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Cytochalasin B (CB), a metabolite pro- 
duced by the mold Helminthosporium de- 
matiodium, has been shown to produce di- 
verse biological effects, inhibiting such pro- 
cesses as morphogenesis ( 1) , cytokinesis ( 2 ,  
3) ,  phagocytosis (4, 5 ) ,  glucose uptake (6, 
7 ) ,  and cell locomotion ( 2 ,  8) .  One of its 
most valuable properties is the ability to 
cause cells to extrude their nuclei ( 2 ) .  Dif- 
ferent sensitivities of several cell types to 
this action of CB have been reported (9- 
11). We describe here a quantitative study 
of the effect of CB concentration, g force and 
temperature on the efficiency of enucleation 
of mass cultures of human cells. The results 
suggest the reason for different cell sensi- 
tivities, as well as a possible mechanism by 
which CB effects enucleation. 

Methods. The normal human female dip- 
loid cell strain WI-38 (20) was enucleated by 
a method previously described (11, 12). Brief- 
ly, cells were plated onto glass coverslips ce- 
mented to in. thick Lucite plates for sup- 
port. The following day, the Lucite-coverslip 
plates were placed in an upright position in 
tubes filled with Eagle's Basal Medium, 10% 
Calf Serum, and CB. The tubes were then cen- 
trifuged for 30 min in an SW27 rotor in a 
Beckman L2-65B ultracentrifuge. Cells were 
stained with Giemsa, and the percent enuclea- 
tion determined at  different lcevels on the Lu- 
cite-coverslip plate (Fig. 1). A single set of 
cytochalasin dilutions was prepared and used 
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throughout these experiments. Thus, although 
the absolute concentrations of CB reported to 
produce a given enucleation may contain a 
small systemic error, the results are internally 
consistent. 

Results. Dose and temperature dependence. 
Data in Fig. 2 show the efficiency of enuclea- 
tion of WI-38 cells at 35" and a t  various 
concentrations of CB. The centrifugal force 
necessary for enucleation is highly CB dose- 
dependent. Furthermore, although most of the 
cells were stripped off the plates a t  forces 
above 80,00Og, it was possible to enucleate 
cells even in the absence of CB. The rela- 
tionship between the concentration of CB and 
the g force necessary to achieve 50% enuclea- 
tion was obtained from the data in Fig. 2 
and from similar data for enucleation at  25", 
15", S o ,  and 0" (Fig. 3 ) .  

The curves in Fig. 3 are clearly composed 
of two different segments: one CB dependent 
(the sloping lines) and one CB independent 
(the vertical lines). WI-26 (20) (normal 
male human diploid fetal \lung fibrolblasts), 
Down's syndrome thymus and skin fibro- 
blasts, and VA-13 (S.V.40 transformed WI- 
38) were all found to exhibit biphasic curves 
essentially identical to that obtained for WI- 
38. 

Evidence for a membrane limitation. The 
limiting g force (the g force at  which enuclea- 
tion becomes CB independent) for enuclea- 
tion at  different temperatures is plotted on a 
linear scale in Fig. 4. One explanation for this 
temperature dependence is that at lower g 
forces, or lower temperatures, the rigidity of 
the membrane becomes limiting for enuclea- 
tion. To test this hypothesis, WI-38 cells 
were treated with agents that either stabi- 
lize or destabilize the cell membrane. Treat- 
ment with 0.001% glutaraldehyde (lo-* M )  
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FIG. 1. Enucleated cells. WI.38 cells on Lucite-cowrslip plates were centrifuged at 26,000g for 
30 min at 25’. a) 80% enucleation obtained with 2 pg of CB/ml; b) 100% enucleation obtained 
with 4 pg of @B/ml. Bar indicates 2 0  pm. 

for 10 min a t  room temperature increased the 
limiting g force for enucleation a t  25’ from 
10,OOOg to approximately 50,OOOg. A 30-fold 
higher concentration of formaldehyde was re- 
quired to produce the same effect, inldicating 
the effect of glutaraldehyde is not due solely 
to the blocking of amino groups but is also 
probably due to the stabilizing effect of cross- 
linking proteins. 

Since pdyene antibiotics bind to sterols 
(13) and cause the formation of ‘‘pits” in the 
cell membrane (14), treatment with one such 
antibiotic was undertaken as a means of de- 
stabilizing the cell membrane. Treatment with 
the polyene antibiotic amphoterocin B (0.05 
mg/ml in 0.04 mgJml sodium dwxycholate) 
for 20 min at room temperature lowered the 
limiting g force at room temperature from 
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FIG. 2 .  Enucleation at  different g forces and concentmtions of cyt~ochalasin B. WI-38 cells on 

Lucite-coverslip plates were centrifuged for 30 min at  35”. Numbers indicate the concentration of 
OB in pg/ml. Each point represents a oounlt of approximately 200 cdls. CeUs were counted at a 
radius of spin of 9-15 em at  1-cm intiervals, and the g force Calculated for each radius of sph. 
Thus, the effect of a wide range of g farces oould be deteltminled in a single plate. Different rpm’s 
were selected to cover different ranges of g forces. Most curves are composed of determinations 
made from at least 2 Lucite-coverslip plates. 

1 1,700g (range of 3 Lucite-coverslip slides, 
11,0W12,500g) to 7500g (range of 4 
Lucitedcoverslip slides, 7 100-79Og). Treat- 
lment with lysolecithin (0.125 mg/ml) , so- 
dium deoxycholate (0.2 mg/ml) , digitonin 
(0.004%), or ether (0.5 emulsion) failed to 
decrease the limiting g force. In  all cases, the 
concentration used was the maximum concen- 
traction that did not produce a marked cyto- 
pathic effect during a 20 min treatment. If 
membrane ‘rigidity is the \basis for the tem- 
peratlure dependent segment of the enucleation 
curves in Fig. 3, the failure of agents such as 
lysolecithin to change the limiting g force sug- 
gests that the packing of fatty acid chains 
(membrane “fluidity”) may not be the 
priime determinant of mammalian membrane 
“rigidity.” 

One alternative to the membrane as the 
basis for the temperature dependent part of 
the enucleation curves is a temperature de- 
pendent change in cytoplasmic rigidity. Af- 
ter centrifugation for 30 min a t  25” and at 
30,OOOg in the absence of CB, the nuclei mi- 
grate through the cytoplasm and rest against 

the membrane at the higher g force end of the 
cell. If cytoplasmic rigidity is limiting, pre- 
centrifuging the cells immediately before cen- 
trifuging in CB-containing medium should de- 
crease the limiting g force. However, pre- 
centrifugation did not alter the limiting g 
force. 

Discussion. Although it is possible to enu- 
cleate L-929 at l g  (2, 9),  WI-38 is resistant 
to enucleation under these conditions ( 11). 
Extrapolating the CB dependent segment of 
the curves of Fig. 3 to lower g forces yields 
a CB concentration of approximately 20 p.g/ 
ml for enucleation a t  lg. This is close to the 
30 pg/ml reported for 40-80% enucleation 
of L-929 cells (9). This suggests that the dif- 
ferent sensitivity to enucleation of WI-38 
and L-929 is due to the presence in WI-38 
of the CB-independent phenomenon, rather 
than simply representing different degrees of 
receptor binding of the drug itself. The CB- 
independent phenomenon prevents WI-3 8 cells 
a t  35” from enucleating at any force below 
10,OOOg regardless of CB concentration. This 
limiting g force is temperature sensitive, is in- 
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FIG. 3 .  g force necesvary to produce 50% enuclea- 
tion at  different temperatures and concentrations of 
CB. Points determined from the data of Fig. 2 and 
similar data at  25", 15",  So, and 0". In  all cases 
the cells were pre-incubated with CB at  room 
tlernperalture for 3 0  min to allow all CB-cell reactions 
to reach equilibrium ( 1 2 ) .  

creased by glutaraldehyde and decreased by 
amphoterocin B treatment, and is not changed 
by pre-centrifugation. These observations sup- 
port the notion that the membrane is the basis 
for the CB independent segment of the enu- 
cleation curves, and thus that i t  is the basis 
for the different sensitivities to enucleation by 
CB. 

Some actions of CB have been attributed 
to its effects on microfilaments (3 ,  15). While 
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FIG. 4. Limiting g force for enuclation at  different 
temperatures. Each point represeats the g force at 
which the curves of Fig. 3 become vertical. 

recognizing that these explanations are not 
yet proven (16-18), we offer the following 
microfilament model for the enucleation of 
cells by CB. A subplasmalemmal network of 
microfilaments has been shown to be dis- 
rupted by CB (8). It is possible that this 
network functions as a barrier preventing cell 
organelles from coming in contact with the cell 
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FIG. 5. Tmget theory plot of the dose dependence 
for enucleation and inhibition of cell division by CB. 
36,OOOg was chosen as the centrifugal force at 
which the concentration of CB was approximately 
the =me for a 90% enucleation as for a 90% in- 
hibition of cell division. The enucleation curve was 
calculated by interpolation of the data in Figs. 2 and 
3 .  The g force f o r  50% enuclmtion at various oon- 
centrations !of CB (1.5-2.5 pig C B h l  in 0.1 p g  in- 
crements) was deterrnind from Fig. 3. These polilllts 
were entered onto a graph similar to Fig. 2, and 
lines pamllel to the curves of Fig. 2 were constructed 
through each point. The intersection of each of 
these cu~rves with 36,OOOg yielded the percent enuclea- 
tion tbak would have been obtained at  tihat con- 
centration of CB. Inhibition of cell division was ca~l- 
culated from CouEter Counter determinations of cell 
number aflter four dlays continuous cultivation in 
the p e n c e  of CB. Each point represents d&a from 
three replicate cultures. The figulre shows approxi- 
mately single-hit kinetics for inbibition of cell 
division and multi-hiit kinetics for enudation by 
CB. 
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FIG. 6. ‘‘Ennucleation” of iron pairtides by CB. 10 ml of a 0.25% (w/v) suspension of carbonyl 
iron powder (Genelrd Aniline and Film Co., Linden, New Jersey) in meclium was allowed to 
settle for 15 min in a 16 X 150 mlm test tube. Those particles mnah ing  in suspension (1-4 pm 
diameter) were added to WI-38 cells growing on Lucite-coverslip plates. Sixteen hr later, the 
cells were centrifuged for 30 min at  2.5” and 3,OOOg. a) Medium alone, b) Medium plus 4 pg 
CB/ml. Bar indicates 20 ,u. 

membrane (8) where they might be extruded 
from the cell. Enucleation would occur when 
this network of microfilaments was sufficient- 
ly disrupted to allow the nucleus to come in 
contact with the plasma membrane. The pres- 
ence of the network would require its involve- 

ment in the normal phagocytic process, since 
phagosomes would have to be transported 
across it in order to enter the cell. Disrupt- 
ing it might thus be expected to inhibit phago- 
cytosis which CB has, in fact, been found to 
do (4,s). 
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An intertwined network may be able to ab- 
sorb a large number of “hits” before the 
structure of the network begins to weaken, 
whereas a parallel array of contractile fila- 
ments should display a decremental effect for 
each “hit.” This could explain the much larg- 
er dose of CB necessary for enucleation at  l g  
than for actions of CB attributed to its effects 
on contractile filaments, such as the inhibition 
of cytokinesis. Although the mechanism for 
this inhibition wits originally attributed to 
the effect of CB on a specific “contractile 
ring” (3) ,  this interpretation is now question- 
able (16-18). Nevertheless, within the con- 
straints of a microfilament model, the inhibi- 
tion can still be considered to be the result of 
the disruption of some contractile filament 
mechanism necessary for cytokinesis. The hy- 
pothesis that enucleation is caused by the 
disruption of a subplasmalemmal network of 
microfilaments predicts the multi-hit kinetics 
of enucleation as compared with the single-hit 
kinetics of the inhibition of cell division (Fig. 
5 ) .  

One further prediction of this model is that 
the process involved in enucleation should not 
be specific for the nucleus. This is demon- 
strated by the fact that the extrusion of 
phagocytized particles is facilitated by CB 
(Fig. 6) .  Further confirmation of the lack of 
nuclear specificity is provided by the obser- 
vation of lysosoml exocytosis by polymor- 
phonuclear leukocytes in the presence of CB 

The evidence supporting thk hypothesis is 
now circumstantial, #but it is nonetheless a 
useful working model to describe the mode 
of action of CB in the enucleation of mam- 
malian cells. 

Summary. Human cells were found to have 
a biphasic response to high g force enucleation 
in the presence of cytochalasin B (CB). At 
higher g forces, enucleation is exquisitely CB 
dependent. At lower g forces, enucleation be- 
comes independent of the concentration of CB 
and highly dependent upon temperature. Be- 
cause of the ability to manipulate this part of 
the response with temperature, glutaraldehyde 
and amphoterocin B, it is suggested that at 
lower g forces the rigidity of the cell mem- 
brane becomes limiting for enucleation. Cells 

(19)- 

that are sensitive to enucleation at lg would 
thus ;be sensitive because of a difference in the 
physical characteristics of their membranes, 
rather than a different sensitivity of their re- 
ceptors to CB itself. 

The processes involved in enucleation were 
found to exhibit multi-hit kinetics, and were 
not specific for the nucleus. A model based 
on the ability of CB to disrupt a subplas- 
malemmal network of microfilaments is pre- 
sented to explain these observations. 
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