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RECEPTOR-MEDIATED ENDOCYTOSIS plays a critical role in
receptor downregulation, ligand degradation, and signal termination. Recent evidence has also implicated
receptor internalization in signal transduction events
critical for subsequent proliferation (12, 28), although
this issue remains unresolved. Consequently, the
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mechanism(s) and regulation of agonist-promoted receptor internalization are attracting intense interest.
Genetic evidence in yeast has demonstrated a critical requirement for actin cytoskeleton in receptor-mediated endocytosis (1, 16, 23, 29). In contrast, the role
of actin in receptor endocytosis in mammalian cells is
less well defined (15). Experiments with polarized cells
using cytochalasin D showed normal levels of receptormediated endocytosis at the basolateral surface while
apical receptor-mediated uptake was inhibited (18, 22).
Using nonpolarized A431 cells and several agents that
bind monomeric actin to promote actin depolymerization including the cell-permeant macrolide latrunculin
A, Lamaze et al. (26) showed a requirement for cortical
actin cytoskeleton in transferrin receptor sequestration into coated pits. Transferrin receptors are known
to undergo constitutive internalization and recycling
(17). In contrast, the internalization of receptors for
neuropeptides and growth factors is dramatically enhanced by agonist occupancy. Despite its potential importance, the role of cortical actin organization in agonist-dependent receptor internalization has not been
defined.
Bombesin and its mammalian homolog, gastrinreleasing peptide (GRP), bind to a G protein-coupled
receptor (GPCR) (2, 43) that activates mitogenic signal transduction pathways via the heterotrimeric G
proteins Gq and G12 (35, 36) and promotes rapid and
extensive receptor internalization (19, 44). In the
present study, we demonstrate that treatment with
latrunculin A inhibits the rate and extent of ligandinduced internalization via the endogenously expressed bombesin/GRP receptor in Swiss 3T3 cells.
Exposure to latrunculin A also reduced the internalization of endothelin (ET) A receptor, a different
GPCR, and of the tyrosine kinase receptor for epidermal growth factor (EGF). Our results show that
latrunculin A inhibited receptor internalization
much more effectively than cytochalasin D, suggesting that cortical actin organization plays a critical
role in agonist-dependent receptor internalization in
animal cells.
The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked ‘‘advertisement’’ in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
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and John H. Walsh. Requirement of cortical actin organization for bombesin, endothelin, and EGF receptor internalization. Am J Physiol Cell Physiol 279: C2019–C2027,
2000.—The role of actin organization in occupancy-induced
receptor internalization remains poorly defined. Here we
report that treatment of mouse Swiss 3T3 cells with latrunculin A, a potent inhibitor of actin polymerization (including
cortical actin), inhibited the internalization of the endogenous bombesin/gastrin-releasing peptide (GRP) receptor, as
judged by uptake of 125I-labeled GRP or fluorescent Cy3labeled bombesin. In contrast, cells pretreated with cytochalasin D showed minimal inhibition of bombesin/GRP receptor
internalization. Similarly, pretreatment of Swiss 3T3 cells
with the potent Rho-kinase inhibitor HA-1077, at concentrations (10–20 M) that abrogated bombesin-mediated stress
fiber formation, did not significantly alter receptor-mediated
internalization of 125I-GRP. These results indicate that
bombesin/GRP receptor internalization depends on latrunculin A-sensitive cortical actin rather than on rapidly turning
over actin stress fibers that are disrupted by either cytochalasin D or HA-1077. The rates and total levels of internalization of the endogenously expressed endothelin A receptor and
epidermal growth factor receptor were also markedly reduced by latrunculin A in Swiss 3T3 cells. The potency of
latrunculin A for inhibiting G protein-coupled receptor endocytosis was comparable to that for reducing internalization of
the epidermal growth factor tyrosine kinase receptor. We
conclude that cortical actin structures, disrupted by latrunculin A, are necessary for occupancy-induced receptor internalization in animal cells.
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MATERIALS AND METHODS

RESULTS

The binding of bombesin/GRP to its heptahelical
GPCR induces phosphorylation (24, 25) and rapid internalization via clathrin-coated pits (19, 44) of this
receptor. In the present study, we monitored receptormediated bombesin/GRP internalization by using two
different techniques. In the first method, cultures of
Swiss 3T3 cells were transferred to binding medium at
37°C for 1 h and then exposed to 125I-GRP. At various
times of incubation, the cultures were rapidly washed
to remove unbound radioactive ligand and subjected to
acid-salt extraction to selectively dissociate surfacebound ligand. Acid-extractable (equivalent to surfacebound ligand) and acid-resistant (corresponding to
receptor-mediated internalized ligand) radioactivity
were then measured. Figure 1A shows that acid-resistant 125I-GRP accumulated linearly up to 15 min of
incubation into Swiss 3T3 cells.
In the second method, Swiss 3T3 cells, equilibrated
in binding solution for 1 h, were incubated with fluorescent Cy3-labeled bombesin. After 10 min at 37°C,
the cultures were rapidly washed, and fluorescence
accumulated into intact cells was visualized using a
Ziess Axioskope 2 microscope with a ⫻100 water objective lens. Figure 1B shows a representative cell in
which Cy3-bombesin was internalized into vesicles
(most likely endosomes). The results presented in Fig.
1, A and B, confirm that the bombesin/GRP receptor
mediates rapid and extensive ligand internalization
into Swiss 3T3 cells.
Effect of latrunculin A and cytochalasin D on bombesin/GRP receptor internalization. To determine whether
actin organization is required for the internalization of
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Materials. Latrunculin A was obtained from Molecular
Probes, Eugene, OR. Cytochalasin D, rhodamine-phalloidin,
GRP, bombesin, ET, EGF, and FBS were obtained from
Sigma. The Rho-kinase inhibitor 1-(5-isoquinolinesulfonyl)homopiperazine (HA-1077) was obtained from Calbiochem,
San Diego, CA. 125I-labeled GRP (2,000 Ci/mmol) and Cy3
were purchased from Amersham. Labeling of bombesin-peptide solution with Cy3 dye was done as per catalog protocol in
0.1 M sodium carbonate buffer for 30 min at room temperature. Labeled peptide was separated from unlabeled with
HPLC. 125I labeling of peptides was done using the soluble
lactoperoxidase method, and unlabeled peptide was separated using HPLC.
Cell culture. Stock cultures of Swiss 3T3 cells were maintained in DMEM containing 10% FBS penicillin (100 U/ml),
and streptomycin (100 g/ml) in humidified 10% CO2-90% air
at 37°C. For experimental purposes cells were subcultured
into 35-mm Nunc dishes (105 cells/dish) or 100-mm Nunc
dishes (6 ⫻ 105 cells/dish) in DMEM containing 10% fetal
bovine serum (FBS). After 5–7 days, the cultures were confluent and quiescent as shown by autoradiography (⬍1%
labeled nuclei) after 40-h exposure to [3H]thymidine and flow
cytofluorometric analysis (13).
Pretreatment conditions. Swiss 3T3 cells were plated on
Nunc 24-well plates at 5 ⫻ 105 cells/well in DMEM with 10%
FBS. Overnight cultures were washed with DMEM and then
pretreated with latrunculin A (9 M), cytochalasin D (1 M),
sucrose (0.45 M), or HA-1077 (10 or 20 M), all in DMEM.
The cultures were exposed to these agents for the times
indicated in the legends to Figs. 1–7.
Receptor internalization assay. Labeled peptides were
added to cells in triplicates with 1,000-fold excess cold peptide added to one of the wells to determine specific binding.
The cells were then incubated for various times at 37°C. After
specified time points expired, the medium was rapidly removed and the cultures were washed with ice-cold PBS
solution containing 0.1% BSA. Then 1 ml of ice-cold acid
wash (0.2 M acetic acid and 0.5 M NaCl) was added to the
cultures for 5 min. The acid-extractable fraction was collected by aspiration, and the acid-resistant fraction was collected after solubilization of the cell monolayer with lysis
buffer (2% NaHCO3, 1% SDS, and 0.1 M NaOH). Both acid
wash and cell-associated radioactivity were counted in a
gamma counter.
Fluorescent Cy3-bombesin imaging. Cultures of Swiss 3T3
cells were grown to quiescence, as described above. Cy3bombesin was added in DMEM/Waymouth medium MB752/l
supplemented with N, N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) and NaOH to pH 7.4 and 0.1% BSA
(fraction V Sigma) at 37°C for 10 min. Cells were imaged
immediately using a Ziess Axioskope 2 microscope and a
⫻100 water objective. Images were obtained using a Spot
digital camera and associated software (Spot, Image Diagnostics) and further processed using Adobe Photoshop.
Visualization of actin organization. Swiss 3T3 cells were
grown as above, on 35-mm plastic Nunc dishes to quiescence.
After pretreatments, the cells were fixed for 1 h in 4%
paraformaldehyde in PBS pH 7.4. They were washed twice
with PBS then permeabilized using 0.2% Triton X-100 for 10
min. The fixed and permeabilized cells were then exposed to
a blocking solution (DMEM/Waymouth medium MB752/l
supplemented with BES and NaOH to pH of 7.4, 0.1% BSA,
and 2% FBS) for 30 min at room temperature. Rhodaminephalloidin (Sigma), diluted in the blocking solution to 1
g/ml, was added to the cells for 30 min at room temperature.

The stained cells were washed with PBS six times. They were
then either imaged directly, with a Ziess Axiophot microscope using a ⫻100 water objective, or dried and covered with
Vectashield H100 and VWR no. 1 coverslips and imaged with
the same microscope using a ⫻63 oil-immersion objective.
Images were obtained using a Spot camera and associated
software (Spot, Image Diagnostics) and further processed
using Adobe Photoshop.
Intracellular Ca2⫹ concentration measurements. Swiss 3T3
cells (4 ⫻ 105 cells/ml) were grown on poly-L-lysine-coated
glass coverslips (Hitachi) in 35-mm dishes overnight. Cells
were washed twice with buffer A (Hanks’ balanced salt solution supplemented with 4 mM Na2HCO3, 1.3 mM CaCl2, 0.5
mM MgCl2, 0.4 mM MgSO4, and 0.1% BSA) and incubated at
room temperature in 1 ml of buffer A containing 2.5 M fura
2-AM ester. The cells were then washed four times with
buffer A and incubated at 25°C for 30 min in buffer A
containing either latrunculin A, or an equivalent amount of
solvent (control). The coverslips with fura-2-loaded cells were
then placed into a quartz cuvette inserted into a Hitachi
model F-2000 spectrofluorometer. The excitation wavelengths were at 340 and 380 nm, and the emission wavelength was set at 510 nm. Intracellular calcium concentration ([Ca2⫹]i) was calculated using the formula [Ca2⫹]i (in
nM) ⫽ K(F ⫺ Fmin)/(Fmax ⫺ F), where F is the fluorescence at
the unknown [Ca2⫹]i, Fmax was determined by injecting 20–
40 l of 5 mM digitonin into the cuvette, and the Fmin was
measured after injection of 40 l of 0.5 M EDTA, pH 8.0. The
value of K for fura 2 used was 224 nM (20).
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the GPCR for bombesin/GRP, we utilized the agents
cytochalasin D and latrunculin A, which induce actin
cytoskeleton depolymerization through different mechanisms (3). Cytochalasin D binds to the growing end of
actin filaments, leading to disruption of actively turning
over actin stress fibers (11). Latrunculin (40) sequesters
actin monomers and effectively disrupts both actin stress
fibers and cortical actin filaments (40), which are more
resistant to cytochalasin D (8). Visualization of the actin
cytoskeleton with rhodamine-phalloidin staining of fixed
cells after various times of exposure to either 9 M
latrunculin A (0–60 min) or 2 M cytochalasin D (0–120
min) was performed to assess the kinetics and extent of
cytoskeletal disruption. Maximal disruption of actin cytoskeleton in Swiss 3T3 cells by latrunculin A or cytochalasin D occurred after 30 or 120 min of incubation, respectively (data not shown). Consequently, the cells were
pretreated for 1 h with latrunculin A or for 2 h with
cytochalasin D in all subsequent internalization assays
in which the effects of these agents were tested.

To assess the effect of latrunculin A and cytochalasin D on bombesin/GRP receptor internalization,
quiescent cultures of Swiss 3T3 cells were washed
and transferred to media containing these agents or
solvent control. Then the cultures were incubated with
125
I-GRP for 10 min, washed to remove unbound radioactive ligand, and subjected to an acid-salt extraction
procedure to selectively dissociate surface-bound ligand. Acid-extractable (equivalent to surface-bound ligand) and acid-resistant (corresponding to receptormediated internalized ligand) radioactivity were then
measured.
As shown in Fig. 2A, ⬃65% of specific cell-associated
125
I-GRP was internalized (i.e., acid resistant) in control cells after 10 min of incubation. Preincubation
with cytochalasin D caused a small but statistically
significant decrease in the extent of 125I-GRP internalization. In contrast, prior exposure to latrunculin A
caused a marked decrease in the level of 125I-GRP
internalized in Swiss 3T3 cells and produced a concom-
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Fig. 1. Receptor-mediated gastrin-releasing
peptide (GRP) internalization by Swiss 3T3
cells. A: quiescent cultures of Swiss 3T3 cells
were incubated at 37°C for various times with
0.5 ml of DMEM containing 2 nM GRP and
400,000 counts/min (cpm) of 125I-GRP. Cells
were washed in ice-cold PBS, and then surface and internalized 125I-GRP were determined by subjecting the cells to acid wash
(surface) followed by solubilization in lysis
buffer (internal), as described in MATERIALS
AND METHODS. Each time point was evaluated
in sets of three wells, with the third well
containing a 1,000-fold excess of unlabeled
GRP for determination of nonspecific binding.
Squares represent surface-bound 125I-GRP,
and the circles represent internalized 125IGRP. Each value represents the mean ⫾ SE
from duplicate samples from at least 3 separate experiments. B: Swiss 3T3 cells were incubated with Cy3-labeled bombesin for 30
min at 37°C, at which time they were rapidly
washed with PBS at 37°C and visualized using an inverted Ziess microscope and the
⫻100 aqueous objective lens. The fluorescence micrograph shows a typical endosomal
uptake pattern. C: shows same cell as in B
with Nomarski differential-interference contrast optics using the same lens and microscope.
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Fig. 2. Effect of latrunculin A on internalization of bombesin/GRP
receptors. A: quiescent Swiss 3T3 cells were pretreated at 37°C for
1 h with or without 9 M latrunculin A in DMEM or for 2 h in DMEM
containing 2 M cytochalasin D as indicated. Then, 2 nM GRP
containing 400,000 cpm of 125I-GRP was added to each culture well,
and they were incubated for a further 10 min at 37°C. After washing
with ice-cold PBS containing 0.1% BSA, surface (S, open bars) and
internalized 125I-GRP (I, solid bars) were determined by subjecting
the cells to acid-salt extraction (surface) followed by solubilization of
remaining radioactivity in lysis buffer (internal), as described in
MATERIALS AND METHODS. Bars are means ⫾ SE of 8 independent
determinations. B: quiescent Swiss 3T3 cells were pretreated at
37°C, for various times in DMEM alone or in this medium containing
2 M cytochalasin D, 9 M latrunculin A, or 0.45 M sucrose. At
various times after pretreatment initiation, 2 nM GRP containing
400,000 cpm of 125I-GRP was added to these pretreated cells and the
internalized counts were assayed as in A after a 10-min incubation.
The graph shows internalized cpm after pretreatment with binding
DMEM alone (circles), 2 M cytochalasin D (triangles), 9 M latrunculin A (squares), or 0.45 M sucrose (diamonds).

itant increase in the level of surface-bound ligand (P ⬍
0.0005).
The inhibition of receptor-mediated 125I-GRP internalization was a rapid consequence of cell exposure to
latrunculin A. Maximal inhibition of receptor internalization occurred after 30 min of incubation of the cells
with latrunculin A (Fig. 2B). The results shown in Fig.
2B also indicate that treatment with 9 M latrunculin
A was as effective as exposure to medium containing
0.45 M sucrose (a well-known disrupter of clathrin-

Fig. 3. Visualization of Cy3-bombesin uptake into live Swiss 3T3
cells in the absence or presence of latrunculin A. Quiescent Swiss
3T3 cells were pretreated for 1 h in binding buffer alone (A and B), in
binding buffer containing 9 M latrunculin A (C and D), or in binding
buffer containing 2 M cytochalasin D (E and F). Pretreated cells
were then incubated with Cy3-labeled bombesin for 10 min at 37°C,
at which time they were rapidly washed with PBS and visualized
using a Ziess Axioscope 2 microscope and ⫻100 aqueous objective
lens. Light micrographs in B, D, and F show the same fields of cells
as in A, C, and E, respectively, using Nomarski differential-interference contrast optics.
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coated pit formation) in preventing 125I-GRP internalization. These results indicate that latrunculin A prevents internalization of the bombesin/GRP receptor in
Swiss 3T3 cells.
We also examined the effect of exposure to latrunculin A or cytochalasin D on bombesin/GRP receptormediated endocytosis using Cy3-labeled bombesin. As
shown in Fig. 3, treatment of Swiss 3T3 cells with
latrunculin A (9 M, 1 h) greatly diminished the uptake of Cy3-bombesin into intracellular vesicles,
whereas treatment with cytochalasin D (2 M, 120
min) only slightly decreased the uptake of Cy3-bombesin (Fig. 3, A, C, and E). As expected, both agents
induced rounding of Swiss 3T3 cells, consistent with
their ability to completely disrupt actin stress fibers
(Fig. 3, B, D, and F).
Kinetics of 125I-GRP and 125I-bombesin internalization. Next, we determined the time course of 125I-GRP
internalization in Swiss 3T3 cells incubated in the
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absence or in the presence of either cytochalasin D or
latrunculin A. In control cultures, acid-resistant 125IGRP increased rapidly reaching a maximal level 15
min after addition of the labeled peptide. Pretreatment
with cytochalasin D resulted in a small decrease in the
rate of 125I-GRP internalization, but it did not affect
the total amount of peptide internalized. In contrast,
prior exposure to latrunculin A caused a dramatic
decrease in the rate of 125I-GRP internalization and in
the total amount of peptide internalized even after 40
min of incubation (Fig. 4A).
To substantiate the differential effects of latrunculin
and cytochalasin D obtained with 125I-GRP, we also
determined the rate of receptor internalization using

125

I-bombesin, a labeled agonist that binds to the same
GPCR. In agreement with the results obtained with
125
I-GRP, addition of cytochalasin D caused a small
decrease in the rate of 125I-bombesin internalization,
whereas addition of latrunculin A caused striking inhibition of 125I-bombesin internalization.
Bombesin-mediated Ca2⫹ transients in Swiss 3T3
cells are not affected by pretreatment with latrunculin
A. One of the earliest responses induced by bombesin
binding to its receptor is the G␣q-mediated, phospholipase C-␤-catalyzed production of inositol 1,4,5trisphosphate, which triggers release of Ca2⫹ from
internal stores. To examine whether treatment with
latrunculin A interferes with early signaling by the
bombesin/GRP receptor, we measured the transient
increase in [Ca2⫹]i, stimulated by bombesin in Swiss
3T3 cells pretreated in the absence or presence of
latrunculin A. Figure 4C shows a typical tracing of
[Ca2⫹]i from fura 2-loaded Swiss 3T3 cells in response
to 1 nM bombesin stimulation. Treatment with latrunculin A had no apparent effect on the transient increase in [Ca2⫹]i stimulated by bombesin in Swiss 3T3
cells, in agreement with recent results reported by
Patterson et. al. (31). Hence, despite dramatic morphological changes induced by latrunculin A, cells treated
with this agent remained viable because early phospholipid-dependent pathways downstream of the
bombesin/GRP receptor were still intact.
Effect of HA-1077 on GRP internalization. The bombesin/GRP GPCR interacts with members of the G12
family of GPCRs, leading to Rho-dependent formation
of actin stress fibers, assembly of focal adhesion
plaques, and tyrosine phosphorylation of focal adhesion proteins (4, 9, 30, 33, 34, 38, 45). A major downstream effector of Rho leading to cytoskeletal responses
is the serine/threonine protein kinase ROK that is
activated by Rho-GTP (21). Given the above results
suggesting that ligand-dependent internalization of
the bombesin/GRP receptor depends on cortical actin
organization, we examined whether inhibition of ROK
activity could alter bombesin/GRP receptor internalization. As shown in Fig. 5, pretreatment of Swiss 3T3
cells with the ROK inhibitor HA-1077 (32, 37), at
concentrations (10–20 M) that abrogated bombesinmediated stress fiber formation (Fig. 5, A–D), did not
significantly alter the internalization of 125I-GRP (Fig.
5, bottom). The preceding findings support the conclusion that GPCR internalization depends on latrunculin
A-sensitive cortical actin rather than on actively turning over actin stress fibers.
Latrunculin A inhibits GPCR-mediated 125I-ET internalization. The preceding results indicate that disruption of cortical actin organization by latrunculin A
inhibits ligand-induced internalization of the bombesin/GRP receptor in Swiss 3T3 cells. We examined
whether the cortical actin cytoskeleton is also required
for the internalization of the ET receptor subtype A, a
different GPCR that, like the bombesin/GRP receptor,
is endogenously expressed by Swiss 3T3 cells (14). As
shown in Fig. 6A, acid-resistant 125I-ET increased in a
time-dependent manner in control cells. Treatment
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Fig. 4. Effect of latrunculin A and cytochalasin D on the kinetics of
125
I-GRP and 125I-bombesin internalization in Swiss 3T3 cells. Quiescent Swiss 3T3 cells were pretreated at 37°C for 1 h in binding
buffer (circles) 1 h in binding buffer containing 9 M latrunculin A
(squares), or 2 h in binding buffer containing 2 M cytochalasin D
(triangles). After these pretreatments, 2 nM GRP (A) or 1 nM
bombesin (B), each containing ⬃400,000 cpm of the corresponding
125
I-labeled peptide, was added, and the cells were incubated at 37°C
for various times, as indicated. Internalized radioactivity was determined at various times by selective removal of surface label by
acid-salt extraction followed by solubilization with lysis buffer. Each
point represents the mean of duplicate determinations. C: latrunculin A (Lat A) does not affect Ca2⫹ mobilization in response to
bombesin. Swiss 3T3 cells, previously plated on coverslips, were
loaded with fura-2 and then incubated for 30 min with either buffer
alone or with buffer containing 9 M latrunculin A. The effect of 1
nM bombesin on intracellular Ca2⫹ concentration ([Ca2⫹]i) was determined as described in MATERIALS AND METHODS. The addition of
bombesin is indicated by the arrowheads.
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The results shown in the insets of Fig. 6, A and B,
indicate that treatment with 9 M latrunculin A was
as effective as exposure to medium containing 0.45 M
sucrose (a well-known disrupter of clathrin-coated pit
formation) in preventing either 125I-ET or 125I-EGF

with latrunculin A markedly reduced the rate and the
total amount of 125I-ET internalization. These results
indicate that the requirement for latrunculin A-sensitive cortical actin cytoskeleton is not restricted to the
internalization of the bombesin/GRP receptor.
Latrunculin A inhibits EGF receptor-mediated 125IEGF internalization. Activation of the EGF receptor
(EGFR) by EGF is known to induce rapid clathrindependent internalization of ligand-receptor complexes and the subsequent degradation of both the
growth factor and the receptor in lysosomes (6, 27, 39,
42). Internalization-defective EGFR mutants are more
efficient in transducing mitogenic and transforming
signals (10, 41). Despite its potential importance, the
influence of cortical actin organization on EGFR internalization has not been defined. As shown in Fig. 6 B,
the rapid increase in acid-resistant 125I-EGF in Swiss
3T3 cells was markedly reduced by prior exposure to
latrunculin A.

Fig. 6. Treatment with latrunculin A prevents receptor-mediated
internalization of 125I-endothelin (125I-ET) and 125I-labeled epidermal growth factor (125I-EGF). A: quiescent Swiss 3T3 cells were
pretreated for 1 h in binding buffer in the absence (circles) or in the
presence of 9 M latrunculin A (squares). 125I-ET was then added for
various times at 37°C. After washing rapidly with cold PBS containing 0.1% BSA, internalized radioactivity was determined after acidsalt extraction, as described in MATERIALS AND METHODS. B: quiescent
Swiss 3T3 cells were pretreated for 1 h in binding buffer in the
absence (circles) or in the presence of 9 M latrunculin A (squares).
125
I-labeled EGF was then added for various times at 37°C. After
washing rapidly with cold PBS containing 0.1% BSA, internalized
radioactivity was determined after acid-salt extraction, as described
in MATERIALS AND METHODS. Inset of A: quiescent Swiss 3T3 cells were
pretreated for 1 h in binding buffer (⫺, solid bar), in binding buffer
with 9 M latrunculin A (Lat, gray bar), in binding buffer with 0.45
M sucrose (Suc, open bar), or for 2 h in binding buffer with 2 M
cytochalasin D (Cyt, hatched bar). 125I-ET was then added for 10 min
at 37°C. After washing rapidly with cold PBS containing 0.1% BSA,
internalized radioactivity was determined after acid-salt extraction,
as described in MATERIALS AND METHODS. Inset for B: quiescent Swiss
3T3 cells were pretreated for 1 h in binding buffer (⫺, solid bar), in
binding buffer with 9 M latrunculin A (Lat, gray bar), in binding
buffer with 0.45 M sucrose (Suc, open bar), or for 2 h in binding
buffer with 2 M cytochalasin D (Cyt, hatched bar). 125I-labeled EGF
was then added for 20 min at 37°C. After washing rapidly with cold
PBS containing 0.1% BSA, internalized radioactivity was determined after acid-salt extraction, as described in MATERIALS AND
METHODS. Values are means ⫾ SE of 3 independent experiments.
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Fig. 5. The Rho-kinase inhibitor HA-1077 prevents bombesin-stimulated actin remodeling but does not affect GRP receptor internalization. Top: quiescent Swiss 3T3 cells were pretreated for 30 min at
37°C with binding buffer (A and B) or binding buffer containing 20
M HA-1077 (C and D). Bombesin, 1 nM, was added to some of the
cultures (B and D). After 15 min of incubation, the cells were washed,
fixed, and stained with rhodamine-phalloidin. Bottom: effect of prior
exposure for 30 min to HA-1077 at either 10 M or 20 M on surface
and internalized 125I-GRP. Swiss 3T3 cells treated with or without
HA-1077 were incubated with labeled peptide for 10 min at 37°C.
Values are means ⫾ SE from triplicate samples from at least 2
separate experiments.
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internalization. Treatment with cytochalasin D demonstrated intermediate efficacy in preventing either
125
I-ET or 125I-EGF internalization. These findings indicate that cortical actin organization is required for
the internalization of both GPCR and tyrosine kinase
receptors.
Effect of increasing concentrations of latrunculin A
on the internalization of GPCRs and EGFR. We compared the potency of latrunculin A for inhibiting the
internalization of the GPCRs for bombesin/GRP and
ET with that of the tyrosine kinase receptor for EGF,
all of which are endogenously expressed in Swiss 3T3
cells. Cultures of these cells were exposed to increasing
concentrations of latrunculin A for 1 h and then incubated with 125I-GRP, 125I-ET, or 125I-EGF for 10 min,
and acid-resistant radioactivity was measured in each
case to determine receptor-mediated ligand internalization. As illustrated by Fig. 7, latrunculin A inhibited
receptor-mediated internalization of these ligands in a
very similar dose-dependent fashion. These results imply that the internalization of all three receptors requires an intact actin cortical cytoskeleton.
DISCUSSION

Recent evidence indicates the existence of an intricate interplay between the multistep process of receptor internalization and the organization of the cortical
actin cytoskeleton. Genetic evidence in yeast has demonstrated an important role for the actin cytoskeleton
in receptor-mediated endocytosis (1, 16, 23, 29), and
agents that bind to monomeric actin leading to the
disruption of the cortical actin cytoskeleton have been
shown to inhibit transferrin receptor internalization in

mammalian cells (26). Transferrin receptors are
known to undergo constitutive internalization and recycling (17), whereas the receptors for neuropeptides
and growth factors require agonist binding for internalization. The role of cortical actin organization in
agonist-dependent receptor internalization has not
been investigated. These considerations assume an
added interest in view of the putative role of GPCR
internalization in signal transduction (12, 28).
The experiments presented here were designed to
clarify the requirement of actin cytoskeleton organization and the role of Rho-dependent actin remodeling in
the endocytosis of endogenously expressed GPCRs in
Swiss 3T3 cells. In this study we examined the effect of
cytochalasin D and latrunculin A on the endocytosis of
the bombesin/GRP receptor, a receptor known to internalize through clathrin-coated pits. Cytochalasin D
caps the growing end of actin filaments and thus disrupts actively turning over actin stress fibers but appears to have much less effect on cortical actin (11). In
contrast, latrunculin A binds to G-actin, forming a
nonpolymerizable 1:1 molar complex (40), and thus it
disrupts both stress fibers and cortical actin, which are
more resistant to cytochalasin D (8)
Our results show that exposure of Swiss 3T3 cells to
latrunculin A profoundly inhibits the internalization of
the bombesin/GRP receptor. In contrast, treatment
with cytochalasin D reduced only slightly the rate of
receptor-mediated endocytosis, and it did not affect the
total level of internalized ligand. The differential effects of latrunculin A and cytochalasin D imply that
bombesin/GRP receptor internalization is not affected
by disruption of rapidly turning over actin stress fibers.
In support of this conclusion, we demonstrate that
inhibition with HA-1077 of ROK, a downstream effector of Rho that plays a key role in GPCR-induced actin
stress fiber formation, did not affect bombesin/GRP
receptor internalization. These findings support the
conclusion that receptor-mediated internalization of
bombesin/GRP depends on latrunculin A-sensitive cortical actin rather than on actively turning over actin
stress fibers.
The inhibitory effect of latrunculin A on receptor
internalization is not confined to the bombesin/GRP
receptor, since we found that the rate and total amount
of 125I-ET internalization via the endogenously expressed ETA receptor are also markedly reduced by
latrunculin A in Swiss 3T3 cells. Furthermore, latrunculin A-mediated disruption of cortical actin organization also inhibited internalization of the tyrosine kinase EGFR, which also proceeds through clathrincoated pits. The potency of latrunculin A for inhibiting
GPCR-mediated receptor endocytosis was similar to
that found for inhibition of EGFR internalization. Thus
our results demonstrate that agonist-dependent internalization of either GPCRs or EGF tyrosine kinase
receptor requires an intact cortical actin cytoskeleton.
It is plausible that the latrunculin A-sensitive cortical
actin is necessary for maintaining the spatial organization of proteins required for receptor-mediated endocytosis. Recently, the cortical cytoskeleton has also
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Fig. 7. Latrunculin A pretreatment inhibits receptor-mediated internalization of bombesin, GRP, ET, and EGF in a dose-dependent
manner. The internalization of 125I-labeled bombesin (circles), GRP
(squares), ET (triangles), and EGF (diamonds) was assessed in
quiescent Swiss 3T3 cells pretreated for 1 h with increasing concentrations of latrunculin A. Internalized radioactivity was determined
after acid-salt extraction for 5 min, as described in MATERIALS AND
METHODS. The graph shows a plot of internalized labeled peptide as a
function of latrunculin A concentration (expressed as a percentage of
the radioactivity internalized by cells not exposed to latrunculin A).
All assays of internalized peptide were performed after 10 min of
incubation with labeled peptide. Each point represents the mean of
duplicate determinations.
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receptor endocytosis in signal transduction events critical for subsequent proliferation (12, 28). Previous results demonstrated that cytochalasin D is a potent
inhibitor of tyrosine phosphorylation cascades stimulated by bombesin in Swiss 3T3 cells (7, 38, 46), indicating that these events depend on the formation of
actin stress fibers. The differential effect of latrunculin
and cytochalasin D on GPCR-mediated endocytosis uncovered by the results presented here offers a novel
approach to dissect the role of cortical actin and receptor internalization in GPCR signal transduction.
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