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A b s t r a c t  Using electron microscopy, confocal laser 
scanning microscopy and measurements of intact DNA 
we have studied the morphology and DNA degradation 
of human leukaemia HL-60 cells undergoing drug initiat- 
ed apoptosis. Apoptosis was initiated by 100 gM 3-de- 
azaadenosine (c3Ado), 25 gM c3Ado plus 1 mM homo- 
cysteine thiolactone (Hcy) and 100 gM c3Ado plus 5 
gg/ml cytochalasin B (CB). Two different phenotypes of 
apoptotic cells (APC), blebbed and non-blebbed, were 
present in the cultures. Blebbed APC dominated in cul- 
tures exposed to c3Ado, whereas most APC in cultures 
treated with c3Ado plus Hcy and all  the APC in cultures 
treated with c3Ado plus CB displayed a non-blebbed 
phenotype. A more pronounced reduction of the chroma- 
tin/cytoplasm ratio, lower volume fractions of uncon- 
densed chromatin and higher volume fractions of highly 
condensed chromatin (micronuclei) were found in cul- 
tures exposed to c3Ado and c3Ado plus Hcy when com- 
pared with cultures exposed to c3Ado plus CB. A partial 
inhibition of c~Ado apoptosis by CB was confirmed by 
measurements of intact DNA. The inhibitory effect of 
CB was not reproducible by CE, indicating that CB ex- 
erts its effect by an actin independent mechanism. Both 
blebbed and non-blebbed APC displayed nuclear frag- 
mentation, segregation of organelles and cytoplasmic 
vesiculation, suggesting that the differences between the 
phenotypes were restricted to the cytoplasmic mem- 
brane. We were not able to demonstrate the presence of 
F-actin by fluorescein isothiocyanate-phalloidin staining 
in blebbed APC nor in non-blebbed APC in cultures 
treated with c3Ado plus Hcy. Non-blebbed APC in cul- 
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tures treated with c3Ado plus CB displayed foci of F-ac- 
tin at the internal part of the cytoplasmic membrane. 
This suggests that F-actin is preserved by the mechanism 
by which CB inhibits blebbing, and may indicate that 
blebbing of the cytoplasmic membrane during apoptosis 
is associated with F-actin deficiency rather than a result 
of actin-myosin interactions. 

K e y  w o r d s  A p o p t o s i s  • 3 - D e a z a a d e n o s i n e  • 
Homocysteine • Cytochalasins • Blebbing 

Introduction 

The morphological transformation of apoptotic death is 
characterized by cellular condensation and fragmentation 
processes [1, 30, 57]. Variations in the morphology of 
apoptosis among cell types have been reported [6], and 
the type of structural apoptotic changes may depend up- 
on the stimulus leading to apoptosis [22]. In the human 
promyelocytic HL-60 cell line apoptosis is characterized 
by chromatin condensation, nuclear fragmentation and 
endonucleolytic DNA degradation. These changes give 
rise to apoptotic cells (APC) containing micronuclear 
particles of different size and density. A pronounced 
blebbing of the cytoplasmic membrane parallels the 
nuclear changes in HL-60 cell apoptosis. The mecha- 
nism(s) underlying the blebbing process remain uncer- 
tain. Actin polymerization [11], disrupture of the cyto- 
skeleton [43] and perturbations of the phosphorylation- 
dephosphorylation equilibria of intermediate filaments 
and microfilament associated proteins [16] have been as- 
sociated with membrane blebbing in different experi- 
mental systems. 

We have previously reported that 50-100 ~tM of the 
adenosine analogue 3-deazaadenosine (c3Ado) initiates 
apoptosis in HL-60 cells [14]. Furthermore, we have 
demonstrated that addition of homocysteine thiolactone 
(Hcy) to c3Ado exposed cells modifies apoptotic death in 
this cell line in two different ways. Firstly, Hcy potentia- 
tes the ability of c3Ado to initiate apoptosis, as addition 
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o f  Hcy  leads  to apoptos i s  also at lower  concent ra t ions  
(5 -25  g M )  of  c~Ado [15]. Secondly ,  addi t ion  o f  Hcy  
modi f ies  the m o r p h o l o g y  o f  c3Ado apoptos i s  by  inhibi t -  
ing b l ebb ing  o f  the cy top lasmic  m e m b r a n e  and the for-  
ma t ion  o f  apopto t ic  bod ies  (APB)  [14, 15]. 

The  m e c h a n i s m  by which  c~Ado ini t iates  apoptos i s  is 
not  known.  However ,  c~Ado interacts  both  as inhib i tor  
and substra te  wi th  S - a d e n o s y l h o m o c y s t e i n e  hydro la se  
( A d o H c y a s e ;  EC 3.3.1.1.) caus ing  subsequent  per tu rba-  
t ion o f  t r ansmethy la t ion  reac t ions  [8, 54]. 

Cy tocha las ins  affect  a var ie ty  o f  mot i l i ty  re la ted  cel-  
lu lar  funct ions  as locomot ion ,  endocytos i s ,  and cy tok ine-  
sis by  in terac t ing  with mic ro f i l ament s  [10, 58]. In con-  
trast  to o ther  cy tocha las ins ,  cy tocha las in  B (CB) also 
affects g lucose  t ranspor t  at site I as def ined  by  Rampa l  et 
al. [45; also 7]. In addi t ion,  several  non mot i l i ty  re la ted  
effects o f  CB are  demons t ra t ed  inc luding  mi togen  s t imu- 
la t ion [33] and e levat ion  o f  in t race l lu la r  ca l c ium levels  
[20, 52]. CB and cy tocha l s in  E (CE) have been  shown to 
prevent  fo rma t ion  o f  A P B  wi thout  affect ing D N A  degra-  
da t ion  in HL-60  cel ls  undergo ing  apoptos i s  [11]. Howev-  
er, in another  exper imen ta l  sys tem CB and CE in i t ia ted  
apopto t ic  D N A - f r a g m e n t a t i o n  [31]. 

The  presen t  s tudy was under taken  to invest igate  the 
m orpho log i ca l  d i f ferences  be tween  HL-60  cel ls  t rea ted  
with  100 g M  c~Ado and 25 g M  c3Ado plus  1 m M  Hcy  at 
the u l t ras t ructura l  level.  S ince  b l ebb ing  of  A P C  and for-  
ma t ion  of  APB migh t  involve  act in p o l y m e r i z a t i o n  [11], 
we  c o m p a r e d  the morpho log i ca l  fea tures  o f  HL-60  cel ls  
t rea ted  with  c3Ado and c3Ado plus  H c y  with  that  of  
c~Ado and 5 g g / m l  o f  a known  inhib i tor  o f  act in po ly -  
mer iza t ion ,  CB. A s te reo logica l  me thod  was app l i ed  in 
o rder  to quant i fy  the re la t ions  be tween  the vo lumes  of  
different  cell  componen t s ,  and f luoresce in  i so th iocyana te  
(F ITC) -pha l l od in  s taining was used  to v i sua l ize  act in fil- 
aments .  

Materials and methods 

c3Ado was obtained from Southern Research Institute (Birming- 
ham, Ala., USA). Hcy, CB and CE, FITC-phalloidin, and RNase 
were purchased from Sigma Chemical Company (St. Louis, Mo., 
USA). CB and CE were freshly dissolved in dimethyl sulfoxide at 
10 mM and further diluted in medium prior to each experiment. 
Propidium iodide (PI) was from Molecular Probes, (Eugene, Ore., 
USA) and tritiated thymidine from ICN Radiochemicals (Irvine, 
Calif., USA). 

HL-60 cells were maintained in RPMI 1640 supplemented 
with 10% heat inactivated horse serum in a fully humidified atmo- 
sphere of 5% carbondioxide at 37 ° C. Suspensions of cells were 
adjusted to concentrations of early logarithmic growth. Drugs dis- 
solved in RPMI 1640 (ten-fold final concentration) were added, 
and cultures were harvested after 2, 4, 6, 8, 10 and 12 h and pro- 
cessed for analysis. Since 25 gM c3Ado plus 1 mM Hcy alters the 
morphology of c3Ado apoptosis and at the same time is compara- 
ble with 100 gM c~Ado with respect to potency of initiating apop- 
tosis [15], these concentrations were chosen for our study. Cell 
counts were determined by a haemocytometer. 

At the end of incubation cells were fixed by addition of an 
equal volume of McDowell fixative [40] directly to the culture 
flasks. After 1 h storage at 4 ° C the medium was removed after 
centrifugation at 200 g, and the cells resuspended in 1 ml McDo- 

well fixative. Fixed cells were stored at 4 ° C. The samples were 
further prepared for transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM) according to standard meth- 
ods. 

A stereological method was used to quantify the relations be- 
tween the volumes of different cell components. Micrographs 
(x3,000) were taken from the upper left corner of every second 
grid square in decoded preparations. Photomicrograph positives 
were covered by a counting frame, and the different volume frac- 
tions were estimated by simple point counting [25]. Five mic- 
rographs were analysed at each time interval. The total number 
of counts varied between 252 and 419. The following volume 
fractions (Vv) were estimated: Vv (cytoplasm/the whole cell), 
Vv (uncondensed chromatin/the whole cell), Vv (partially con- 
densed chromatin/the whole cell), Vv (micronuclei/the whole 
cell), Vv (vesicles/the whole cell). The degree of condensation of 
partly condensed chromatin corresponded to that displayed by 
nucleoli in control cells. Micronuclei were defined as separate 
different sized particles of highly condensed chromatin with a 
smooth boundary to the surrounding cytoplasm. The chroma- 
tin/cytoplasm ratio were determined by comparing the sum of Vv 
(uncondensed chromatin/the whole cell), Vv (partially con- 
densed chromatin/the whole cell), Vv (micronuclei/the whole 
cell) to the sum of Vv (cytoplasm/the whole cell) and Vv (vesi- 
cles/the whole cell). 

The surface structures of treated and control cells were evaluat- 
ed in decoded SEM preparations. The number of smooth surfaced 
cells (cells lacking pseudopodium covering), non-blebbed and 
blebbed, were evaluated directly on the EM monitor at a magnifi- 
cation of x3,500. Only cells with a completely smooth surface 
were categorized as smooth surfaced cells. One hundred cells were 
counted in each preparation. 

The relative amount of intact DNA was estimated as described 
by Matzinger [39]. Briefly, cells were labelled with 5 gCi/ml triti- 
ated thymidine for 5 h, washed once and resuspended in fresh me- 
dium. After drug exposure cells were harvested onto fibreglass fil- 
ters retaining intact DNA only. Activity was measured in a Matrix 
96 direct beta counter (Packard Instrument Company, Meriden, 
Conn., USA). 

For fluorescence microscopy, at the end of incubation, cells 
were fixed by addition of an equal volume of 3.7% formaldehyde 
directly to the culture flasks [56]. After 1 h storage at 4 ° C the 
medium was removed after centrifugation at 200 g, and the cells 
resuspended in 1 ml 3.7% formaldehyde and stored at 4 ° C. At 
the time of evaluation the cells were washed once in phosphate- 
buffered saline (PBS) containing 0.1% Triton, washed again in 
PBS and treated with 0.1% sodium borohydride in PBS pH 8 for 
30 min to reduce autofluorescence. F-actin was stained for 1 h by 
50 gg/ml FITC-phalloidin. Post staining the cells were washed 
twice in PBS, and finally DNA was stained by 10 ~tg/ml PI sup- 
plemented with 100 gg/ml RNase. The anti-fading agent DABCO 
(0.1 g/ml) was added prior to evaluation. Wet preparations of 
stained cells were examined in a Leica Fluovert FU confocal laser 
scanning microscope with argon/krypton laser excitation at 488 
and 568 nm. Green fluorescence (F-actin) was detected with a 
515-545 band pass filter and red fluorescence (DNA) with a 580 
nm long pass filter. Ten sections of each preparation were 
scanned. Photomicrographs were taken with Fujichrome 64 T 
type film. 

Results 

Ult ra  structure evaluat ion  by  T E M  

W h e r e a s  con t ro l  ce l ls  d i s p l a y e d  la rge  and d i s t inc t  nu- 
c leo l i  (F ig  1), sma l l e r  nuc leo l i  or  their  absence  was  ob-  
se rved  in the nuc le i  o f  ce l ls  t rea ted  wi th  c3Ado,  c3Ado 
p lus  Hcy  and c3Ado p lus  CB for  2 h. In  add i t ion  s o m e  
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Fig. 1 Transmission electron micrographs of HL-60 cells treated 
with 3-deazaadenosine (c3Ado), c3Ado plus homocysteine thiolac- 
tone (Hcy) and c3Ado plus cytochalasin B (CB) for 6 h (left col- 
umn) and 12 h (right column). Upper panel, c3Ado; middle panel, 
c3Ado plus Hcy; lower panel, c3Ado plus CB. Control cells at top 
left 
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Fig. 2 Time course relationship of the chromatin/cytoplasm ratio 
of HL-60 cells treated with c3Ado (open bars), c3Ado plus Hcy 
(/bars) and c3Ado plus CB (X bars). The ratio was estimated as 
described in the methods. Control cells, solid bar. The results are 
means, error bars indicate standard deviation (SD; n=5). 

cells in cultures exposed to c3Ado and c3Ado plus Hcy 
demonstrated small patches of condensed chromatin. 
After 4 h this was evident in all drug treated cultures, 
being more pronounced in cultures treated with c3Ado 
and c3Ado plus Hcy. Typical nuclear features of early 
apoptosis, that is different sized patches of partly con- 
densed chromatin located centrally and crescents of 
partly condensed chromatin at the nuclear margins, 
were distinct in cultures treated with c3Ado and c~Ado 
plus Hcy for 6 h (Fig 1). A gradual reduction of the 
chromatin/cytoplasm ratio in cultures exposed to c3Ado 
and c~Ado plus Hcy reflected ongoing nuclear conden- 
sation (Fig 2). In cultures exposed to c~Ado plus CB 
there was a more moderate reduction in the chroma- 
tin/cytoplasm ratio (Fig. 2). An increasing number of 
APC, displaying nuclei completely transformed into 
several micronuclei, were present in cultures treated 
with c3Ado and c~Ado plus Hcy for 6-12 h (Fig 1). 
APC with micronuclei were first evident after 8 h in 
cultures treated with c3Ado plus CB. The different Vv 
of uncondensed chromatin, partly condensed chromatin 
and micronuclei are demonstrated in Figure 3. A small 
number of cells with uncondensed chromatin were 
present in cultures treated with c~Ado up to 12 h (Fig 3, 
upper panel), whereas all the chromatin in cells treated 
with c3Ado plus Hcy were converted into micronuclei 
(Fig 3, middle panel). In cultures treated with c3Ado 
plus CB large volumes of uncondensed chromatin were 
present up to 12 h (Fig 3, lower panel). APC in all 
treated cultures demonstrated typical organelle segrega- 
tion and cytoplasmic vesiculation (Figs. 1, 4). Vesicles 
were located close to the cytoplasmic membrane in 
non-blebbed APC, and fusions between vesicles and the 
cytoplasmic membrane were observed. No apoptotic 
changes were observed in cultures treated with 1 mM 
Hcy or 5 gg/ml CB alone (data not shown). 
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Fig. 3 Time course relationship of the volume fraction (Vv) of 
uncondensed chromatin (- bars), partly condensed chromatin 
(I bars) and micronuclei (solid bars) of HL-60 cells exposed to 
c3Ado (upper panel), c3Ado plus Hcy (middle panel) and c3Ado 
plus CB (lower panel). The results are means, error bars indicate 
SD (n=5) 

DNA fragmentation 

The finding of higher Vv of uncondensed chromatin in 
cultures treated with c3Ado plus CB compared to that 
found in cultures treated with c3Ado and c3Ado plus 
Hcy, was further investigated by measurements of intact 
DNA. A marked decline in intact DNA after 4-6 h was 
evident in cultures exposed to c3Ado and c3Ado plus Hcy 
(Fig 5, upper panel). A gradual reduction to 66.0% intact 
DNA after 12 h was observed in cultures exposed to 
c3Ado plus CB (Fig 5, lower panel). To examine whether 
the inhibitory effect of CB on DNA degradation was 
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Fig. 4 Time course relationship of the Vv of vesicles in cultures 
treated with c~Ado (open bars), c3Ado plus Hcy (/ bars) and 
c3Ado plus CB (X bars). Control cells, solid bar. The results are 
means, error bars indicate SD (n=5) 

common for all cytochalasins, measurements of intact 
DNA were conducted in cultures exposed to c3Ado plus 
5 gg/ml CE (Fig 5, lower panel). In contrast to CB, CE 
increased DNA degradation in c3Ado apoptosis. No 
DNA degradation was observed in cultures exposed to 
CB and CE alone (data not shown). 

Ultra structure evaluation by SEM 

Compared with controls, all treated cells showed an al- 
tered pseudopodium covering by SEM. After 4 h cells 
with a completely smooth surface were observed. 
Smooth surfaced cells displayed either a blebbed pheno- 
type or a non-blebbed phenotype (Fig 6). Cells treated 
with CB only exhibited a polarized shape and often lon- 
ger and broader pseudopodia covering a limited area of 
the cell surface. Whereas the percentage of smooth sur- 
face cells increased from 9%-90% in cultures treated 
with c3Ado and from 16%-99% in cultures treated with 
c3Ado plus Hcy for 4-12 h, the number of smooth sur- 
faced cells in cultures exposed to c3Ado plus CB did not 
exceed 38% (Fig 7). In cultures treated with c3Ado a ma- 
jority of the smooth surfaced cells were blebbed, where- 
as no blebbed cells were observed in cultures treated 
with c3Ado plus CB (Fig 7). A few cells with a complete 
smooth surface were observed in cultures treated with 
CB alone for 12 h (data not shown). 

F-actin distribution 

To investigate F-actin distribution in APC, F-actin and 
DNA were stained with FITC-phalloidin and PI, respec- 
tively. As demonstrated in Figure 8, apoptotic nuclei were 
evident in both blebbed and non-blebbed cells (panels C 
and D). When compared with control cells (panel A) and 
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Fig. 5 Time course relationship of intact DNA in cultures treated 
with c3Ado ( . )  and c3Ado plus Hcy (A) (upper panel) and c3Ado 
plus CB (O) and c3Ado plus cytochlasin E (CE; ©) (lower panel). 
Data as percentage of intact DNA of that of control cells at each 
time interval. The results are means, error bars indicate SD 
(n=3) 

cells treated with CB (panel B), the blebbed APC in cul- 
tures treated with c3Ado and non-blebbed APC in cul- 
tures treated with c3Ado plus Hcy demonstrated a total 
loss of the green fluorescent component of the cytoplas- 
mic membrane and the cell surface (panels C and D). 
This loss of surface F-actin propably reflects the loss of 
pseudopodium covering observed by SEM. We were un- 
able to detect any distinct green fluorescence in the cyto- 
plasm of blebbed nor non-blebbed APC in these cultures. 
Most cells treated with c3Ado plus CB displayed intact 
nuclei and F-actin distribution comparable with that of 
cells treated with CB only (panel E). Some cells in these 
cultures demonstrated nuclear margins or spheres within 
the nuclei with a stronger red fluorescence corresponding 
to early apoptosis, A loss of the green fluorescent compo- 
nent of the cell surface was also displayed by these cells. 
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Fig. 6 Scanning electron mi- 
crographs of HL-60 cells treat- 
ed with c3Ado, c3Ado plus Hcy 
and c~Ado plus CB for 8 h. 
Upper left, control cell; upper 
right, blebbed APC from cul- 
ture exposed to c~Ado; lower 
left, non-blebbed APC from 
culture exposed to c3Ado plus 
Hcy; lower right, cell with 
altered pseudopodial covering 
from culture exposed to c3Ado 
plus CB. Note the larger 
diameter of the blebbed APC 
compared with the non-blebbed 
APC 
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Fig. 7 Time course relationship of the percentage of smooth sur- 
faced cells in cultures exposed to c3Ado (open bars), c3Ado plus 
Hcy (/bars) and c~Ado plus CB (X bars). The fraction of blebbed 
APC (solid bars) is superimposed on each bar 

However, in contrast with APC in cultures treated with 
c~Ado and c~Ado plus Hcy, these cells often demonstrat- 
ed foci of green fluorescence at the internal part of the 
cytoplasmic membrane (panel E). 

Discussion 

We present a comparison of the morphological features 
of HL-60 cells undergoing apoptosis due to treatment 

with c3Ado, c3Ado plus Hcy and c3Ado plus CB. Our da- 
ta suggest the presence of two different phenotypes of 
APC, blebbed and non-blebbed, and demonstrate that 
CB partly inhibits c3Ado apoptosis. 

Cell shrinkage and nuclear condensation and frag- 
mentation are well established criteria of apoptosis [57]. 
Classical apoptosis also displays segregation of intact or- 
ganelles, vesiculation, loss of cell surface structures, 
blebbing of the cell surface and finally disintegration of 
the whole cell into APB [1, 9, 30]. In the present study 
nuclear condensation in the form of small patches of 
partly condensed chromatin was evident in some cells in 
cultures exposed to c3Ado and c3Ado plus Hcy already 
after 2 h. We did not observe loss of intact DNA until 4 h 
in these cultures. Arends et al. [2] have suggested that 
chromatin condensation in apoptosis actually reflects 
endonuclease activity. However, several reports have 
demonstrated that chromatin condensation and DNA 
fragmentation are separate processes [34, 42, 49]. The 
present data suggest that chromatin condensation starts 
prior to DNA degradation in HL-60 cells undergoing ap- 
optosis. 

In cultures exposed to both c3Ado and c~Ado plus 
Hcy for 2-12 h there was increasing chromatin conden- 
sation and nuclear fragmentation reflected by a reduction 
in the chromatin/cytoplasm ratio, a decrease in the Vv of 
uncondensed chromatin and an increase in the Vv of mi- 
cronuclei. The fact that no uncondensed chromatin was 
left in cells exposed to c3Ado plus Hcy, and that the 
chromatin/cytoplasm ratio of c~Ado plus Hcy treated 
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Fig. 8 A - E  Scanning fluorescence micrographs of HL-60 cells 
stained with fluoroscein isothiocyanate phalloidin and propidium 
iodide demonstrating content and distribution of F-actin (green 
fluorescence) and DNA (red fluorescence). The micrographs are 
three-dimensional compositions of ten scans. A Control cells with 
intact nuclei and small amounts of F-actin mainly associated with 
the cytoplasmic membrane and the cell surface. B Cells treated 
with CB showing intact nuclei and an altered organization and dis- 
tribution of F-actin with foci of strong green fluorescence located 
at parts of the cell surface. C Cells treated with c3Ado with apo- 
ptotic nuclei and no detectable F-actin. In addition parts of two 
cells with intact nuclei linked to each other by a F-actin positive 
cell surface component. D Cells treated with c3Ado and Hcy with 
apoptotic nuclei and no detectable F-actin. E Cells treated with 
c3Ado and CB with intact nuclei and F-actin basically as in B. In 
addition one cell to the right in early apoptosis with a irregular nu- 
clei and loci of F-actin at the internal part of the cytoplasmic 
membrane. (Ba~=10 ~tm) 
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cells was lower than that observed in cells treated with 
c3Ado, confirms our previous data suggesting c~Ado plus 
Hcy initiates more potent apoptosis compared with 
c3Ado. This is further supported by a more pronounced 
loss of intact DNA in cultures treated with c3Ado plus 
Hcy. Fragmentation of the nucleus, organelle segregation 
and vesiculation was present in APC in both c3Ado and 
c3Ado plus Hcy treated cultures. Taken together these re- 
sults may indicate that the qualitative difference between 
c3Ado and c3Ado plus Hcy apoptosis is restricted to the 
cytoplasmic membrane. 

When compared with the c3Ado and c3Ado plus Hcy 
treated cultures, a higher chromatin/cytoplasm ratio and 
more uncondensed chromatin were evident in cultures 
exposed to c3Ado plus CB. In addition, 66.0% of the 
DNA of control cells was intact after 12 h in cultures 
treated with c3Ado plus CB, compared with 15.8% in 
c3Ado treated cultures. These data suggest that the nuc- 
lear changes in apoptosis initiated by c3Ado are partly 
inhibited by CB. Cytochalasins inhibit actin polymeriza- 
tion by capping the positive end of F-actin [10, 36]. In- 
hibited polymerization causes an increased concentration 
of actin monomers (G-actin) which are known inhibitors 
of DNase I [28, 44, 53]. Conflicting data exist concern- 
ing the nuclease responsible for internucleosomal DNA 
degradation in HL-60 apoptosis [5, 17, 38, 59], and G- 
actin sensitivity has so far not been demonstrated. Since 
CB but not CE inhibited c3Ado apoptosis in the present 
study, it is not likely that elevated G-actin levels play a 
part in the mechanism by which CB inhibits c3Ado apop- 
tosis. The differential effect of CB and CE neither sup- 
ports cytoskeleton alterations and subsequent changes of 
ion fluxes or perturbations of drug and/or effector mole- 
cule transport as important parts of the mechanism by 
which CB inhibits c3Ado apoptosis. The opposite effect 
of CB and CE rather indicate that CB exerts its effect by 
an actin independent mechanism. 

CB but not CE interact with glucose transport in 
mammalian cells [7, 45]. Energy dependency of the apo- 
ptotic process is demonstrated in several studies [29, 51]. 
The present data do not exclude that inhibition of glu- 
cose transport is one part of the mechanism by which CB 
inhibits apoptosis. However, we were not able to mimic 
the effect of CB on DNA degradation by 100 gM of an- 
other specific glucose transport inhibitor, phloretin (data 
not shown). 

Cytochalasins are known to induce a transient increase 
in intracellular calcium due to release of calcium from in- 
tracellular stores [20, 52]. Interestingly, CB is far more 
potent than CE at increasing intracellular calcium levels 
[52]. With respect to apoptosis this effect is of particular 
interest since a drop of intracellular calcium may play a 
role in apoptosis initiation [3, 37, 55]. However, the role 
of intracellular calcium in initiation and progression of 
apoptosis in the HL-60 cell line is controversial [4, 35, 
60]. One might speculate that the discrepancy between 
CB and CE observed herein could be due to different 
abilities between CB and CE to influence the intracellular 
calcium homeostasis during apoptosis initiation. 

Cells without pseudopodial covering were observed in 
all treated cultures after 4 h, and the number of smooth 
surfaced cells reflected both the potency of c3Ado and 
c3Ado plus Hcy to initiate apoptosis and the inhibitory 
effect of CB. Smooth cells displayed either a blebbed or 
a non-blebbed phenotype, the blebbed phenotype being 
abundant in cultures exposed to c~Ado. Blebbing most 
likely precedes the formation of APB during apoptosis. 
In the present study blebbing was reduced among APC 
in cultures treated with c~Ado plus Hcy, supporting pre- 
vious data on APB formation [14, 15], and non-existent 
among APC in cultures treated with c~Ado plus CB. 
However, APC in c~Ado plus Hcy and c3Ado plus CB 
cultures demonstrated typical nuclear fragmentation, 
suggesting that different biochemical systems are in- 
volved in the nuclear and cellular fragmentation process- 
es, respectively. 

The mechanisms underlying the blebbing process are 
unknown. Elevated transglutaminase activity in APC has 
been associated with cross linking of cytoplasmic pro- 
teins to maintain cellular integrity during the formation 
of APB [18]. However, elevated activity of this enzyme 
does not explain blebbing per se. Furthermore, disrup- 
ture of the cytoskeleton and actin-membrane interactions 
secondary to attack of calcium dependant proteases, cal- 
pains [19, 41, 43] alternatively oxygen and/or hydroxyl 
radicals [26], may cause cell surface blebbing. In the 
present study CB exposed cells exhibited polarization 
and often longer and broader pseudopoda when com- 
pared with control cells. These cells exhibited foci of 
strong FITC-phalloidin staining, a finding at odds with 
the extensive depolymerization of F-actin secondary to 
capping of the positive end by CB. This indicates that the 
main effect of CB on microfilaments in this cell line Oc- 
curs at the level of microfilament organization and distri- 
bution [10, 47]. Cells with early apoptotic features in 
cultures treated with c3Ado and CB often demonstrated 
foci of green fluorescence at the internal part of the cyto- 
plasmic membrane, whereas blebbed APC were charac- 
terised by a total absence of F-actin. One possible inter- 
pretation of these data is that blebbing of the cytoplasmic 
membrane occurs in cells deficient of F-actin. This may 
be due to depolymerization of F-actin. Alternatively it 
may be due to degradation of F-actin by proteases [23, 
24, 46] during progression of apoptosis. However, since 
the distribution of F-actin was not studied at the ultra- 
structural level we cannot exclude a role of actin poly- 
merization and subsequent actin-myosin interactions in 
APC blebbing. 

Like blebbed APC, non-blebbed APC in cultures 
treated with c~Ado plus Hcy did not display green fluo- 
rescence. Since c~Ado acts as both inhibitor and sub- 
strate of AdoHcyase the metabolic consequences of 
c3Ado treatment are both Hcy depletion, build up of S- 
adenosylhomocysteine (AdoHcy) and formation of 3-de- 
azaadenosylhomocysteine (c3AdoHcy) [54]. Addition of 
Hcy favours formation of c~AdoHcy [12, 13, 50, 61]. 
c3AdoHcy is a potent inhibitor of transmethylation reac- 
tions and it has been claimed that phospholipid methyla- 
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tion alters the properties of  the cytoplasmic membrane  
[27, 32]. A role for c3AdoHcy in inhibition o f  the con- 
tractile response in guinea-pig lung parenchyma has 
been shown previously by Gieske et al. [21]. In contrast 
Stopford et al. [48] found no correlation between c3Ado - 
Hcy  levels and the ability of  c3Ado to disorganize micro- 
filaments in macrophages.  The F-actin observed in non- 
blebbed APC in c3Ado plus CB cultures was not found 
in non-blebbed A P C  in cultures exposed to c3Ado plus 
Hcy. This may  reflect the fact that CB and c3Ado plus 
Hcy  interact with different targets within the cytoplasmic 
membrane;  alternatively it reflects a difference in poten- 
cy between CB and c3Ado plus Hcy  in their ability to 
interact with the actin cytoskeleton. An  ongoing study 
in our laboratory demonstrates  that large amounts  of  
c~AdoHcy are formed in HL-60 cells exposed to c~Ado 
plus Hcy. More  detailed studies are needed to rule out 
whether  this metabolites ability to inhibit A P C  blebbing 
is due to effects on phospholipid methylat ion or interac- 
tions with cytoskeletal filaments. 

In summary,  we have shown the presence of  blebbed 
and non-blebbed phenotypes  o f  APC in HL-60  cultures 
treated with c3Ado and c?Ado plus Hcy. The differences 
among  these phenotypes  seem to be restricted to the cy- 
toplasmic membrane.  The deficiency of  F-actin in 
blebbed A P C  questions the role of  actin polymerizat ion 
and act in-myosin interactions in the blebbing process of  
APC. CB delayed onset and partly inhibited c3Ado apop- 
tosis by  an unknown mechanism. 
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