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Abstract - -Time- lapse  photography was used to study cell-cycle progression and cell- 
division abnormalities in rat 9L brain tumor cells after treatment in culture with 
2 #g/ml and 5#g/ml of 1, 3 bis(2-chloroethyl)-l-nitrosourea (BCNU). Cells treated 
in G a were extensively delayed in reaching the first mitosis after treatment, whereas cells 
treated in S and Gz were not. However, cells treated in .G 1 returned to nearly normal 
generation times in the `first full  post-treatment generation, whereas cells treated in S 
and G z had an abnormally long generation time in that generation. Most cells 
completed or at least attempted on or two divisions before dying, therby producing a 
3- to 4-fold increase in cell number before any decrease was evident. Both the length of 
time required for cells to die and the number of divisions made before the cells died 
depended on the B C N U  concentration to which they were exposed. Nearly all cells 
underwent abnormal divisions before dying, including tripolar divisions, unsuccessful 
divisions, divisions with the loss of a non-viable cytoplasmic mass, and unorganized 
divisions. The length of time that cells remained rounded at division depended on both 
the B C N U  concentration and the generation after treatment. B C N U  induced chromosomal 
aberrations that could be responsible for killing the cells or for the observed division delays and 
abnormalities. 

I N T R O D U C T I O N  

IT IS generally accepted that knowledge of the 
effects of chemotherapeutic agents on tumor 
and normal cell growth and progression th- 
rough the cell cycle could lead to more 
effective scheduling of drugs. Nevertheless, ob- 
taining information for cell-cycle-nonspecific 
agents, such as the nitrosoureas, is not without 
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attendant difficulties in interpretation. Of  the 
nitrosoureas, BCNU has activity against a 
variety of human and animal tumors [1] and 
is currently the most effective single drug used 
in the management of malignant brain tu- 
mors [2]. Consequently, the age sensitivity 
and progression of cells treated with BCNU in 
the tissue culture have been studied previously 
[3-7]. Investigators have used cells which 
have been synchronized by chemical blocks 
[3, 5, 6], by nutritional deficiency [7], and by 
a combination of mechanical and enzymatic 
procedures [4]. The effects of BCNU on pro- 
gression through the cell cycle have been 
evaluated primarily by the use of cells label- 
led with radioactive DNA precursors [3], or 
by measuring the DNA content of cells using 
flow-microfluorometric techniques [7]. Neither 
of these techniques distinguishes between cells 
which continue to proliferate by division into 
the second and third generations after treat- 
ment and those which do not. To overcome 
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this ditticulty, we used time-lapse pho tography  
to study lhe etI~cts of  B C N U  on the pro- 
gression of cul tured rat 9L brain tumor  cells. 

M A T E R I A L S  AND M E T H O D S  

Rat  brain tuInor cells (9L) were grown in 
Eagle's Basal Med ium,  Earle's Salts (BME) 
supplemented  with 10~o ff'tal calf" serum 
(FCS), vitamins, and essential amino acids as 
previously described [8]. For the time-lapse 
experiments,  about  1.0 x 10" cells wore seeded 
into a 7;5cm 2 Falcon tissue cul turc flask; the 
flask was placed on a Reicher t  Biovert micros- 
cope equipped with a green filter, long work- 
ing distance condenser,  16 x objective, and 5 
x eyepiece. A Plexiglas cage surrouiading the 

ulicroscope contained two heat ing elements 
with Edison-type screw bases, type SCB-50 W, 
I IOV,  w i l i ch  were control led by an i inmer-  
sion tube thermoswitch with a range of 
-100 'C- -400 : (1 ,  I lOV and 10A {both from 
M on tgom e r y  Brothers, Burlingame, Calitbrnia, 
U.S.A.). e\ motor -dr iven  Bolex 16ram camera  
was controlled by an automat ic  time-lapse 
system (Bio-Optieal Devices. White Plains, 
New York, U .SA. ) .  Pictures were taken with 
Kodak  Plus-X Reversal  lqlm at appro-  
ximately 35 ti'anaes./hr with an exposure time 
ot  about  {)..5 sec. A specimen-shielding shutter  
protected the cells from the microscope light 
between exposures, and a black cloth covered 
tim entire Plexiglas cage to shield the cells 
from the room light. 

A field of cells was seh:cted and its location 
marked (m the bot tom of lhe flask with a 
d iamond  needle. The  cells were then photo-  
graphed tot 18-20 hr befin'e BCNU was added 
at concentrat ions of ei ther 2 or 5 #g//nd. After 
B C N U  treatment ,  t ime-lapse pho tography  was 
cont inued tbr 75 92 hr. Because BCNU has a 
short half-lithe under  these culture conditions 
( ~ 5 0 m i n ) ,  the mediuna was not changed 
atier BCNU t rea tment ;  the t reated cells there- 
lore received an inlinite exposure dose dur ing  
the exper iment  181. In previous cxperinrents. 
no increased 9L cell killing was observed with 
drug  exposures of  greater  than 2 hr [8]. After 
an intinite exposure dose to BCNU at con- 
centrat ions of 2 and 5/tg./ml, survival (mea- 
sured by colony tormat ion)  was aboul  45'! o 
and 0.79"o, respectively [8]. In a separa te  
exper iment ,  unt rea ted  cells were photo-  
graphed ior about  70 hr. In experiments  
where the pho tographed  cells were treated 
with BCNU,  a separate tlask of" unt rea ted  cells 
was ahvays carried alongside tor ot)servation 
at \ a r i o u s  intervals to be sure that the (:ells 
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reached contluency at the expected times to 
conibrm to proper  growth of the cells. 

After exposure, the fihn was commercial ly  
developed,  and we analyzed cell activities by 
observing the tilm on a Kalar t  Pro-edi tor  with 
a fi'ame counter  or on an LW  Internat ional  
16inm movie projector  with a frame counter  
(Woodland Hills, California, U.S.A.). Th e  
number  of  the ti'amc in which each event was 
observed (e.g., cell rounding,  cell division, cell 
thsion, or cell dea th)  was recorded.  

lave  inlerphase cells characterist ically ex- 
tend and widldraw cytoplasmic protrusions 
which result in "c rawl ing"  across the plastic 
surtace. Mitotic cells are round,  huninescelm 
and unat tached  (or only lightly a t tached)  lo 
the plastic surthcc. Th ey  exhibit internal  mo- 
tion until just  a few minutes betore cyto- 
kinesis. (71(:11 rounding  was considered m have 
occurred when no visible (;ell processes were 
a t tached to the t]ask and the cell had ac- 
quired a round or nearly round shape. Th e  
t ime of  cell division was defined as that time 
when the rounded cell becamc two or more 
definite lobes with a constriction between 
lhem. 'l 'he exact times of cell fusion were 
difficult to de te rmine  because the process was 
a slow, progressive one, but  fusion was con- 
sidered to have occurred when two cclls mo- 
ved through the field as one bodv with only 
one surrounding membrane .  The  time of cell 
death  was usually considered to be the time at 
which the cell lysed. Ahnost all cells which 
died detached ti'om the plastic surt~ice a ti:w 
hours betbre death  in a n lanner  similar lo that 
previously, described tot mitotic cells. Th e  
event  of death  could usually be seen as a 
precipitous change of the cell fl'oin a hunincs- 
cent body with internal  motion to a dark 
body without  any motion. A few cells, how- 
ever, shrank rapidly and ceased all motion 
but  remained luminescent  tor several hours 
and sometimes tor the remainder  of' the ex- 
periment.  These cells were considered to bc 
dead because they exhibited no growth, di- 
vision, or movement .  Th e  time of each event 
relative to ttie time the BCNU was added to 
the cells was calculated and a family history 
(Fig. 1 ) was compiled for each cell observed. 

We estimated the phase of the cell cycle in 
which a cell was treated with BCNU 1Lx 
calculat ing ti°om the fihn the number  of hours 
between the last cell division and the addit ion 
of  BCNU.  T h e n  we determined how thr the 
cell had progressed, assuming that the ecll 
spent the average length of time in each phase 
of/11c ccll cycle. 'Fhe length of each phase of 
the cell cycle tbr l}le 9L cells grown in this 
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Fig. 1. The family histories of  2 sister celL~ treated 7.5 h r  after division (G~/S phase in this 
experiment) with 2 # g / m l  of BCNU.  Each circle represents 1 cell. The numbers represent times 
between 2 successive divisions (generation time) or between the last division and the death of one of the 
daughters. The scale on the left indicates the time of  occurrence of events after B C N U  treatment. The 
lines emanating from the daughter cells after the last observed division stop at the times (on the scale) that 
the cell either moved out of the fteld (2 cells') or died (2 cells). The horizontal bars on the lines stopping at 
about 90 h r  after B C N U  treatment represent cells that were alive (i.e., vegetative) when the ftlming 

ended. 

laboratory was determined to be: G 1 =8 .0hr ,  
S = 7 .9h r ,  G2=3 .2hr ,  M = 0 . 5 h r  [9]. Where 
the time-lapse data of the cells prior to treat- 
ment indicated generation times which were-  
longer or shorter than the usual total cell 
cycle time of 19.6hr, we assumed a lengthen- 
ing or shortening of the G 1 phase, since it is 
generally accepted that variation in the gene- 
ration times is mostly a result of variation in 
the length of G 1. 

'Fo determine whether the rounded cells 
that began to appear in large quantities 40 hr 
after treatment were in mitosis or simply 
dying, and whether the abnormal divisions 
observed were the result of BCNU-induced 
chromosome aberrations, chromosome pre- 
parations were made from a culture treated 
with 5/*g/ml of BCNU. Forty-four hours after 
BCNU treatment, Colcemid (0.06#g/ml) was 
added to the culture tbr 4hr. The round and 
loose cells were then shaken off the flask and 
centrifuged for 6min at about 1000g. After 
rinsing with saline and centrituging, we added 
0 .075MKCl  to make the cells swell. After 
centrifuging the cells again and discarding the 
supernatant, we added methanol-acetic acid 
fixative (3 M e O H : I  HAc) and resuspended 
the ceils with a Pasteur pipette. A drop of 
chromosome suspension was placed on a clean 
slide, flamed until dry, and stained with 
Giesma. The percentage of" mitotic cells was 
determined by scoring 390 cells, and 25 mi- 
totic cells were examined more closely tbr 
chromosome abnormalities. 

RESULTS 
Time-lapse photography revealed three pro- 

nounced cffects of BCNU on rat 9L brain 
tumor cells: cell cycle-dependent aherations in 
tile length of cell generation times (the-time it 
takes tbr a cell to traverse the cell cycle ti'om 
one mitosis to the next), mitotic abnorma- 
lities, and cell death. 

We determined that the cells were growing 
normally bet®re treatment with BCNU by 
observing them with time-lapse photography 
tor a period of about one generation time 
(18 28hr) bet®re the BCNU was added to the 
culture flasks. A cell at any particular point 
in the cell cycle (e.g., early S-phase) would 
pass through mitosis once (and only once) 
during a period exactly equal to its generation 
time. For a population with an average 
doubling time of 18.7__5.6hr S.D.*, 50",i) of 
the cells would be expected to traverse at least 
one complete cell cycle (including one mi- 
tosis) in 18.7hr. in 24.3hr (18.7+5.6), 84 ° O 

of the cells would be expected to traverse at 
least one complete cycle (including mitosis). 
Of  the 71 cells originally in the fields of 
observation in our experiments, 85(~0 (60//71) 
divided at least once and some of them twice 
during this pro-treatment period, which aver- 
aged about 24 hr for all of the films. Seven of 
the remaining cells (10%) divided within a 
ti,w hours after treatment. This indicated that 

* S t a n d a r d  d e v i a t i o n .  
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Table 1. 
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Generation times of untreated control cells and cells before 
treatment* 

No. of cells Mean + S.D. Median 
Generation observed (hr) (hr) 

1st 30 18.7 _+5.6 16.9 
2nd 42 19.5 _+ 5.2 17.8 
3rd 52 19.5 _+4.6 18.7 
Betbre BCNU treatment 8 16.4 + 2.8 16.8 

*Two cells are not included in these data. One showed no mitotic activity for the 
entire length of the film (~ 70 hr); the other died 48 hr after the film began. 

before B C N U  t rea tment ,  the cells were grow- 
ing at  the no rma l  ra te  of  un t rea ted  control  
cells ( 'Fable 1). In  cases where  the cells 
d iv ided twice before B C N U  t rea tment ,  an 
es t imate  of  the average  genera t ion  t ime could 
be made .  This  es t imate  indicated tha t  the 
cells were growing at a ra te  similar to that  
measured  by  us in un t rea ted  cell popula t ions  
which were observed for several  generat ions 
( 'Fable 1) and  to tha t  of  the average  doubl ing  
t ime (de te rmined  by convent ional  methods)  of  
19.6_+0.5hr measured  by  others for 9L cells 
g rown under  ident ical  condit ions in this labo-  
ra to ry  [9]. T h e  final indicat ion that  cells used 
tor the expe r imen t  were  growing norma l ly  
was that  the cells in the control  flasks which 
were pla ted at  the same time, but  left un-  
t reated by B C N U ,  always reached  confluency 
at the expected  t ime far cells with a doubl ing  
t ime of  17-20 hr. Thus ,  the cells observed in 
the t ime-lapse studies were growing norma l ly  
until they were t rea ted  with B C N U .  

B C N U  significantly al tered the cell gene- 
rat ion times. After t r ea tmen t  with B C N U ,  the 
t ime be tween two successive divisions of  a cell 
was lengthened ( 'Fables 1 and 2). T h e  extent  
to which the genera t ion  t ime was lengthened 
depended  on the phase  of  the cell cycle 
dur ing  which the d rug  was added  ( 'Fable 2, 
Figs. 2 and  3). Cells t reated with B C N U  
within the first few hours after a division 
(presumed G 1 cells) took longer to reach the 
next  division: the m e a n  t ime of the genera t ion  
in which they were t rea ted  was 29.7 hr, com-  
pared  to 16.4 19.5hr  for un t rea ted  controls 
( 'Fables 1 and  2, Fig. 2). However ,  the cells 
t reated with B C N U  in S or G 2 phases lagged 
only slightly in reaching  the next  mitosis: 
m e a n  genera t ion  times of  19.6, 20.5 and  
18.2hr,  respectively,  were observed tbr cells 
t reated in early S, late S and  G 2 ( 'Fable 2, 
Fig. 2). 

T h e  effect of  t r ea tmen t  on genera t ion  t ime 
in the first genera t ion  after B C N U  was added  

Table 2. Generation times of cells treated with 2/~g/ml oJ BCNU 

Mean + S.D. Median 
Treatment phase Generation (hr) n . . . .  an (hF )  Ttmedian + 

G 1 BCNU treatment 29.7 _+6.6 9 29.2 11 
1st after BCNU 17.9-+2.7 9 20.4 14 

2nd after BCNU 25.7_+4.0 12 25.0 15 

Early S 

Late S 

G2 

BCNU treatment 19.6_+ 3.1 13 19.2 15 
1st after BCNU 25.8+_5.2 17 25.9 18 

2nd alter BCNU 28.5-+6.8 3 35.5 i0 

BCNU treatment 20.5-t-6.7 25 18.0 25 
1st after BCNU 32.1 _+8.7 25 32.0 32 

2nd after BCNU 25.7_+7.3 12 23.2 28 

BCNU treatment 18.2__+3.4 6 18.0 6 
1st after BCNU 39.2_+6.9 9 42.7 9 

2nd after BCNU 28.9 1 21.4 7 

~'Number of cells used to determine mean. (Cells that died during this generation are n o t  

included. ) 
++Number of cells used to determine median. (Cells that died during this generation are 
included. ) 
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Fig. 2. Generation times of cells during B C N U  treatment generation. The 
generation time is the number of hours between the mitosis before treatment and the 
mitosis after treatment. The abscissa indicates the time after the pre-treatment division 
that 2 #g/ml Of B C N U  was added. The presumed phase of the cell cycle in which the 
cell was treated is indicated by the insert. The gray area encompasses the mean +_ 1 
S.D. of the generation times of untreated control cells (i.e., those dividing twice before 
B C N U  treatment ). O ,  cells alive at the end of the B C N U  treatment generation; Q ,  

cells that died at the end of this generation. 

A 
r. 

MJ 

I -  

Z Q 
l -  

Z 
u J  

o 
30 

' i I I ' I ' I ' 

• 9 
o . ~  

O0 
0 
0 

,oW o o 

0 

o 

o/ o 
o o 0 

o 

0 

o o 
o 

oo 

o 

o 

' , ...... - 3  1 0 ~  
4 8 12 16 20 24 

TIME AFTER CELL DIVISION (hrs) 

Fig. 3. Generation times of ceUs in the gqrst full  generation after B C N U  treatment. The 
generation time is the number of hours between thejqrst mitosis after treatment with 2/tg/ml 
o f B C N U  and the second mitosis after treatment. The abscissa indicates the presumed phase in 
the cell cycle of each cell at the time of treatment. The gray area indicates the range of generation 
times of untreated control cells (i.e., the mean _ 1 S.D. of the generation times of cells that 
divided twice before B C N U  treatment). O ,  cells alive at the end of theJTrst post-treatment 

generation; 0 ,  cells that died at the end of the first post-treatment generation. 
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was opposite to the effect observed in the 
BCNU treatment generation: (:ells treated in 
G1 reverted to nearly normal generation 
times in the first post-treatment generation, 
whereas cells treated in S or G 2 phase have 
substantially longer generation times in that 
generation (Table 2, Fig. 3). In general, the 
nearer a cell was to mitosis at the thne o1 
BCNU treatment, the shorter was its BCNU 
treatment generation and the longer was its 
tirsl generation alter treatment (Table 2, Figs. 
2 and 3). For example, cells treated with 
BCNU in G a had an average BCNU treat- 
men( generation time (18.2hr) that hardly 
dillS:red tb)m that of the untreated controls, 
but these samc cells spent an average of 
39.2hr in the generation after BCNU trcat- 
men( (Table 2). The length of the second 
post-treatment generation was similar for all 
cells, regardless of whcre they were in the 
cvch" when they were treated. All treated cells 
had second post-treatment generation tiincs of 
25-29hr, signilicantly longer than those of 
untreated control cells ('fables 1 and 2). 

The growth curves derived ti'om pooled ccll 
histories also reflect the lengthened generation 
times {Fig. 4). (;ell populations treated in (;1 
did not increase until at least 20hr after 
treatment, whereas cells treated in G a sho- 
wed an increase ahnost immediately (Fig. 4). 
In one respect, the growth curves t~:)r cells 
treated in all parts of the cycle were similar. 
Ninety hours after treatment, all the cell popu- 
lations had increased roughly 3- to 4-fold over 
the original number (total live and dead cells) 
(Fig. 4). 'Fhis 3- to 4-1bid incrcasc was also 
apparent when a composite growth CLU'Ve -was 
constructed by pooling the data fi'om all parts 
of the cycle. For comparison, 90 hr after seed- 
ing, the total number of untreated control 
cclls was 25 30 times thc original number of 
cells seeded in the tlask. 

The observation that BCNU lengthens the 
generation times of cells was supported by the 
observation that some cells did not divide or 
attempt to divide within the time course of 
the experiments, but merely remained alive 
and moving (i.e., vegctative). (See Materials 
and Methods section of a dcscription of the 
live cells.) No 9L cells remained vegetative in 
the generation during which they were treated 
with 2/*g/ml of BCNU, but many cells in the 
tirst and second post-treatment generations 
were in this category. Whether the vegetative 
cells divided after the end of the photographic 
observation or died could not be determined. 
If lhev divided, the mean and median gene- 
ration times of table 2 would be substantially 

longer. If the}; died, only the median gene- 
ration time of 'Fable 2 would be longer. 
'Fheretore, generation times tot the daughters 
and" granddaughters of the BCNU-treated ce- 
lls in 'Fable 2 are shorter than the true 
generation times. 

N,htny cells died during thc film observation 
period. About 7'!, of the cells treatcd with 
2 #g/ml of BCNU died before completing the 
th'st mitosis, and larger numbers died in sub- 
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sequent generations (Fig. 5). Of  cells treated 
with a higher concentration o f  BCNU 
(5pg/ml), about 55~I0 died bctbrc completing 
the first mitosis and almost 9001 , died bctorc 
completing the second mitosis (Fig. 5). In 
other words, the higher the dose, the earlier 
thc generation of death. However, because a 
higher dose or" BCNU lengthened the cell 
generation time, the ax'cragc time of death lbr 
cells during the treatment generation was 
later than that of cclls treated with a lower 
dose (lqg. 5b). These plotted values were  
corrected tbr cell multiplication. Thus, if each 
treated cell divided into two ~ells, one of 
which died and the other of which lived 
through the next mitosis, 50",  o[" the orig- 
inally trcated cells were considered to have 
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died in the first generation after BCNU 
treatment. 

The growth curves also show that signi- 
ficant numbers of cells treated with 2 #g/ml of 
BCNU began to die about 50hr after treat- 
ment (Fig. 4). The number of cells that 
remained alive 90hr  after treatment was sli- 
ghtly larger for G 1 and early S cells than for 
late S and G 2 cells, although we cannot be 
sure that these differences are significant be- 
cause of the small number of cells used in the 
analysis. It was also observed that cells which 
died during a particular generation (e.g., the 
first generation after BCNU treatment) had 
longer generation times than cells which sur- 
vived that generation (Figs. 2 and 3). 

BCNU induced a large number of abnor- 
mal divisions, including: (a) tripolar divisions 
(Figs. 1 and 6, 'Fable 3); (b) attempted 
divisions in which the cell rounded as if ti)r 
division and pulled in several directions but 
did not split into two or more cells ('Fable 3); 

(c) divisions in which the parent cell lost a 
small, non-viable piece of itself ('Fable 3); (d) 
unorganized divisions in which the cell roun- 
ded and pulled in many directions (instead of 
two) and finally divided, one daughter cell 
often being obviously larger than the other 
('Fable 3); and (e) divisions into two or more 
cells tbllowed closely by fusion of two or more 
of the resulting daughter cells (Figs. 1 and 6, 
'Fable 3). These were all in contrast to a 
normal cell division, in which the cell de- 
tached from the flask to become symmetrically 
round and divided easily into two equal-sized 
daughters without many contortions, gy- 
rations, or loss of cellular material. The num- 
ber of abnormal divisions increased with dose 
from 7.3'Io for control cells to 24.8% for cells 
treated with 2#g/ml of BCNU and 70~I.)~ for 
cells treated with 5 #g/ml of BCNU ('Fable 3). 
(The tigures in Table 3 include pooled data 
figaro all generations after treatment.) 

Besides morphologic abnormalities as- 

Table 3. Abnormal divisions observed during the 70 92 hr of filming* 

B( :N t dose Total No. of Tripolar Uncompleted Abortive Unorganized Total No. at" 
llg,.ml divisions observed divisions divisions piece divisions Fusions abnormal divisions 

0 150(100.0)t 3 (2.0) 1 (0.7) 2 (1.3) 4 (2.7) 1 (0.7) 11 (7.3) 
2 149 (100.0) 11 (7.4) 6 (4.0) 4 (2.7) 13 (8.7) 3 (2.0) 37 (24.8) 
5 23 (100.0) 4 (17.4) 5 (21.8) 3 (13.0) 4 (17.4) 0 (0.0) 16 (70.0) 

*Pooled data ti'om all generations after treatment. 
"~Numbers in parentheses, percentage. 
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sociated with divisions of BCNU-treated cells, 
the length of time needed for cells to complete 
divisions was longer than that for the un- 
treated cells ('Fable 4). Most untreated cells 
spent less than one-half hour from the time 
the cell was rounded to the time two or more 
definite, nearly separated lobes emerged. In 
the first division after BCNU treatment, 16°0 
of the cells spent more than one-half hour in 
the rounded state, but 63.2 and 30.8% spent 
more than 0.5hr in the rounded state in the 
second and third divisions, respectively ('Fable 
4). 

Table 4. Rounding of 9L cells for division before and 
after treatment with 2 #g/ml of BCNU 

Cells rounding > 0.5 hr 
Division Fraction Percentage 

Before BCNU treatment 
(control) 1/34 2.9 
1st after BCNU : 8/50 16.0 
2nd after BCNU 36/57 63.2 
3rd after BCNU 8/26 30.8 

Because many of the cells in the viewing 
field were rounded for such a long time 
beginning at about 40hr after treatment with 
5 #g/ml of BCNU and because many of these 
subsequently died, we questioned whether the 
rounded cells were in fact attempting to di- 
vide or were only rounding to die. 
Consequently, the rounded cells were removed 
by shaking and were prepared for chromo- 
some analysis. Of  the 390 BCNU-treated cells 
examined after a 4hr  Colcemid treatment, 
53.3(~; had mitotically condensed chromo- 
somes, compared to 52.8<I'i) of the cells si- 
milarly obtained from an untreated culture. 
Thus, a prolonged state of roundness in 
BCNU-treated cells probably represented at- 
tempts by these cells to divide. Twenty-five of 
the stained cells were observed more closely 
for chromosomal aberrations. Each of these cells 
had at least two definite and gross aber- 
rations, and most were so complex that ac- 
curate quantification was not possible. 

DISCUSSION 

It is possible that BCNU kills cells in one 
phase of the cycle more efficiently than in 
another. For example, killing of cultured hu- 
man lymphoma cells seems more efficient if 
the cells are treated with BCNU in the G~ 
phase of the cell cycle [15, 6], but Don cells 
seem more sensitive to BCNU in early G 1 

phase [4] and Chinese hamster ovary (CHO) 
cells in late-mid S phase [3]. However, the 
sensitivity at various stages in the cell cycle of 
9L cells could not be determined exactly in 
these studies because the cells could not be 
observed long enough for us to obtain ab- 
solute survival values. Nevertheless, the cell 
growth data tbr the first few days after treat- 
ment indicate that the generation in which 
the cells lag in reaching cell division is dif- 
ferent for cells treated in different stages in the 
cycle. Because Gl-treated cells delay in the 
generation during which they are treated and 
G2-treated cells delay in the next generation, 
all cells going through two divisions after 
treatment have approximately the same total 
delay, no matter in what stage they were 
treated. Whether this equalization of growth 
carries over to survival could not be de- 
termined. Our data differ from those of 
Barranco and Humphrey [3] who observed 
that CHO cells were significantly delayed in 
reaching the first mitosis no matter in what 
phase of the cell cycle they were treated. We 
suggest that the difference between our data 
and theirs may be due to differences in the 
drug dose, cell lines, or analytic method used. 

Other data (K. T. Wheeler, unpublished) 
[7] indicate that the predominant delay in- 
duced by BCNU occurs in the G 2 phase of 
the cell cycle, although a transient G1/S block 
has also been observed. Cells treated in G1, 
theretbre, carry the BCNU-induced iniury th- 
rough the remainder of G1, through S, and 
into G 2 where the delay occurs. However, 
G2-treated cells and most S-phase cells, es- 
pecially those treated in late S phase, con- 
tinue to progress normally into mitosis with- 
out any delay. This suggests that the dam- 
age is not fixed ina recognizable form tbr 
several hours and that the closer a cell is to 
mitosis at the time of damage, the better are 
its chances of progressing through mitosis un- 
delayed by that damage. If" DNA-DNA cross- 
links were the damage responsible for the 9L 
cell G 2 delay, our observations would be 
consistent with those of Kohn [10], who found 
that the chloroethyl moeity of BCNU, al- 
though bound rapidly, produced DNA-DNA 
crosslinks with a half-time of a few hours. 
Thus, a cell u'eated in late S phase might 
move into its first G 2 without fixed damage, 
then into mitosis and G l of the next cycle 
before the damage is in a form that causes it 
to stop in the next G2. 

In this way, the G 2 block induced by 
BCNU differs from that induced by irra- 
diation, h'radiated cells also become blocked 
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Fig. 6. TimecourseforasuccessfulcelldivisionofacelltreatedinG1/Sphasewith2 I~g/mlof 
BCNU with subsequent fusion followed by a tripolar division (see Fig. 1 for cell history }. (a) 
11.8 hr, cell completing thejqrst division after treatment; (b) 14.5 hr, daughter cells resulting 

from first division; (c) 15.8 hr, the 2 daughter cells fusing; (d) 20.0 hr, 1 binucleate cell 
resulting from the fusion of 2 daughters; (e) 32.2 hr, the binucleate cell rounded for the second 
division; ( f  ) 32.8 hr, tripolar division of the binucleate cell. The horizontal striations are 

inherent markings on the tissue culture j'lask approximately 18 ym apart, x 308. 
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in G2, but the block occurs in the first G 2 
after irradiation no matter in what stage of 
the cycle they were irradiated [11-23]. In 
addition, cells irradiated in late S and G 2 
phases suffer a longer delay than those ir- 
radiated in other parts of the cycle [14, 15, 
21, 22]. The only cells that enter division 
without delay in G 2 are those that are ir- 
radiated while in the late G z phase, 1 hr or 
less from mitosis [24]. Thus, although super- 
ficially the cells seem to respond in the same 
way to damage by either X-rays or drugs such 
as BCNU (both cause cells to stop in G2), 
there must be a fundamental difference in the 
damage causing the delay, in the way this 
damage is perceived, or at least in the time at 
which it is recognized. 

The ultimate cause of death of cells treated 
with BCNU is not known, but we suggest that 
many of them die because they lose part of 
their genetic material during faulty divisions 
and are, therefore, not equipped to carry on 
all of the necessary functions for maintaining 
viability. The fact that almost every cell di- 
vides or at least makes one attempt at cell 
division before death supports this hypothesis. 
For example, if a cell divides into three and 
the chromosomes are divided equally among 
the daughters, then no daughter cell would 
have its entire genome because there is only 
enough DNA for two cells. Likewise, if a cell 
loses one or more chromosomes in a small 
aborted piece of cytoplasm that is cleaved off 
during division, neither daughter cell resulting 
from the division will carry a complete ge- 
netic complement. It is even probable that 
some cells that complete a bipolar division 
have not received exactly half of the entire 
genome. This is supported by the observation 
that many of the cells resulting from division 
after BCNU treatment do not have the nor- 
mal amount of DNA tor a G 1 cell (Wheeler 
and Hoshino, unpublished fluorometric data) 
[7]. Such an unequal division of DNA is 
certainly possible, considering the chromo- 
some aberrations induced by BCNU. 

If  two chromosomes or parts of chromo- 
somes become abnormally attached to each 
other as a result of BCNU treatment, then 
they both are likely to migrate to the same 
pole during division. If  one of these chromo- 
somes (or pieces) would normally have mig- 
rated to the other pole, then such a division 
must result in deficient genetic information for 
one of the daughters. In addition, if the 
abnormal chromosome(s) migrate improperly 
and do not become enclosed within the main 
nucleus of the daughter cell to which they 

migrate, but rather become part of the mic- 
ronucleus (as happens often after X- 
irradiation of cells), then that chromosome 
may not function at all; micronuclei formed 
after X-irradiation disappear with time, pre- 
sumably by degradation [25]. This event 
would result, of course, in the loss of genetic 
information to the daughter cell that received 
that chromosome at mitosis. 

Although the chromosome aberrations 
themselves could account for some of the 
difficult divisions, such as those that take an 
abnormally long time, there may be secon- 
dary causes of faulty division. For example, 
muhipolar divisions could occur as a result of 
the long G z delay in much the same way 
that they occur after a long arrest in mitosis 
with Colcemid. With the Colcemid arrest, two 
normally functioning centrioles may mature 
and divide into four functioning centrioles 
during the mitotic block because their growth 
and division cycle is not coupled closely to the 
cell cycle [26]. When the cell is then released 
from the mitotic block, not only two, but 
three or four centrioles are available centers 
for chromosome organization lor division. The 
cell may then divide into three or four cells 
rather than two. Alternatively, the division 
may be so disorganized that either the ch- 
romosomes are not  divided equally between 
daughters, or cytokifiesis cannot be completed 
at all ('Fable 3). 

Whatever the ultimate cause of death of 
cells treated with BCNU, death does not 
occur immediately after BCNU treatment. If  
tumor cells in vivo respond similarly to BCNU 
as do 9L cells in vitro, these studies have 
implications for chemotherapy. Because 
BCNU-treated cells do not die and lyse im- 
mediately after treatment, a tumor would not 
be expected to regress shortly after treatment. 
In fact, since some division usually occurs 
betore the cells die, a treated tumor would be 
expected to grow before shrinking. Whatever 
the distributic~n of cclls in the cell cycle, the 
number of cells in the tumor would probably 
multiply by a factor of 2 or 3 before signi- 
ficant numbers of cells died and caused gro- 
wth to cease and regression to begin (Fig. 4). 
For a cell population with a doubling time of 
about 18hr, the growth curve does not pla- 
teau until 2 or 3 days after treatment with 
2 pg/ml of BCNU. For cells with longer gene- 
ration times, the growth curve would likely 
take a proportionately longer time to plateau 
if the cells always need to go through division 
before expressing the lethal effects of BCNU. 
If a higher concentration of the drug is used, 
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the advantages  are not only that fewer cells 
survive, but  that  cells die sooner after treat- 
ment  with less increase in tumor  size betbre 
stasis or regression. This may be part icular ly 
impor tan t  tbr the t rea tment  of brain tumors 
because the rigid skull does not allow much  
increase in tumor  size without  damage  of 
normal tissues caused by the resulting 
pFCSSUI'C. 

The  size of a tumor  depends not only on 
the number  of live cells in the tumor,  but also 
on both the removal  rate of  dead cell debris 
and the volume of the remaining live cells. 
Because dead cells are apparent ly  not re- 
moved rapidly from the cranial cavity [27], 
dead brain tumor  cells can contr ibute signi- 
ficantly to the tumor  mass. In addition, an 
increase in the volume of  clon0genically steri- 
lized but as yet not dead BCNU- t rea t ed  cells 
could contr ibute significantly to the tumor  

mass. The  time-lapse pictures fi'om which the 
data  here are taken suggest that B C N U -  
treated cells become abnormal ly  large after 
t reatment  and that thereforc a tumor  contain- 
ing such cells would increase in size pro- 
portionately.  Thus,  a tumor  treated with 
B C N U  might  increase in size even betbrc any 
cell division occurred within it and grow with 
each newly added cell formed at division. 

Even as the cclls die. the tumor size lnight not 
decrease rapidly if thc dcbris is not removed 
quickly. 

We hope that the data  here will be useful 
in unders tanding the response of tumors trea- 
ted in vivo when B C N U  or other nitrosoureas 
are used as chemotherapeut ic  agents. At least, 
the data  provide a basis tbr explaining why 
patients with brain tumors often get clinically 
worse betbre they get better after nitrosourea 
therapy. The  data  also caution against using 
the time of improvement  of symptoms after 
therapy as the criterion tot selecting which 
agent in a combined modal i ty  regimen is 
responsible ti)r the clinical response. 
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