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Effects of Chloroquine and Cytochalasin B on the Infection of
Cells by Sindbis Virus and Vesicular Stomatitis Virus
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The effects of cytochalasin B and chloroquine on the process of endocytosis of
Sindbis virus particles and polystyrene spheres were determined by electron
microscopy. The effects of these agents on the process of infection (attachment,
penetration, and uncoating) of BHK-21 cells by Sindbis virus and vesicular
stomatitis virus were also determined. Cytochalasin B completely blocked inges-
tion of Sindbis virus particles or latex spheres by BHK cells but had no effect on
the ability of Sindbis virus or vesicular stomatitis virus to infect or replicate in
BHK cells. Chloroquine did not inhibit the ingestion of either latex spheres or
virus particles but greatly reduced the yields of virus produced. These data
suggest that endocytosis is not essential for the infection of cultured cells by
Sindbis virus or vesicular stomatitis virus.

The events related to the penetration of cells
by viruses represent some of the more contro-
versial and experimentally difficult aspects of
contemporary virology. The literature contains
a wealth of scientific reports on investigations of
this process (1, 3-5, 9, 10, 16, 19). These studies
have generated two basic concepts of how this
process may occur. One concept envisions vi-
ruses entering cells by a process morphologically
similar to endocytosis (4, 10). After attachment
to the cell surface, virions are ingested into
coated pits and are internalized in membrane-
limited vesicles. Virions may either escape from
the vesicles early after. their formation or the
virus-containing phagosome may fuse with ly-
sozomal membranes. In the latter case it has
been proposed that the low pH of the lysosome
induces the rapid fusion ofmembrane containing
viruses and the lysosomal membranes with the
subsequent release of virus core into the cell
cytoplasm (10).
A second model suggests that viruses may

enter cells by direct penetration of the plasma
membrane (4). This hypothesis holds that mem-
brane containing viruses fuse with the cell sur-
face through the interaction of the virus enve-
lope and the cell plasma membrane (1, 9). Data
have been published suggesting that nonenve-
loped viruses follow a similar pathway through
the cell plasma membrane (3, 5). The mecha-
nism by which this may occur is obscure.
Experiments reported to support either of

these models fall prey to a common criticism: for
a given population of animal viruses, it is not
possible to experimentally demonstrate a one-
to-one correspondence between the number of
physical particles and the number of PFU. In

the best of circumstances, less than 20% of the
virus population can be demonstrated to be in-
fectious; in most instances, this percentage is
much lower. Thus, in any morphological or bio-
chemical assay ofvirus penetration, the majority
of data are derived from virions which may not
be capable of successfully infecting cells. It has
also been suggested that cells may be capable of
uncoating only a limited number of infecting
viruses (19). It is not known whether cells dis-
criminate between infectious and noninfectious
particles at the point of uncoating, with infec-
tious agents following one pathway and nonin-
fectious agents another.
We have attempted to evaluate the role en-

docytosis may play in the infection of cells by
enveloped viruses by inhibiting this process
through treatment of cells with cytochalasin B,
an inhibitor of microfilament formation and
phagocytosis (15, 23). We have compared the
effects of this agent with the effects of chloro-
quine which has been demonstrated to block
receptor-mediated endocytosis and the replica-
tion of membrane containing viruses without
affecting phagocytosis (3).

MATERLALS AND METHODS
Cells, virus, and media. BHK-21 cells were grown

as monolayers in Eagle minimal essential medium (6)
supplemented with 10% fetal calf serum (GIBCO,
Grand Island, N.Y.), 10% tryptose phosphate broth,
and 1 mM glutamine as described previously (18).
Aedes albopictus cells were cultured as described pre-
viously (18). The heat-resistant strain of Sindbis virus
and its propagation and titration have been described
(18).
Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis. 35S-labeled polypeptides were re-
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solved in 11% polyacrylamide slab gels (14 by 12 by
0.15 cm) (12). Samples were prepared for electropho-
resis by boiling for 5min in a sample buffer containing
1% sodium dodecyl sulfate and 1.5% dithiothreitol in
0.24 M Tris (pH 6.8) and then subjected to electro-
phoresis for 3.5 h at a constant power of 4.0 W per gel
slab. The slabs were fixed in 20% trichloroacetic acid
and impregnated with diphenyloxazole by the method
of Bonner and Laskey (2). The gels were dried and
then subjected to autoradiography (X-Omat RP X-ray
film; Eastman Kodak, Rochester, N.Y.).

Electron microscopy. Subconfluent BHK-21 cell
monolayers, to which either latex beads or virus par-
ticles had been added, were fixed for 12 h at 4°C in
2.5% gluteraldehyde with 0.05 M sodium cacodylate
buffer (pH 7.2). A 15-min fix in 2% osmium tetroxide
followed, after which monolayers were scraped from
the plastic substrate and pelleted in 2% agarose. Spec-
imens were stained for 12 h at 4°C en bloc in 0.5%
aqueous uranyl acetate. After an ethanol dehydration
series, specimens were imbedded in Araldite 502 (13).
Thin sections were made by using a Sorvall MT-2
Ultramicrotome; sections were mounted on Parlodion-
coated grids, and poststained in 0.5% aqueous uranyl
acetate and lead citrate (20). Specimens were exam-
ined and photographed with an Hitachi HS-8 electron
microscope operated at an accelerating voltage of 50
kV.

RESULTS

Electron microscopy of endocytosis of la-
tex spheres and viruses by cells treated
with cytochalasin B or chloroquine. BHK-
21 cells (80% confluent) were treated with either
0.1 mM chloroquine (10, 16) or 10 ,Lg of cyto-
chalasin B per ml for a period of 30 min before
infection with Sindbis virus or treatment with
polystyrene beads (average diameter, 0.7 um;
Sigma Chemical Co., St. Louis, Mo.). A concen-
tration of 10 jig of cytochalasin B per ml is higher
than generally employed in experiments exam-
ining the effects of this agent on cell motility
(15). This concentration has been demonstrated
in this laboratory (data not shown) and in the
laboratories of others (11, 23) as adequate for
enucleation of cultured cells. In all experiments,
the pH of the medium was carefully maintained
in the range of 7.2 to 7.6.

Cells were infected with Sindbis virus at a
multiplicity of 5,000 PFU per cell in the presence
of drug for a period of 30 and 60 min at room
temperature. Identical cultures of cells were
treated with a concentrated solution of beads in
the presence of drug to produce a ratio of beads
to cells of 5,000 to 1. Control experiments were
conducted in both cases without drug. Figure 1
shows representative electron micrographs of
chloroquine- and cytochalasin B-treated cells
exposed to either Sindbis virus or beads. Only
the 60-min samples are shown. The images pre-
sented by the 30-min samples were qualitatively
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identical. Both partially ingested and completely
internalized virus or beads could be readily de-
tected in chloroquine-treated cells (Fig. 1). Ba-
sically, these results were identical to those ob-
tained with cells not treated with drug but
treated with beads (data not shown), although
ingested virus particles were more apparent in
chloroquine-treated cells than in control cells.

Internalization of either beads or virus was
completely inhibited when cells were treated
with cytochalasin B (Fig. 1). The association of
beads with cells was greatly reduced, perhaps
due to the lack of ingestion and accumulation of
the beads. Sindbis virus was not found in coated
pits or internal vesicles in the presence of cyto-
chalasin B (Fig. 1B), although the virions could
be seen atttached to the cell surface (Fig. 1B).
The distribution of virus on the surface of the
cell appeared more organized than did the sur-
face distribution of virus in chloroquine-treated
cells (Fig. 1A) or cells not treated with drug (not
shown). Virions were frequently found clustered
together in patches on the cell surface (Fig. 1B).
These observations demonstrate that cyto-

chalasin B blocks the internalization by endo-
cytosis of particulate material such as virus or
polystyrene spheres. Internalization was either
enhanced or took place normally in the presence
of chloroquine.
Infection of cells and virus production in

the presence of cytochalasin B or chloro-
quine. The effects of chloroquine or cytochal-
asin B on the replication of vesicular stomatitis
virus or Sindbis virus in BHK-21 cells and Sind-
bis virus in A. albopictus (mosquito) cells were
examined under conditions of infection and drug
treatment similar to those employed in the elec-
tron microscopy study described above. Identi-
cal monolayers of BHK-21 cells were treated
with either chloroquine (0.1 M), cytochalasin B
(10 ,ug/ml), or neither (control). Monolayers
were then infected with either vesicular stoma-
titis virus or Sindbis virus at a multiplicity of 50
PFU per cell for a period of 1 h in the presence
(experiment) or absence (control) of drugs at the
concentrations given above. Drug-treated cul-
tures were maintained in the drug throughout a
subsequent 12-h incubation period. At the end
of this period, the medium was titrated by
plaque assay to determine the amount of virus
released. A similar experiment was conducted
with cultured A. albopictus cells and Sindbis
virus to determine the generality of any effects
seen with BHK-21 cells. The results of these
experiments are presented in Table 1.
These data show convincingly that chloro-

quine reduces the yields of either vesicular sto-
matitis virus or Sindbis virus from BHK-21 cells
when the drug is present throughout the infec-



FIG. 1. Electron micrographs of cultured BHK-21 cells treated with Sindbis virus particles (A and B) or
polystyrene beads (C and D) in the presence of chloroquine (A and C) or cytochalasin B (B and D). Cells
treated with chloroquine have partially ingested and completely ingested virus particles or beads (arrows);
internalized virus particles are not found in cytochalasin B-treated cells (B). Polystyrene beads were not
found internalized in cytochalasin B-treated cells. Magnification: A and B, x39,600 (x90,000 for the inserts);
C, x13,000; and D, x15,500.
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TABLE 1. Effect of chloroquine on the replication of
vesicular stomatitis virus and Sindbis virus in

cultured BHK-21 and A. albopictus cellsa
Yield of virusb

Expt No drug Chloro- Cytochal-

(control) quine asin B

Sindbis virus in 1.5 x 108 2.5 x 106 2.0 x 108
BHK-21 c

Vesicular 1.2x 109 4.9 x 106 2.8 x 108
stomatitis virus
in BHK-21 c

Sindbis virus in 7.0 x 108 7.1 x 108 5.0 x 108
A. albopictusd
a See text for protocol.
b Values represent an average of three experiments.
c Incubation at 37°C for 12 h in Eagle medium.
d Incubation at 28°C for 36 h in M+M medium (18).

tious cycle. This observation agrees well with
other data derived from experiments in which
vesicular stomatitis virus- or Sindbis virus-in-
fected cells were treated with chloroquine.
Chloroquine had no effect on Sindbis virus pro-
duction in cultured mosquito cells. Cytochalasin
B did not affect the production of vesicular
stomatitis virus or Sindbis virus, in either BHK
or mosquito cells.
Protein synthesis in Sindbis virus-in-

fected chloroquine-treated cells. Identical
monolayers of BHK-21 cells were treated with
either actinomycin D (4 jig/ml) or actinomycin
D (4 fig/ml) plus chloroquine (0.1 mM) for a
period of 60 min before infection with Sindbis
virus (50 PFU per cell). The drug was main-
tained in the medium throughout the period of
infection and subsequent incubation at 37°C. At
5 h postinfection, the cells were labeled with
[35S]methionine (20 ,uCi/ml) in methionine-free
medium for a period of 2 h. At the end of the
labeling period, the monolayers were dissolved
in sample buffer, and the cell-associated proteins
were analyzed by polyacrylamide gel electropho-
resis as described above. The distribution of the
label in the gels is shown in Fig. 2. Actinomycin
D treatment alone produced the expected profile
of virus proteins B (100,000 daltons), PE2, E1, E2,
and C (Fig. 2, track 1). Chloroquine plus acti-
nomycin D-treated cells also contained the B
protein PE2, E1, and C (Fig. 2, track 2): however,
E2 protein could not be detected. The combina-
tion of chloroquine and actinomycin D resulted
in the sustained synthesis of host proteins (Fig.
2, tracks 2 and 3) normally terminated by the
combination of actinomycin D and Sindbis virus
infection (Fig. 2, track 1). This result probably
reflects the fact that in the presence of chloro-
quine only a small percentage of the cells are
successfully infected (10) and that many cells
continue production of host proteins in the ab-
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FIG. 2. Sodium dodecyl sulfate-polyacrylamide
gels of proteins associated with cells infected with
Sindbis virus in the absence andpresence ofthe drug
chloroquine. Track 1, cells pretreated with actino-
mycin D and infected with Sindbis virus; track 2,
cells pretreated with actinomycin Dplus chloroquine
and infected with Sindbis virus; and track 3, unin-
fected actinomycin D-treated cells. All cells werepre-
pared as described in the text. The positions of the
proteins PE2, E1, E2, and C were determined by a
marker virus preparation. The unlabeled arrows
(track 3) indicate the positions of prominent host
proteins seen also in track 2.

sence of virus-mediated host cell shutoff (Fig. 2,
track 3). The absence of E2 protein in chloro-
quine-treated Sindbis virus-infected cells sug-
gests that chloroquine treatment may inhibit
Sindbis virus in the cells that become infected
in the presence of chloroquine by blocking some
late step in maturation (22).
The effect of chloroquine upon Sindbis virus

maturation in BHK-21 cells, was found to be
dependent upon the age of the cells used. In cells
that were actively growing (70 to 80% confluent),
addition of chloroquine at any time, before or
after virus infection, inhibited virus production.
In older cells (1 to 2 days after cells become
confluent), the addition of chloroquine later
than 30 min postinfection has no significant ef-
fect on virus production (data not shown).

DISCUSSION
We have confirmed the previously published

observation that chloroquine treatment of cul-
tured cells can inhibit replication of vesicular
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stomatitis virus or Sindbis virus. We have also
found that endocytosis of Sindbis virus by cells
can take place in the presence of chloroquine.
We have demonstrated that the endocytosis of
particulate material such as virus or latex
spheres can be blocked effectively by treatment
of cells with cytochalasin B, an inhibitor of actin
microfilament formation (15, 23). The ability of
this agent to block phagocytotic activity of cells
at concentrations lower than those employed in
this study has been described by others (23).
Although cytochalasin B completely blocked the
intemalization of virus by phagocytosis, it did
not affect the ability of the cells to be success-
fully infected by either vesicular stomatitis virus
or Sindbis virus.
Recent evidence suggests that chloroquine is

an inhibitor of receptor-mediated endocytosis
(7) but not of phagocytosis. The observation
that endocytosis of alphavirus particles is not
affected by chloroquine suggests that this inter-
nalization may be mediated by phagocytes
rather than by receptors. As of now, no specific
receptor for alphaviruses has been identified
(17), a circumstance which may be in keeping
with the extensive host range of alphaviruses.
That the endocytosis of alphaviruses seen in the
electron microscope is the result of phagocytosis
is further demonstrated by the observation that
this process is blocked by cytochalasin B. These
data suggest that alphaviruses enter cells by
some mechanism which is not dependent upon
ingestion of the particles by the cells and that in
high multiplicity infection, such as that em-
ployed in electron microscope studies, this route
of successful infection is taken by a nondetecta-
ble minority of virions. It is possible that this
route of entry is via the direct fusion of the
virion membrane with the surface of the host
cell. Chloroquine may block this fusion by alter-
ing characteristics of the cell plasma membrane.
Chloroquine was found to have no effect on
Sindbis virus infection of mosquito cells, an ob-
servation which may result from the differences
in the lipid composition of the invertebrate
membrane relative to BHK-21 cells (14). The
lack of effect on virus maturation in mosquito
cells could likewise result from differences in the
composition of cellular membranes as well as
from differences in the basic process of virus
maturation (8).
Although these data alone cannot resolve the

basic controversy regarding the pathway by
which viruses infect cells, it is clear that repli-
cation of vesicular stomatitis virus and Sindbis
virus was not affected under conditions which
prevented cellular functions related to endocy-
tosis. This observation is compatible with the
model for direct interaction of enveloped virus

J. VIROL.

with the cell plasma membrane, as suggested by
Heine and Schnaitman (9). Our data are incom-
patible with the concept that intemalization of
virus by phagocytosis, followed by an interaction
of lysosomal structures with the resulting phag-
osomes, is essential for the infection of cells.
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