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The cytochalasins, congeneric fungal me- 
tabolites, are known to inhibit cell motility 
and cytokinesis (1-3), and to depress both 
cell permeability to some smaller molecules 
(4, 5) ,  and some kinds of endocytosis (6- 
9).  On the other hand, exocytosis of the ly- 
sosomal enzymes of leukocytes is augmented 
(10, 11) and cytoplasmic contracture is in- 
duced by these compounds (12).  Although 
the common basis of these effects on cells is 
not agreed on, cytochalasin appears to act, 
directly or indirectly, on the cell surface (4, 
7 ) ,  and on microfilaments in the cortical 
cytoplasm which are presumed to have a con- 
tractile function (3, 13, 14). In  this com- 
munication, we report the results of experi- 
ments which show that treatment of cells 
with cytochalasin D increases both their sus- 
ceptibility to limiting doses of poliovirus and 
the productivity of the infection. The poten- 
tiation of infection would not appear to be 
an obvious result of cytochalasin-induced in- 
terference with microfilament function or im- 
pairment of endocytosis. 

Methods. Cytochalasin D (CD) , a less fa- 
miliar but biologically more active congener 
of the more frequently used cytochalasin B 
(1, 15), was applied in this study in conjunc- 
tion with the Sabin strain of type I polio- 
virus to three cell types: Vero, an established 
line of African green monkey kidney cells 
(16, 11) ; HeLa, both maintained and in- 
fected in monolayer culture; and WIL2 ( ls) ,  
a diploid human lymphoblastic line grown in 
suspension culture. A high titer stock of type 
I poliovirus, purified by sucrose gradient 
centrifugation, was kindly made available by 
D. F. Summers. The extent of poliovirus in- 
fection was scored by direct plaque count or 

by infectious center assay according to stan- 
dard procedures. Cytochalasin D, obtained 
from filtrates of a strain of Zygosporium ma- 
sonii and purified by preparative dry column 
chromatography, was dissolved (at  1 mg/ml) 
in dimethyl sulfoxide (DMSO) . Stock solu- 
tions of 100 pg/ml CD in 10% DMSO were 
kept a t  -20". Just before use the drug was 
further diluted to the concentrations used in 
these experiments (0.2 5-4.0 pg/ml) in 
Eagle's medium supplemented with 10% fe- 
tal calf serum and 7 5  units of penicillin- 
s trep tomycin/ml. Comparable concentrations 
of DMSO (0.025-0.4%) were used in treat- 
ment of control cultures. 

Results and Discussion. When Vero or 
HeLa cells, which are permissive hosts for 
poliovirus, were infected at  low infectious vi- 
rus-to-cell ratios in the presence of CD, a 
two- to threefold enhancement in the num- 
ber of infected cells was found as compared 
with drug-free cultures. The extent of this 
enhancement was a function of concentration 
of CD. Figure 1 indicates that for Vero cells 
after infection with approximately one infec- 
tious viral particle for every ten thousand 
cells, the ratio of plaques formed in drug- 
treated as compared with drug-free or D M  
SO-treated cultures rose sharply until a con- 
centration of 1 pg/ml CD was reached, and 
less sharply thereafter; maximal enhance- 
ment was found at  4 pg/ml, the highest dose 
of CD used. Although CD concentrations of 
more than 1 pg/ml were somewhat toxic to 
these cells if applied for several hours, Vero 
cells treated with 1 pg/m1 for 1-2 hr re- 
mained viable, and the morphological effects 
of drug treatment (chiefly contraction of the 
peripheral cytoplasm) were readily and to- 
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FIG. 1. Effeat of CD ton infectivity of poliovirus 
in Vero cells. Monolayers (2 x ld/mm dish) were 
passaged 18-24 hr before bdng treated with CD or 
DMSO-supplemented medium. The cultures were 
treated for 30 min at  37" with medilum containing 
CD or DMSO and were then exposed t o  8 X loy5 
plaque-foming units (PFU) [per cdl of poliovirus 
in CD- or DMSO-medium for 1 hr  at  37". The me- 
dium during infection was Eagle's Minimal Essm- 
tial Medium (MEM) supplemenited with 25 mM 
Mg CL (1'9) and 2% fetal calf serum and with 20 
mM HEPES (20) replaf&g bicarblonaite. kfter rins- 
ing, the cultures were treated with rabbit type- 
specific serum (kindly supplied by B. Miandel) and 
overhyed wilth bicarbloaate-buff sred MEM and 
agar. The number of plaques formed was counted at 
48 hr. The data are expressed as percent of the 
plaque numfber $ o u d  in aontrol cultures without 
added OD or DMSO. Thle CD-cuflitures also con- 
tained DMSO at the concentrations indicated. 

tally reversed within 2-3 hr after refeeding 
with drug-free medium. HeLa cells were rath- 
er more susceptible to the toxic effects of CD 
at  1 g / m l  or higher, however, HeLa cultures 
treated with 0.5 pg/ml CD and infected with 
low input mudtiplioities of poliovirus had 
twice as many productively infected cells as 
were found in comparable drug-free, virus- 
infected cultures. 

The WIL2 lymphoblastic line is a semiper- 
missive host for poliovirus; when these cells 
were infected in control medium at  an infec- 
tious virus-to-cell ratio of 1, less than one in 
a thousand cells was detectable as an infec- 

tious center on a Vero monolayer. After pre- 
treatment with 0.5 ,ug/ml CD and infection 
in the presence of the same concentration of 
the drug, more than three times as many 
WIL2 cells became detectable as infectious 
centers (Table I) .  Although this dose of CD 
was not toxic to WIL2 cells, higher concen- 
trations of CD were lethal to a part of the 
population and this is apparently the reason 
for the reduction in enhancement of poliovi- 
ral infection that was found after infection in 
the presence of 1 pg/ml of CD. 

Treatment with cytochalasin D , therefore, 
facilitates infection by poliovirus as reflected 
in the increased number of cells that can be 
productively infected using either permissive 
or inefficiently infected cell populations. 

Infection of Vero cultures with poliovirus 
in the presence of CD brought about an in- 
creased yield of infectious virus particles per 
culture, but only after inoculation with low 
multiplicities of virus. Table I1 shows that on 
infection with less than one plaque-forming 
unit per cell, CD-treated Vero cultures pro- 
duced two to four times as much virus as 
was found in the corresponding drug-free in- 
fected cultures. However at  infectious virus- 
to-cell ratios sufficient to insure the infection 
of every cell (e.g., at  8 PFU/cell) there was 
little or no augmentation in the yield of vi- 
rus per culture. It is notable, however, even 
at  high multiplicities of infection, that Vero 
cultures pretreated and infected in CD-medi- 

TABLE I. Effect of CD on Infection of WIL, 
Cells with Poliovirus." 

Ratio 

Treatment cells control ratio 
infected : uninfacted Percent of 

~~ 

0.5 pg/ml CDb 1.9 x 10-3 316% 
1 p g m  0 1.0 x 10" 166 % 
0.075% DMSO 6 X l o 4  100% 

"Aliquots of 2 x lo7  WIL, cells in  suspension 
culture were treated with 1 0  ml of CD- or DMSQ- 
medium at 37". Thereafter 0.1 ml of a polioviral 
concentrate was added per Bample at an input mul- 
tiplicity of 1.2 P F U  per cell. After 3 hr  at 379 
the cells were rinsed and treateld with rabbit type- 
specific serum bof ore performing infectious center 
asslays o n  Vsro cell monolayers. 

0.5 pg/ml= 10-O M CD, 
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TABLE II. Yield of Infective Virus from Vcro Cells Expased to CD and Different Doses 09 
Poliovirus." 

Virus produced 
Supernatant ( PFU/culture) 

Viral inoculum after adsorption Multiplicity 
(PFU) (PFU) of inf ectionb DMSO CD 

8.0 x 105 4.0 x lo6 0.2 3.2 x 107 7.8 x 107 
3.6 X lo6  2.5 X lo8 0.6 8.2 x 107 3.0 X 108 
6.8 X lo8 4.5 x 108 1.2 1.1 x 103 1.5 X lo8 
2.2 x 107 1.0 x 107 8.1 1 .4  X l o*  1.5 X 109 

Virus production 
(percent of 

DMSO control) 

244% 
366% 
136% 
116% 

"Vero monolayers were treated with 1 pg/ml CD, or 0.1% DMSO as detailed in the descrip- 
tion of Fig. 1 and then exposed to different amounts of poliovirus in CD- ar DMSO-medium for 
1 hr at 37" before refeeding With drug-free medium. At 10 hr after introduction of virus, the 
combined cells and medium were frozen and thawed to liberate virus and the supernatant clari- 
fied by centrifugation and assayed by plaquing on Vero cells. 

* Multiplicity of infection = number of infectious particles sdsorbcd/nuinber of cells. 

um showed the characteristic cytopathic ef- 
fects (CPE) of enteroviral infection more 
rapidly than they did in drug-free infected 
cultures, and that the onset of these cyto- 
pathic changes was more rapid in CD-treated 
cultures a t  all multiplicities of infection test- 
ed (Table 111). There is a direct relationship 
between the rapidity of onset of cytopathic 
changes after exposure to poliovirus and the 
number of copies of the viral genome initial- 
ly present in the cells (21). I t  is, therefore, 
probable that the more rapid cytopathic 
changes in cultures infected in the presence 
of CD, as well as the increased numbers of 
cells found to be productively infected at  low 
viral multiplicities, reflects the more efficient 
infectivity of the entering viral particles un- 
der the influence of CD. 

Infection with poliovirus is a notoriously 
inefficient process; after having been initial- 
ly attached to cell surface receptors, more 
than half of the viral particles are rejected 
into the medium in an altered noninfectious 
state (22, 23), while an additional 7-12% 
never penetrate but remain attached to the 
cell surface in infectious form throughout the 
viral growth cycle (24). Furthermore, as 
much as 90% of the virus that does succeed 
in penetrating the cell is degraded to acid- 
soluble form (22). Thus only a small frac- 
tion of the poliovirus originally received at  
the cell surface survives in the host cell with 
an intact genome that is capable of initiat- 
ing the replicative cycle. The efficiency of 

both translation and replication of viral 
RNA may be influenced by many factors in- 
trinsic to the host cell (25, 26), or its phase 
in the cell cycle (24), as well as by agents 
extrinsically applied (28, 29). The increase 
in efficiency of infection in the presence of 
CD might reflect drug-induced cellular alter- 
ations affecting attachment and penetration, 
viral elution, uncoating, or biosynthetic 
events occurring during the viral growth 
cycle. We, therefore, attempted to ascertain 
the point or event in the infective sequence 
that was influenced by CD by exposing cells 
to this agent a t  progressively later stages in 
the infectious cycle, using lower temperatures 

TABLE 111. Effect of CD on the Proportion of 
Vero Cells Showing Advanced Cytopathic Changes 
(CPE) at Different Multiplicities of Inf ecltion 

with Poliovirus." 

Percentage of cells 
Sh~oiWhg OPE 

Viral input 0.1 % Percent 
(PFU/cell) DMSO 1 &g/ml CD of oon~trol 

1 21.2 43.0 203% 
2 28.5 50.3 176 % 

20 68.4 96.2 141 % 

aVero monolayers trmted and infeoted as in 
Fig. 1 were fixed and stained at 6 hr after initiat- 
ing infection. Cells were scored as showing ad- 
vanced cytopathic changes if they exhibited char- 
acteristic viral-induced cytoplasmic retraction and 
marked nuclear shrinkage. 
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to separate adsorption and penetration from 
events occurring after penetration. 

It was found that CD promoted infectivity 
even when i t  was first added after removal 
of the viral inoculum. In these experiments, 
Vero cells were exposed to poliovirus in con- 
trol medium at 4': conditions under which 
the virus attaches to surface receptors, but 
does not penetrate (30). When medium con- 
taining 1 pg/ml CD was added for 1 hr a t  
37' immediately after removing the viral in- 
oculum (following thorough rinsing to re- 
move nonadsorbed virus), more than twofold 
enhancement in plaque number occurred. If, 
however, addition of CD was delayed for an 
hour, only a 1.5-fold enhancement occurred, 
and when the delay before adding CD was 
prolonged to 90 min, the number of plaques 
formed was the same in CD- and DMSO- 
treated cultures. The results of these experi- 
ments suggest that adsorption of virus is not 
the step potentiated by CD, and they indi- 
cate also that the sensitive period lasts for 
only 1.5 hr after infection begins. 

At 22",  viral penetration occurs but vi- 
ral particles are not uncoated (30, 31) .  Ta- 
ble IV shows that the augmentation of infec- 
tivity by CD as judged by infectious center 
assay was the same whether Vero cells were 

TABLE IV. Effmts of Applying CD During o'r 
After Penetration on the Infectivity of Poliovirus 

for Vema  

Medium during 

Viral Polst- Infectious 
penetration penetration c a t e r s  Percent 
(2  hr, B 2 " )  (1 hr, 37") per lod cells of control 

1 pg/ml CD 0.1% DMSO 8.6 263 % 
0.1% DMSO 1 pg/ml CD 8.9 2170 % 
0.1% DNSO 0.1% DMSO 3.3 l~OlO~% 
~~ ~ 

"Vera culturee wero infected with 1.6 X 
PFU/cell of poliovirus at 4" for  1 hr to permit 
viral attachment. After rinsing to remove nonad- 
sorbed virus, CD- or DMSO-medium was added at 
22" for 2 hr to permit viral penetration. Subw- 
quently this medium was replacied with CD- or 
DMSO-medium at 37" for 1 hr (post-penLetra,tion 
periold). An infeotious can* assay was performed 
o n  Vero monolayers 3 hr after initiating the in- 
f ection. 

first exposed to CD during the penetration 
or in the post-penetration periods, and the 
enhancement of infectivity was comparabIe 
to that which occurred when cells were both 
preconditioned by CD and infected in the 
presence of CD. Cytochalasin caused the 
same morphological changes in cells at 22' 
and a t  37" and these changes were not re- 
versed for 2 hr or more after withdrawal of 
the drug. I t  is probable therefore that the 
potentiating effects of CD applied during vi- 
ral penetration actually persist through the 
post -penetration period. 

The data suggest that CD acts to augment 
infection during or after cell penetration by 
the virus. The time course of the enhance- 
ment of infectivity would seem to point to 
events concerned with either the uncoating 
of the viral genome or the subsequent earli- 
est stages in the beginning of viral transla- 
tion, such as, possibly, the attachment of vi- 
ral RNA to host ribosomes, as the CD-sen- 
sitive stages. Subsequent events, such as the 
replication of viral RNA, probably occur too 
late [i.e.,  about 1-1.5 hr after viral penetra- 
tion (32) ]  to be affected by cytochalasin. 

The manner in which CD acts on cells to 
augment infectivity with poliovirus is not 
immediately apparent. Most of the known ef- 
fects of this agent are inhibitions of normal 
cellular functions, which result from changes 
in the cortical cytoplasm or plasma membrane 
and are accompanied by disturbances in the 
disposition of microfilaments. The present ex- 
periments suggest that the step potentiated 
by cytochalasin occurs during or shortly af- 
ter viral penetration. Whether the drug pre- 
vents the usual elution of virus, diminishes 
the degradation of parental polioviral RNA, 
or causes more efficient virus-directed use 
of cellular machinery, remains to be deter- 
mined. In preliminary observations we have 
found that not all classes of viruses are simi- 
larly affected (33), and that pretreatment of 
Vero cells with dibutyryl cyclic adenosine 
3': 5'-monophosphate can prevent the cyto- 
chalasin-induced potentiation of poliovirus 
infectivity. 

Summary. Treatment of permissive or semi- 
restrictive cell lines with cytochalasin D 
(CD) enhances their susceptibility to infec- 
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