a procedure described previously
(Robinson et al., 1992). MDCK cells, grown as confluent monolayers
on coverslips, were incubated with or without 1 uM JAS for 45 min
at 37°C. Coverslips were washed briefly in PBS, followed by a 30-s
treatment with 0.5 mg/ml poly-L-lysine in PBS. The cells were
swollen by three 2-s incubations in a hypotonic buffer, 1/3X buffer
A (buffer A: 140 mM KCl, 60 mM HEPES, 10 mM MgCl,, 6 mM
EGTA, pH 7.5), and sonicated for 4.5 s in buffer B (1X buffer A, 1
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mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride). Cover-
slips were fixed in 4% paraformaldehyde in 1X buffer A. F-actin was
labeled by incubating the coverslips with 2 ug/ml FITC-conjugated
phalloidin. This procedure results in extensive disruption of cells,
leaving isolated attached cell plasma membrane patches (ACPs) on
coverslips.

Detergent Extraction of MDCK Cells

MDCK cells, grown on 100-mm dishes for 3 d, were preincubated
with or without 1 uM JAS for 45 min at 37°C. After a brief wash in
PBS, 2 ml of 1% Triton X-100 in PBS was added to each dish, and the
dish was swirled gently and then left for 2 min at room temperature.
The Triton X-100-soluble cell extract was then removed and SDS-
PAGE sample buffer was added. The remaining Triton X-100-insol-
uble cell material was washed in PBS and then solubilized in SDS-
PAGE sample buffer. Both fractions were loaded on a 10% SDS-
PAGE gel. Proteins were then detected by staining the gel with 0.1%
Coomassie blue.

Horseradish Peroxidase (HRP) Uptake and Electron
Microscopy

Uptake of the fluid-phase marker HRP was examined by biochem-
ical and electron microscopic procedures. Cells grown on filters for
3 to 4 d were washed with DMEM+ then preincubated with or
without 1 uM JAS for 45 min at 37°C. Cells were incubated with 10
mg/ml HRP type II (Sigma, St. Louis, MO) in the apical or basal
medium, in the absence or presence of JAS, for between 0 and 120
min. For biochemical assays, cells were cooled to 4°C and washed
three times for 10 min with ice-cold PBS+. Cells were scraped off the
filters into PBS containing 0.2% Triton X-100 and left on ice for 30
min. After a brief spin, the cell extract was assayed for HRP activity
by using the Sigma Fast OPD peroxidase substrate tablet set and
read at an absorbance of 450 nm. Resultant HRP concentrations
were normalized by using protein concentrations of the cell extracts.
For electron microscopy, cells with ingested HRP were washed in
the above buffer and then fixed in 2.5% glutaraldehyde in 50 mM
cacodylate buffer. HRP was visualized with diaminobenzidine and
the cells were processed for Epon embedding and sectioned as
described (Parton ef al., 1989). Thin sections were viewed and pho-
tographed on a Jeol 1010 electron microscope. The point-counting
method (Weibel, 1980) was used to quantitate the amounts of HRP
uptake in control and JAS-treated cells. The size of HRP-labeled
endocytic compartments (control, n = 51; JAS, n = 64) and the area
of labeled compartments per area of cell (density: control, n = 136;
JAS, n = 101) were compared on a series of micrographs.

RESULTS

JAS Binds to and Stabilizes F-Actin Polymers in
Intact Cells

Living cells were treated with the drug JAS to inves-
tigate the role of F-actin in the endocytic pathway in
polarized and nonpolarized cells. In the experiments
reported herein, cells were typically treated with 1 uM
JAS for 45 min. These conditions were found, in our
hands and by others (Bubb et al., 1994), to produce the
maximal detectable effects of JAS without adversely
affecting gross cell shape or adherence. To demon-
strate JAS binding to F-actin, FITC-phalloidin was
used to competitively label actin filaments in MDCK
cells that had been treated with JAS prior to fixation
and staining. A decreased level of FITC-phalloidin
labeling in JAS-treated cells was taken to indicate the
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presence of bound JAS on F-actin (Bubb et al., 1994;
Senderowicz et al., 1994). Decreased FITC-phalloidin
labeling was noted at all levels through JAS-treated
MDCK cells (Figure 1, b, d, and f) compared with
control cells (Figure 1, a, ¢, and e) examined by con-
focal microscopy, indicating that JAS had accessed
and bound to F-actin at all levels through the cells.
There was slightly more FITC-phalloidin labeling in
the basal region of JAS-pretreated cells than at other
levels, reflecting incomplete saturation of F-actin in
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Figure 1. Actin staining in JAS-
treated cells. FITC-phalloidin la-
beling on control and JAS-treated
polarized MDCK cells. Confocal mi-
croscopy of FITC-phalloidin labeling
in nontreated MDCK cells (a, ¢, and
e) and cells pretreated with 1 uM JAS
for 45 min at 37°C (b, d, and f). Typ-
ical patterns of labeling for F-actin in
the apical terminal web (a), around
the midcell cortical web (c), and in
stress fibers at the base of cells (e)
were seen in control cells. JAS com-
peted with phalloidin binding sites
resulting in less-intense labeling at all
levels (b, d, and f) of the cell mono-
layer. Bar, 10 um.

the larger stress fibers by JAS in this region of the cell
(Figure 1f).

JAS treatment increased the density of polymerized
actin in stress fibers exposed on the cytoplasmic face
of plasma membranes in ACPs made from MDCK
cells (Figure 2, a and b). As shown above (Figure 1),
JAS does not saturate the binding sites on basal cell
stress fibers, allowing additional staining of these ac-
tin bundles with FITC-phalloidin. Such staining on
ACPs showed that the stress fibers in patches from
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JAS-treated cells were thicker and more dense than
those from control cells, consistent with JAS increasing
polymerization of F-actin in these bundles (Figure 2b).
JAS also increased the proportion of insoluble F-actin
recovered in 1% Triton X-100 extracts of MDCK cells.
Proteins in the detergent-soluble and -insoluble frac-
tions of untreated and JAS-treated MDCK cells were
analyzed by SDS-PAGE. The abundant actin protein
band (at ~42 kDa) could be readily seen on Coomassie
blue-stained gels (Figure 2c) and its identity was fur-
ther verified by immunoblotting with an actin anti-
body (our unpublished results). In extracts of control
cells, actin was present in both detergent-soluble and
-insoluble fractions (Figure 2c), whereas after JAS
treatment, there was no actin remaining in a soluble
form and all of it was recovered as F-actin in the
insoluble fraction (Figure 2c). Thus, these data indicate
that JAS is effectively inducing the formation of
and/or stabilizing existing F-actin in intact cells.

Effect of JAS on FITC-Dextran Uptake in
Nonpolarized MDCK Cells

FITC-dextran was used as a fluorescent marker of
fluid-phase endocytosis. The effect of JAS on FITC-
dextran uptake was examined at various times be-
tween 5 and 60 min of uptake in nonpolarized (pre-
confluent) MDCK cells grown on coverslips (Figure 3).
The most distinct difference between control and JAS-
pretreated cells was seen at 15 min and 30 min, al-
though there were also differences in their staining
patterns noted at earlier times. There was an increase
in the number and, particularly in the size, of FITC-
labeled structures in the JAS-treated cells compared
with those seen in control cells after 15 min of uptake
(Figure 3). After 30 min of uptake, the distinct punc-
tate labeling seen throughout both control and pre-
treated cells was more prominent and abundant after
JAS treatment (Figure 3). JAS appears to have in-
creased the uptake and/or retention of FITC-dextran
in nonpolarized MDCK cells.

JAS Does Not Affect Apical Endocytosis in
Polarized Cells

To study the effects of JAS on endocytosis in polarized
cells, FITC-dextran uptake was examined by confocal
microscopy in confluent monolayers of polarized fil-
ter-grown MDCK cells. These polarized cells have
distinct apical and basolateral surfaces with character-
istic arrays of apical and basal actin filaments (see
Figure 1). FITC-staining was examined in confocal-
generated Z-series images of cell monolayers after
FITC-dextran was added to either the apical or baso-
lateral surface of control or JAS-pretreated cells for
various times. Cells were compared at three selected
levels: basal (adjacent to the basal plasma membrane),
middle (the supranuclear middle region of the cell),
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Figure 2. Actin polymerization induced by JAS treatment. (a and
b) FITC-phalloidin labeling of actin bundles attached to the cyto-
plasmic face of ACPs remaining stuck to coverslips after sonication
of the MDCK cells. (a) Control cells have labeling of fine bundles of
stress fibers. (b) After JAS treatment, there were thicker more-
prominent actin bundles. Bar, 10 um. (c) Proteins in detergent-
soluble and -insoluble fractions of control and JAS-treated MDCK
cells were electrophoresed on SDS-PAGE gels and stained with 0.1%
Coomassie blue. Left, a 42-kDa band representing actin is present in
both the Triton X-100-soluble (lane s) and -insoluble (lane i) frac-
tions of nontreated MDCK cells. Right, the actin band has disap-
peared from the soluble fraction of JAS-treated cells (lane s) and all
of the recovered actin is in the insoluble fraction (lane i), consistent
with a conversion to F-actin.

and apical (adjacent to the apical plasma membrane, at
the base of the microvilli). By examining time courses
of fluid-phase marker endocytosis, we selected these
levels to correspond to the preponderance of early
endosomes clustered near the cell periphery (apical or
basal) and late endosomes or sorting endosomes con-
centrated in the middle region of the cell. A similar
distribution of endocytic structures in MDCK cells has
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CONTROL

Figure 3. FITC-dextran uptake in preconfluent MDCK cells. Control and JAS-pretreated cells, grown on coverslips, were incubated with
FITC-dextran for 15 min or 30 min at 37°C, and the endocytosed marker was visualized by epifluorescence microscopy. After both 15 min
and 30 min uptake in JAS-pretreated cells, there was an increase in the number and size of fluorescently labeled compartments (arrows) (b
and d) in comparison to those seen in control cells (a and c). Bar, 10 pum.

been established in an earlier study by Bomsel et al.
(1989).

Figure 4 shows FITC-dextran uptake from apical
and basal surfaces after 15 min of uptake. There was
consistently more FITC-dextran uptake from the ba-
solateral surface than from the apical side of these
MDCK cells (Figure 4, a—c and g-i), as was also noted
previously (Bomsel et al., 1989). There was no signifi-
cant difference recorded for FITC-dextran uptake from
the apical side of control or JAS-treated MDCK cells
over 5-30 min. Figure 4 demonstrates that at the apical
and middle cell levels, there was little difference in
labeling between control and JAS-pretreated cells after
uptake for 15 min (Figure 4, a, b, d, and e). At the basal
region of JAS-pretreated cells, the appearance of some
punctate labeling was noticed after addition of the
FITC-dextran to the apical medium (Figure 4, c and f).
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This we believe is due to some leakage of the apical
FITC-dextran into the basal medium where the per-
meability of the tight junctions is compromised by JAS
treatment. Thus JAS-induced actin polymerization did
not demonstrably alter fluid-phase uptake at the api-
cal cell membrane.

Actin Polymerization Increases FITC-Dextran
Uptake from the Basolateral Domain of MDCK
Cells

The basolateral uptake of FITC-dextran in polarized
MDCK cells was also examined, and evidence was
obtained that JAS treatment had significant effects on
basolateral endocytic pathways. Very little FITC-dex-
tran was found in the apical cell sections after a 15-min
uptake from the basal side (Figure 4, g and j). Most of
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the label in the control cells had accumulated in en-
docytic structures in the middle cell sections at 15 min
(Figure 4h). In JAS-treated cells, the middle cell sec-
tions were more heavily labeled and the size of the
fluorescently labeled endocytic structures was larger
than those in control cells (Figure 4k). In the basal cell
region, the number and size of labeled endocytic
structures had greatly increased after JAS treatment,
compared with control cells (Figure 4, i and 1). These
results suggest that JAS increased the uptake and/or
accumulation of FITC-dextran in endocytic structures
concentrated in the basal and middle cell regions.

The effect of JAS on basolateral FITC-dextran uptake
was further examined during a time course experi-
ment, the results of which are shown in Figure 5.
Because there was little labeling in the apical cell
section, only the basal and middle sections of the cells
are shown. During longer times of uptake, there was a
progressive increase in the uptake and delivery of
FITC-dextran to the middle of the cells in both control
and JAS-treated cells. After 7.5 min of uptake in JAS-
pretreated cells, there were more numerous and larger
endocytic structures labeled with FITC-dextran at the
basal region but less labeling in the middle region
compared with controls (Figure 5, a-d). Thus, al-
though there was more uptake in JAS-treated cells, the
label in control cells was initially more efficiently
transported to the middle cell regions. At 15 and 30
min, the labeled endosomes were progressively larger
and more numerous after JAS treatment (Figure 5, f, h,
j, and 1, and see Figure 4).

The amount of FITC-dextran labeling in the basal or
middle cell regions at 15 min was quantified and
compared by image analysis (Figure 6). We found that
the labeled structures could be separated into two
distinct populations according to fluorescence inten-
sity; a population of small round endocytic structures
(small endosome clusters) and a population of larger
very intensely labeled compartments (large endosome
clusters). Confocal images of these pseudocolored
compartments were analyzed by measuring the rela-
tive fluorescence intensity (pixels per area) using SOM
software (Figure 6, a and b). An example of one of
these colored images shows that “small endosome
clusters” are present and abundant in treated and
untreated cells (Figure 6, a and b; green), whereas
“large endosome clusters” are much more abundant
in JAS-treated cells (Figure 6b; red). Cumulative mea-
surements of both basal and middle regions shows
that JAS induced more than a twofold increase in total
FITC-dextran accumulation (Figure 6c¢). In the basal
region, JAS increased labeling by fivefold, but in the
middle region, it caused a less dramatic increase in
FITC-dextran labeling. Separate analysis of accumula-
tion in small or large endosome clusters is also shown
in Figure 6c. The large clusters are almost absent from
the basal region of control cells and are present mostly
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in the middle region. In JAS-treated cells, large endo-
some clusters are now present in both the basal cell
region and more of them are present in the middle of
the cell. The number of small clusters in the basal
region is increased by fivefold in JAS-treated cells
(Figure 6c). These analyses reveal that JAS-induced
actin polymerization increases the uptake and accu-
mulation of FITC-dextran in small basally located en-
dosomes and in clusters of larger perinuclear (middle
region) endosomes. It is likely that JAS affects uptake
or transport of FITC-dextran at both early and late
stages of endocytosis. The JAS-induced appearance of
more of the large endosome clusters after 15 min of
uptake prompted further investigation of this com-
partment. Two further approaches, described below,
were taken to characterize the endocytic compart-
ments affected by JAS.

JAS Has No Effect on the Basolateral Uptake and
Recycling of FITC-Transferrin

To investigate the effect of actin polymerization on the
receptor-mediated endocytic pathway, we examined
the uptake of FITC-transferrin in the presence of JAS.
Small punctate endocytic compartments, labeled with
the fluorescent marker, were observed close to the
basolateral cell surface in both control and JAS-treated
cells (Figure 7, a and b). JAS did not cause an increase
in the uptake or accumulation of FITC-transferrin as
measured by confocal analyses.

Effects of JAS on HRP Uptake

Uptake experiments on polarized MDCK cells were
repeated with the electron-dense fluid-phase marker
HRP. First, a biochemical assay was used to measure
HRP uptake over a time course of 0-120 min. JAS
pretreatment had no effect on HRP uptake from the
apical domain (Figure 8A), but it significantly in-
creased uptake from the basolateral surface (Figure 8,
B and C). Basolateral HRP uptake in JAS-treated cells
during a continuous labeling protocol showed a
steady accumulation of HRP, consistently higher at all
time points than in untreated cells (Figure 8b). A
pulse—chase labeling protocol showed that the initial
uptake of HRP was greatly increased by JAS, that
there was some loss of HRP due to recycling within
the first 60 min, and that thereafter there was a steady
accumulation of HRP (Figure 8C). These results are
consistent with an increased uptake of HRP and its
sequestration at higher levels in late endocytic com-
partments in JAS-treated cells.

The HRP-labeled compartments were examined at
an ultrastructural level in cells fixed and embedded
after the HRP uptake for 15 min (Figures 9 and 10).
The majority of HRP-labeled endosomes were found
in the supranuclear region of the cells, at an equivalent
level to the middle level analyzed by confocal micros-
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copy. The labeled endosomes at the basal cell poles
were dispersed and harder to quantify in thin sections,
and there were virtually no HRP-labeled endosomes
at the apical level, consistent with the distribution of
FITC-dextran labeling. In JAS-treated cells, there were
more HRP-labeled endosomes and many of them
were densely clustered within the supranuclear re-
gions of the cells (Figure 10, B and C). At this time
point, many of the HRP-labeled structures had the
appearance of late endosomes/lysosomes in that they
were large, many had tubular extensions, and some
were multivesicular.

HRP uptake was quantified by a point counting
method that confirmed that the relative density of the
HRP-labeled compartments in JAS-pretreated cells
was double that of control cells (Figure 9A). Point
counting on multiple sections through the middle re-
gions of cells showed an increased amount of HRP
labeling per unit area in JAS-treated cells. However,
the size of individual endosomes was not increased by
JAS treatment and there was no evidence that JAS
induced abnormal fusion of endosomes (Figure 9B).
At the electron microscope level, we observed that the
large endosome clusters labeled with FITC-dextran
are groups of densely packed large (late) endosomes
(Figure 10c), whereas smaller (early) endosomes that
were less tightly packed accounted for small endo-
somes clusters. Overall the results of the HRP-uptake
corroborate the results obtained with FITC-dextran
uptake, showing that JAS-induced actin polymeriza-
tion increases both the uptake and accumulation of
fluid-phase markers from the basolateral cell surface.
After 15 min of uptake, JAS-treated cells had accumu-
lated increased numbers of clustered compartments
with the appearance of late endosomes.

JAS Induces Apical Membrane Bunching

The morphology of JAS-treated cells was also exam-
ined at the ultrastructural level. The morphology of
the filter-grown MDCK cell monolayers was largely
unchanged by JAS treatment and the cells maintained
their characteristic polarized morphology. The only
dramatic difference noted in JAS-treated cells was an

Figure 4 (facing page). FITC-dextran uptake in polarized cells.
Control and JAS-pretreated cells, grown on filters, were incubated
with FITC-dextran added to either the apical or basolateral chamber
for 15 min. Confocal microscopy shows endocytosed label at desig-
nated levels representing apical, middle, and basal levels of the cell
monolayer. Little label was endocytosed from the apical side of
either control (a—c) or JAS-treated (d—f) cells. A large amount of
FITC-dextran was taken up from the basal medium and it was
sequestered in structures at the basal and middle planes of control
(h and i) and JAS-treated (k and 1) cells. There was a marked
increase in the number and size of labeled endocytic compartments
in both the middle (k) and basal (1) planes after JAS treatment. Bar,
10 pwm.
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unusual bunching of the apical cell surface. In control
cells the MDCK apical membrane was flat with a
continuous linear array of microvilli, whereas in JAS-
treated cells the whole apical membrane was drawn
together, or bunched, with all of the membrane gath-
ered into one tuft (Figure 10B). These apical bunches
contained all of the microvilli, which were shortened,
with coated pits at their bases; however, the bunches
were devoid of other intracellular organelles (Figure
10, A and B). Dense patches of actin filaments could be
seen in some micrographs in the apical bunches. This
unusual apical bunching was noted in all of the JAS-
treated MDCK cells, although its significance with
respect to membrane trafficking was not investigated
further.

JAS and Nocodazole Have Distinct Effects on
Basolateral Endocytosis

Disruption of microtubules with nocodazole has been
shown to inhibit transport of endocytosed markers
from early to late endosomes (Gruenberg et al., 1989).
To compare the steps of endocytosis affected by actin
polymerization and microtubule depolymerization,
FITC-dextran uptake was compared in JAS-treated
and nocodazole-treated cells. Treated MDCK cells
were examined after a time course of uptake; the
results in Figure 11, showing FITC-dextran labeling
within the middle (Figure 11, a and b) and basal cell
regions (Figure 11, ¢ and d), indicate that FITC-dex-
tran is accumulated in different compartments after
either JAS or nocodazole treatments. In nocodazole-
treated cells, the marker is taken up basally (Figure
11d) but is not transported to the interior of the cell or
does not appear in larger endosomes (Figure 11b),
consistent with a block in transport early in the endo-
cytic pathway. JAS-treated cells show the characteris-
tic accumulation of FITC-dextran in larger structures
in the supranuclear position (Figure 11a). JAS-induced
actin polymerization accumulates fluid-phase marker
later in the endocytic pathway than the microtubule-
dependent early-late endosome transition.

Accumulated FITC-Dextran Does Not Colocalize
with Other Organelle Markers

In an attempt to identify the late endocytic compart-
ments accumulated by JAS treatment, cells were dou-
ble-labeled for FITC-dextran and a variety of antibod-
ies to organelle markers for the endocytic pathway.
FITC-dextran in the clustered compartments (large
endosome clusters) induced by JAS did not colocalize
with any of the markers used (Figure 12). A marker of
early endosomes, rab5, was found in small intracellu-
lar punctate structures particularly in the apical cell
periphery of JAS-treated MDCK cells (Figure 11, a and
b). The late endosome markers rab7 and mannose-6-
phosphate receptor (M6PR) were concentrated in
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punctate structures in the supranuclear region, but
these structures labeled with these antibodies did not
coincide with the large endosome clusters containing
FITC-dextran in the JAS-treated cells (Figure 12, c—f).

Figure 5 (facing page). Kinetics of FITC-dextran uptake from the
basal side of MDCK cells. The middle and basal planes of control
and JAS-treated MDCK cells were examined by confocal micros-
copy after uptake of FITC-dextran for 7.5, 15, and 30 min. JAS-
pretreated induced an increase in the number and size of labeled
compartments at the basal region at all times (d, h, and 1) compared
with control cells (c, j, and k). JAS also produced an increase in
labeled compartments in the middle region of the monolayer at the
later times of 15 (f) and 30 min (j), when compared with control cells
after the same uptake times (e and i). Bar, 10 um.
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JAS

Figure 6. Image analysis of FITC-dextran basolateral up-
take in polarized MDCK cells. Control and JAS-pretreated
cells were incubated with FITC-dextran present in the baso-
lateral chamber for 15 min. FITC-dextran-labeled structures
at the middle region (e.g., see Figure 5, e and f) were sepa-
rated into two populations according to relative fluorescence
intensity measured with SOM software. Small low-intensity
endosome clusters (green) and large high-intensity endo-
some clusters (red) are differentiated in this colored image.
Small endosome clusters were present in both control (a) and
JAS-treated cells (b), whereas large endosome clusters were
clearly more abundant in JAS-treated cells (b). (c) Quantifi-
cation of relative fluorescence intensities showed that JAS
treatment induced an approximately sixfold increase in up-
take into the basal region and a significant increase in uptake
into the middle region. In control cells, large endosome clus-
ters were present mostly in the middle region, whereas in
JAS-treated cells, the number of both types of clusters is
significantly increased at the basal and middle regions.

TRITC-transferrin, bound to the basolateral cell sur-
face, was simultaneously taken up into cells with
FITC-dextran for 15 min. Most of the transferrin in
cells was then found in basolateral early endosomes
and in the apical region where it was possibly labeling
the apical recycling compartment. There was not
widespread colocalization of FITC-dextran and trans-
ferrin after a 15-min uptake (Figure 12, g and h),
although occasional JAS-treated cells showed double-
labeled endosomes in the basolateral region (Figure
12h). As a fluid-phase marker, FITC-dextran is endo-
cytosed via multiple pathways, and the bulk of its
uptake is likely to occur through clathrin-independent
pathways. These experiments suggest that JAS treat-
ment increases the uptake of FITC-dextran and accu-
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mulates this marker in endosomes, particularly in late
macropinocytic endosomes that are distinct from
other late endosomes labeled for rab7 and M6PR.

DISCUSSION

Several previous lines of evidence, gathered mostly
from the use of actin-depolymerizing drugs or expres-
sion of actin-binding proteins, suggest that actin fila-
ments are involved in endocytic pathways. The drug
JAS has an action similar to phalloidin in binding to
and stabilizing F-actin, with the added advantage of
being cell permeant. Our studies on intact cells dem-
onstrate a novel use of JAS to induce actin polymer-
ization for studies on endocytosis. Our data demon-
strate that polymerization of actin enhances the
uptake and accumulation of fluid-phase markers in
endocytic compartments. Moreover, JAS had its most
pronounced effect on uptake from the basolateral do-
main of polarized MDCK cells, thus newly implicating
actin in endocytic processes at the basolateral pole of
epithelial cells.

JAS-induced actin polymerization increased the ba-
solateral uptake of the fluid-phase markers FITC-dex-
tran and HRP, which enter cells through multiple
pathways, including the clathrin-mediated endocytic
pathway and several clathrin-independent pathways,
including macropinocytosis (von-Bonsdorff, et al.,
1985; Bomsel et al., 1989; Parton et al., 1989; Brown and
Sabolic, 1993; Hewlett et al., 1994; Thilo et al., 1995;
Futter et al., 1996). The uptake of both fluid-phase
markers was initially significantly increased in JAS-
treated cells and thereafter there was a steady accu-
mulation of markers at all time points. After JAS treat-
ment, some of the internalized HRP (~20%) in pulse-
labeled cells was recycled out of the cell, showing that
JAS does not impair, and may even enhance, early
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Figure 7. FITC-transferrin uptake.
FITC-transferrin was bound to the baso-
lateral surface of control (a) and JAS-
pretreated (b) MDCK cells at 4°C and
then internalized for 15 min at 37°C.
Small punctate FITC-transferrin-labeled
compartments were present at similar
levels in the basolateral cell periphery of
both control (a) and JAS-pretreated (b)
cells. Bar, 10 wm.

recycling events and that the remaining HRP accumu-
lated in the cell. The dynamics of HRP uptake mea-
sured herein are consistent with findings that most of
the cell membrane endocytosed by various pathways
is recycled from an early endocytic compartment
(Mayor et al., 1993), whereas the bulk of fluid-phase
markers are generally processed through lysosome-
directed pathways without much immediate recycling
(Parton et al., 1989; Hewlett et al., 1994; Futter et al.,
1996). In contrast, JAS did not affect the uptake or
early recycling of FITC-transferrin, consistent with
other studies using cytochalasin D or phalloidin that
did not affect this pathway (Lamaze, et al., 1996; Ma-
ples et al., 1997). JAS-induced actin polymerization
may, therefore, primarily effect clathrin-independent
endocytosis. The transient colocalization of internal-
ized TRITC-transferrin and FITC-dextran does sug-
gest that some fluid-phase uptake in these cells passes
through early compartments of the receptor-mediated
pathway but the bulk of the fluid-phase markers were
obviously internalized by other actin-sensitive path-
ways.

At later stages of endocytosis, JAS caused a progres-
sive accumulation of fluid-phase markers and a nota-
ble clustering of the more numerous labeled compart-
ments. JAS may be influencing several stages of
transfer between endocytic compartments. Transport
between early and late endosomes is a microtubule-
dependent step and disruption of this step with no-
codazole accumulates markers in a distinctive com-
partment (Gruenberg et al., 1989; Parton et al., 1989). In
comparing the accumulation of FITC-dextran under
various treatments, it was clear that actin polymeriza-
tion was not disrupting this same microtubule-depen-
dent step, because the labeling patterns produced by
JAS and nocodazole were distinct. JAS appears to
cause accumulation in later endocytic compartments.

Molecular Biology of the Cell
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Figure 8. HRP uptake and accumulation. Control and JAS-treated
cells were incubated with HRP added to the apical (A) or basolateral
(B) chamber over a time course (0, 5, 15, 30, 60, and 120 min) for
continuous labeling or added to the basolateral chamber in a pulse—
chase regime for 10 min followed by chase incubations of 20, 50, and
110 min (C). HRP uptake values were determined by measuring the
HRP activity present in the cell lysate of each filter-grown mono-
layer and were normalized to the protein concentration of each
sample. JAS pretreatment increased the uptake of HRP from the
basolateral cell surface at all time points (B) compared with uptake
in control cells but had no effect on the apical uptake of HRP (A).
Pulse—chase labeling (C) shows an initial increased uptake in JAS-
treated cells, followed by a loss of HRP (recycling) during the first
60 min and then sustained accumulation at a higher level than
control cells. Points in A and B represent the average of two values
(i-e., two filters). In graph C, each data point is the mean and SEM
of four samples.
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Figure 9. Comparison of HRP uptake in control and JAS-treated
cells by electron microscopy. The area of HRP-labeled structures
was quantitated by point counting in defined areas on micrographs
of the supranuclear region of the cells. Analysis showed that the
relative density of HRP-labeled compartments in JAS-pretreated
cells was more than twofold that of control cells (A). There was no
significant difference in the size of individual HRP-labeled compart-
ments between control and JAS-pretreated cells (B).

In contrast, cytochalasin D has been reported to affect
an early endocytic event, one prior to the nocodazole
step in transcytotic pathways in polarized cells (Ma-
ples et al., 1997). Interestingly, in receptor-mediated
endocytosis (Durrbach et al., 1996b) and in the fluid-
phase uptake measured herein, the early and late steps
involving F-actin appear to flank an intermediate step
that is controlled by microtubules.

The large endosome clusters defined herein by
FITC-dextran labeling were increased in number in
JAS-treated cells after 15-30 min of uptake. By electron
microscopy, many of the HRP-labeled compartments
had the appearance of late endosomes or lysosomes as
tubulated or multivesicular compartments in the pe-
rinuclear area. The position and appearance of these
compartments are consistent with late or sorting en-
dosomes reported in MDCK cells that receive both
apically and basolaterally endocytosed markers from
early endosomes (Parton et al., 1989). However, unlike
previous studies (Parton et al., 1989), these compart-
ments were not colabeled for other late endosomes
markers such as M6PR or for rab?. In other cells types,
the bulk of fluid-phase markers are taken up by mac-
ropinocytosis and delivered to a distinct late endo-
some that is not colabeled for M6PR (Hewlett et al.,
1994). The persistent presence of large amounts of
HRP in late endocytic compartments in JAS-treated
cells suggests that transfer of HRP between late endo-
somes and lysosomes was impaired by actin polymer-
ization. This was not, however, tested directly because
HRP is not degraded efficiently in lysosomes and de-
livery to this compartment is difficult to measure. The
compartments accumulating markers in JAS-treated
cells require further characterization; they might be-
long to a pinocytic pathway or may be transport in-
termediates of better known pathways.
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Figure 11. Effects of JAS and no-
codazole on FITC-dextran uptake.
FITC-dextran uptake was compared
in JAS- and nocodazole-treated
MDCK cells incubated with FITC-
dextran in the basolateral chamber
for 15 min. In JAS-treated cells, large
characteristic labeled structures were
present at the middle (a) and basal (c)
region of the monolayer. In nocoda-
zole treated cells, FITC-dextran-la-
beled compartments were present at
the basolateral cell periphery (d). In
contrast to JAS-treated cells, there
were less labeled compartments in
the supranuclear region of nocoda-
zole-treated cells (b), the labeled en-
docytic vesicles being smaller and
more uniform in size (b and d). Bar,
10 pum.

The distribution of endocytic organelles and their
movement toward the perinuclear area has been pre-
viously attributed to interaction with microtubules
(Matteoni and Kreis, 1987). Actin filaments have an
additional role in the organization of endocytic struc-
tures and pathways. Depolymerizing actin filaments
scatters perinuclear endocytic compartments (Durr-
bach et al., 1996b), and inducing actin polymerization
had the effect of clustering or pulling them together.
Similarly, actin filaments have been shown to facilitate
the perinuclear clustering of mature endosomes and
their fusion with lysosomes (van Deurs et al., 1995).
One of the most notable effects of JAS treatment was

Figure 10 (facing page). HRP labeling and morphology of polar-
ized MDCK cells. The ultrastructure of control (A) and JAS-treated
(B and C) MDCK cells was examined after 15 min of HRP uptake
from the basolateral side. All cells appeared as polarized monolay-
ers with internalized HRP in a variety of compartments throughout
endocytic pathways. Labeled structures were concentrated in the
supranuclear or middle cell regions and were particularly promi-
nent in JAS-treated cells, where they can be seen as clusters of
tubular or multivesicular endocytic compartments containing HRP
(arrows; B and C). In B, the apical microvillar surfaces of JAS-treated
cells can be seen gathered up into prominent bunches (C), which
were not present in control cells. Bar, 1 um.
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the clustering of labeled large or late endosomes in the
perinuclear area, providing further evidence that actin
filaments can control the cytoplasmic distribution of
these organelles. We found no evidence of fusion in-
duced by actin polymerization; when measurements
were carried out, there was no increase in the size of
individual HRP-labeled endosomes. The HRP-labeled
endosomes did have a particularly tubular appearance
compared with endosomes in control cells, further
supporting the theory advanced by others that tubular
extensions or sorting extensions are drawn out along
actin filaments assembled around the endosome sur-
face (Durrbach et al., 1996b; Murphy et al., 1996). In the
presence of JAS, which stabilizes actin in a polymer-
ized state, the endosomes may be “frozen” in this
configuration.

The effects of JAS were examined on polarized
MDCK cells in monolayers. Endocytic pathways at the
two domains of polarized cells can be structurally and
functionally different and may vary between cell
types. The transferrin receptor is found predomi-
nantly at the basolateral domain of epithelial cells
(Fuller and Simons, 1986) where it is endocytosed via
a clathrin-dependent process. Ricin, a general mem-
brane marker, shows that internalization occurs pri-
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marily through clathrin-coated pits at the apical do-
main of polarized Caco-2 cells (Shurety et al., 1996),
whereas both clathrin-dependent and -independent
pathways have been shown to present at the apical
domain of MDCK cells (Eker et al., 1994). Measure-
ments of the uptake of fluid-phase markers in polar-
ized MDCK cells show that the rates of endocytosis at
the apical and basolateral domains are equivalent,
although the total amount of endocytosis from the
basolateral domain is approximately six times greater,
proportional to its larger surface area (von-Bonsdorff
et al., 1985; Bomsel et al., 1989). Similarly, in the present
study, FITC-dextran and HRP were found to be endo-
cytosed more efficiently from the basolateral surface
than from the apical surface in MDCK cells. Polymer-
ization of actin with the cell-permeant drug JAS has
demonstrated a role for F-actin in the endocytic path-
way from the basolateral cell surface in polarized cells.
Our results provide evidence for a role of actin in
basolateral uptake that are similar to those of a study
on transcytosis of polymeric Ig receptor in MDCK cells
(Maples et al., 1997). In this study, cytochalasin D
inhibited basolateral to apical transcytosis, implying
the need for a dynamic actin cytoskeleton for transport
between early and sorting endocytic compartments
(Maples et al., 1997). In contrast, other studies have
concluded that apical, but not basolateral, endocytosis
involves actin filaments, based on the effects of depo-
lymerizing actin with cytochalasin D (Gottlieb et al.,
1993; Jackman et al., 1994; Shurety et al., 1996). This
and previous studies have used different epithelial cell
types and different endocytic tracers to investigate the
role of actin in endocytosis. It is likely that different
apical and basolateral pathways of internalization are
being measured in different studies. Several other
points may account for the differing results obtained
with cytochalasin D and JAS on polarized endocytosis.
Although JAS and cytochalasin D appear to access
filaments through all levels of polarized cells, they
might preferentially interact with only some pools of
actin and this in turn might depend on the relative
stability or lability of actin at the apical or basal cell
poles. For instance, actin isoforms have a polarized
distribution in gastric parietal cells where B-actin is

Figure 12 (facing page). Double labeling of endocytic compart-
ments. JAS-pretreated cells were incubated with FITC-dextran
added to the basolateral chamber for 15 or 30 min at 37°C and then
stained with primary antibodies followed by Cy3-conjugated anti-
bodies. An antibody against rab5, a marker for early endocytic
compartments, did not colocalize with any of the vesicles labeled
with FITC-dextran after 15 min uptake (a and b). rab7 (c and d) and
M6PR (e and f), markers for late endosomes, showed no colocaliza-
tion with FITC-dextran after 30 min uptake. TRITC-transferrin
showed partial colocalization with labeled compartments in the
basal region of the cells but not in the middle region after uptake for
15 min (g and h). Green, FITC-dextran; red, specific antibody or
TRITC-transferrin; M, middle region; B, basal region. Bar, 10 um.
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found predominantly in the apical region and y-actin
is in the basolateral region (Yao et al., 1995). Regard-
less of the drugs used, thus, these studies serve to
show that actin filaments are involved in endocytosis
at both surfaces of polarized epithelial cells.

The effects of JAS-induced polymerization on endo-
cytosis are comparable to those obtained by some
manipulations of actin-binding proteins. Myosin I ap-
pears to be involved in the distribution of endocytic
compartments and in the delivery of ligands to deg-
radative compartments (Durrbach ef al., 1996a), in ad-
dition to being required for the budding event in
receptor-mediated endocytosis in yeast (Geli and Riez-
man, 1996). The yeast fimbrin homologue, Sac6p, is
required for a-factor endocytosis, suggesting that ac-
tin filament bundling might facilitate this uptake
mechanism (Kubler and Riezman, 1993). The small
GTPases Rac and Rho control assembly of the actin
cytoskeleton (Hall, 1994; Takai et al., 1995) and their
actions influence membrane ruffling, pinocytosis, and
various steps of endocytosis. Activated Racl and
RhoA inhibit receptor-mediated endocytosis and
clathrin-coated vesicle formation (Lamaze et al., 1996).
Activated RhoA, which causes de novo actin polymer-
ization (Norman et al., 1994), stimulates fluid-phase
pinocytosis when microinjected into Xenopus oocytes
(Schmalzing et al., 1995). More recently, the RhoD
protein, which is functionally distinct from other Rho
family members, has been localized to the plasma
membrane and to early endosomes (Murphy et al.,
1996), where it appears to control endosome motility
and distribution and homotypic endosome fusion. The
effects of various Rho proteins on endocytic pathways
and the results of JAS treatment suggest that actin
filaments are directly linked to movements of the cell
membrane and to endocytic vesicles invaginating
from it.

Finally, ultrastructural studies revealed that JAS-
induced polymerization created unusual membrane
bunches that protrude from the apical cell surface.
These bunches were devoid of cytoplasmic organelles,
possibly excluded by patches of polymerized actin,
but contained all of the microvilli and many associated
coated pits. The presence of these bunched mem-
branes may have interfered with endocytosis from the
apical cell surface in JAS-treated MDCK cells, al-
though untreated cells had little apical endocytosis in
any case. Interestingly, the early endosome marker
rab5 gave unusual staining around the periphery of
these caps in JAS-treated cells, which might be related
to the interaction of rab5 with actin filaments as pre-
viously suggested (Murphy et al., 1996). Another un-
usual ball-like structure containing actin has been ob-
served at the apical surface of 3T3 fibroblasts exposed
to a phosphatase inhibitor (Hirano et al., 1992) and this
was attributed to effects on actin-myosin-based con-
tractile process. Tension of the contractile ring, a
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prominent peripheral band of actin filaments found at
the level of the zonulae adherens, is thought to pro-
duce the dome-shaped apical surface of yolk sac epi-
thelial cells (King, 1983). Such processes could be anal-
ogous to the bunching or purse-string effect we find in
JAS-treated cells.

Use of the actin-polymerizing drug JAS on intact
cells has provided novel evidence for a role for F-actin
in fluid-phase uptake. Our data are consistent with an
effect on the initial uptake and later redistribution of
endocytosed markers. In particular, JAS induced the
clustering but not fusion of perinuclear endosomes.
Our data clearly show that F-actin is involved in en-
docytosis from the basolateral domain in polarized
MDCK cells. Alteration of endocytosis in the presence
of JAS indicates that a continuous and dynamic as-
sembly and disassembly of actin filaments is normally
required for homeostatic regulation of trafficking. Fur-
ther studies are now required to elucidate the precise
mechanism by which F-actin regulates endocytic com-
partments.
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