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ABSTRACT 

Disaggrcgatcd mouse embryo cells, grown in monolaycrs, undcrwcnt a progrcssivc dcclinc 
in growth ratc upon succcssivc transfer, the rapidity of the decline dcpcnding, among othcr 
things, on the inoculation density. Ncvcrthclcss, ncarly all culturcs dcvclopcd into 
cstablishcd lincs within 3 months of culture. Thc first sign of thc emcrgcncc of an established 
line was the ability of thc cells to maintain a constant or rising potential growth ratc. This 
occurred while thc cultures wcrc morphologically unchangcd. Thc growth rate continued 
to incrcasc until it cqualcd or cxcccdcd that of the original culturc. The carly cstablishcd 
cclls showed an increasing mctabolic autonomy, as indicated by dccrcasing dependence 
on ccll-to-ccll fccding. It is suggcstcd that the process of cstablishmcnt involvcs an altcra- 
tion in ccll pcrmcability propcrtics. Chromosome studics indicatcd that thc cells rcsponsiblc 
for thc upturn in growth rate wcrc diploid, but latcr the population shifted to the tctraploid 
range, often very rapidly. Still later, marker chromosomes appcarcd. Different lines ac- 
quired diffcrcnt propcrtics, dcpcnding on thc culture conditions cmploycd; one line dc- 
vclopcd which is cxtrcmcly scnsitivc to contact inhibition. 

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

When mammalian ceils are placed in culture they 
grow rapidly, often at a rate substantially exceed- 
ing that in the intact animal. However, this growth 
does not continue indefinitely. Most frequently, 
after a variable interval, for reasons as yet unclear, 
the cells die (1, 2). In some cases, usually thought 
to be uncommon, changes in the cell population 
are observed to occur, culminating in the develop- 
ment of an established line having a variety of 
properties which distinguish it from the strain of 
origin (2). One of these properties is the ability to 
produce tumors when injected into suitable hosts 
(3-5), so that the mechanism by which the normal 
cell is converted into an established cell may have 
a bearing on the problem of carcinogenesis. 

In  the following experiments the growth proper- 
ties of mouse embryonic fibroblasts were closely 
studied from the time they were placed in culture, 
and especially during their conversion to estab- 
lished lines. The changes in growth properties were 
related to chromosomal and morphological 
changes, and certain criteria were set up for the 
established condition. 

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

Media 

The medium used was Dulbccco's modification 
of Eagle's medium (6), containing an approximately 
fourfold higher concentration of the amino acids 
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and  v i tamins  described, plus serine and  glycine, and  
10 per cent  calf s e rum (Colorado S e rum Co., Denver) .  
Th i s  m e d i u m  has  a h igh  b icarbonate  concentra t ion,  
and  the  p H  was kept  at 7.2 by equil ibrat ion wi th  
10 per  cent  CO2 in air. In  the  earlier exper iments  
10 per  cent  tryptose phospha te  was supplemented .  
All cul tures  were ma i n t a i ned  in 50 m m  diameter  
plastic Petri dishes and  were t ransferred by trypsiniza- 
t ion in phosphate-buf fered  saline (PBS) (7). 

Primary Cultures 

Cul tures  of 17 to 19 day old Swiss mouse  embryos  
were p repared  by fine minc ing  of the  whole embryos  

detached,  in 10 to 15 minutes ,  aliquots of the  suspen-  
sion were taken  from each plate for count ing  in a 
hemocytomete r  c h a m b e r  unde r  phase  microscopy.  
At  least 250 cells, and  in most  cases 500 to 1000 cells, 
were counted.  Appropr ia te  aliquots were then  taken 
for inoculation.  Similar  counts  were m a d e  on dupli-  
cate cultures 94 hours  after inoculation. 

T h e  g rowth  in the  interval  be tween transfers was 
calcula ted by dividing the  cell n u m b e r  at the  end  
of the  growth  interval by the  n u m b e r  at  94 hours  

after inoculat ion (N/No). With  fast growing cul tures  
No exceeded the  n u m b e r  of cells inoculated,  while in 

slowly growing cultures it was slightly less t h a n  the  
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Growth  of secondary  cul tures  of embryonic  fibroblasts at  different inoculat ion densities. 

and  disaggregat ing wi th  0.25 per  cent  trypsin. T h e  
t rypsin was removed  by centr i fugat ion and  the  cells 
were resuspended in med i um.  T h e  cells were counted  
and  pla ted at 3 X 106 ceils per plate. After 2 to 3 
days,  conf luent  monolayers  formed. T h e  growth 
exper iments  to be described begin wi th  the  first 
transfer thereafter.  

Subculture Schedules 

All cultures were pu t  on a rigid transfer schedule,  
being transferred either avery 3 days or every 6 
days,  and  inoculated always a t  the  same  cell density. 
T h e  m e d i u m  was changed  on the  1st day for the  3-day 
transfer  regime, and  on the  1st, 3rd, a n d  5 th  days 
for the  6-day transfer  regime. 

At  each transfer,  dupl icate  cultures ware washed  
once wi th  dilute t rypsin or PBS, and  t hen  trypsinized 
in 2 m l  of 0.1 per  cent  trypsin. After the  cells had  

n u m b e r  of  cells inoculated,  in the  r ange  between 
80 per cent  and  90 per cent. As any  g rowth  dur ing  
the  first 24 hours  after inoculat ion is neglected in all 
calculations of the  total n u m b e r  of generat ions  
t h rough  which  a cell popula t ion  has  grown,  these are 
m in ima l  est imates and  might ,  in some cases, be as 
m u c h  as 20 per cent  low. 

I n  all exper iments ,  g rowth  over a 2- or 3-day 
interval  is denoted as N~/No or Na/No, respectively. 

Growth of Cells under Agar 

Agar  casts were prepared  by pour ing  a 4 per 
cant  agar  solution in di luted g rowth  m e d i u m  into 
Patri dishes and  allowing it to harden .  T h e  casts 
were t hen  transferred wi th  a spa tu la  onto monolayers  
on the  1st day  after transfer,  and  l iquid m e d i u m  was 
added  to the  Petri dishes above the  agar.  Growth  of 
the  cells cont inued  unde r  the  agar  for the  subsequent  
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5 days. The liquid medium was changed at the usual 
times. On the day the cells were transferred, the 
agar casts were removed and the cells treated as 
described above. 

Chromosome Preparations 

Actively growing cultures were arrested in recta- 
phase for 4 to 6 hours with vincaleukoblastine 
(Velban) at a concentration of 0.1 tzg/ml. Cells 
were then treated according to a modification of 
the procedure of Hastings et al. (8). Preparations 
were stained with 2 per cent aceto-orcein. The num- 
ber of chromosomes was estimated in each metaphase 
seen, and assigned to a diploid or non-diploid cate- 
gory. This was done without selection of ceils in 
order to avoid prejudice created because the recta- 
phases with higher chromosome numbers are more 
difficult to count exactly. Exact counts were per- 
formed wherever possible, and Table II  is based on 
both kinds of data. 

R E S U L T S  

The Growth Rate of Normal Mouse 

Embryo Cells upon Successive Transfer 

Growth  in culture of a variety of m a m m a l i a n  
cell types, bo th  normal  and  established, has been 
known to be prevented when  the cell density falls 
below a certain critical level (9, 10). This  is thought  
to be due to the loss of labile substrates or inter-  
mediates by leakage from the cells and  is compen-  
sated at  high cell densities or on irradiated feeder 
cells by mutua l  cell feeding (1 l, 12). This behavior  
is shown in the growth of disaggregated mouse 
embryo cells. In  addit ion,  there is a range of cell 
concentrat ions where growth occurs bu t  the rate of 
growth depends upon  the inoculation size. Fig. 1 
shows the results of a representat ive exper iment  to 
demonst ra te  this effect on the short t e rm growth of 
normal  secondary cultures. Cells from a heal thy 
subconfluent  pr imary  culture were plated at  vary- 
ing dilutions on replicate plates. At  24 hours dupli-  
cate samples were counted. T he  med ium was 
changed on the remain ing  plates, and  the cells 
were allowed to grow for a fur ther  3 days and  were 
then trypsinized and  counted.  Growth  dur ing  the 
3-day interval,  Na/No, is plotted against  inocula- 
t ion density in Fig. 1. T he  results show tha t  below 
a cell concentrat ion of 3 X l04 there is no net  
growth in the popula t ion?  At  somewhat  higher  

Z A small minority of these cells can grow at 
densities below 3 X l04 cells per plate and would 
form colonies in sufficient number  to permit the 

densities, growth is a function of the cell density 
and  rises to a m a x i m u m  at 6 X 105 cells per  plate. 
At  concentrat ions higher  than  6 X 105 cells per  

plate, growth is again reduced owing to the effect 
of crowding and  the relatively slow rate of growth 
of normal  cells out  of the plane of the monolayer.  

W h e n  cells are transferred successively in 
culture, the growth rate and  ul t imate  fate of the 
cultures depend,  among  other  things, on the inocu- 
lat ion density. To show the result of repeated trans- 
fer of normal  cells a t  slightly subopt imal  densities, 
cells from a confluent p r imary  culture were plated 
at  densities of 1 X 105 , 3 X 105 , and  6 X 105 , 
grown for 3 days, counted,  and  transferred, always 
at  the original cell density. Fig. 2 shows the results 
of such an  experiment.  The  cells carried at  1 X 105, 
a markedly subopt imal  density, grew th rough  
several transfers, bu t  at  a decreasing rate, unt i l  
after 8 generations they had  lost all ability to divide 
in vitro and eventual ly died. The  ceils transferred 
at  3 X 105 and  6 X 105 (the lat ter  representing the 
density which permit ted maximal  growth in the 
short t e rm experiments) grew considerably bet ter  
and  had  doubl ing times of 60 hours and  30 hours, 
respectively, a t  a t ime when  those ma in ta ined  at  
1 × 105 had  ceased to divide. The  growth rate  of 
cells a t  higher  densities, however, did decline later  
to a very low level. W h e n  the growth rate of these 
cultures dur ing  each transfer is plotted as a func- 
tion of the n u m b e r  of generations in vitro (Fig. 3), it 
becomes much  more obvious tha t  not  only the  cells 
inoculated at  1 X 105 but  also those at  the other  
cell densities show a decline in their  growth rates 
beginning virtually as soon as they are pu t  into 
culture. The  rate of this decline, however, is m u c h  
slower for cells main ta ined  at the higher  densities. 
Between 10 and  20 generations after being put  into 
culture the doubl ing t ime for all these cultures 
exceeded 70 hours. 

At  concentrat ions of 12 × 105 cells per  plate 

(Fig. 4, curve C), the initial growth rate of the 

secondary cultures is somewhat  lower than  tha t  a t  

6 X 105 ceils per  plate because of cell crowding 

calculation of a plating efficiency, which would, of 
course, be quite low. These cells would constitute 
too small a proportion of the total population to be 
detected as an over-all increase in cell number  during 
a 3-day interval. The low plating efficiency reflects 
the difficulty the cells have in growing in the absence 
of cell-to-cell feeding and would therefore be a 
test of their ability to function as independent or- 
ganisms rather than of their intrinsic ability to grow. 
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before the end of the growth interval, but the rate 
of decline on successive transfer is also slower. 
Nevertheless the doubling time of this culture, too, 
rises to over 70 hours by 18 generations. Increasing 
the cell concentration affects the slope of the de- 
cline of the growth rate, but no cell density tested 
enabled these cells to maintain their growth 
potential during this period. Since the maximum 
number  of cells per plate attainable (the saturation 
density) is 5 to 6 X 106 for secondary cultures 
and even less for later subcultures, clearly it is 
not possible to raise the inoculation density much 
higher and still permit appreciable cell division. 

The Process of Establishment 

The results obtained from a long term study of 
the cultures just described and other embryo 

cultures of independent origin are shown in Figs. 4 
and 5. For each of these cultures, transferred at 
3-day intervals, it can be seen that after a variable 
time, from 15 to 30 generations, or from 45 to 75 
days after the beginning of culture, the growth 
rate began to rise again and soon reached a value 
similar to that at the beginning, with a Te of from 
14 to 24 hours. These cultures may now be said to 
be established lines; some of them have been car- 
ried in culture for over a hundred generations with 
either a constant or a rising growth rate and have 
never shown any indication of dying out. Out  of a 
total of 11 secondary cultures, 9 have led to the 
production of established lines. It  appears that 
higher inoculation size favors establishment, but it 
will be noted that one experiment maintaining ceils 
at only 3 X 105 also led to establishment (Fig. 4, 
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curve A). In some cases the upward turn in growth 
rate occurred sharply (Fig. 4, curves A and C) and 
in others more slowly (curve B). 

Cells maintained on the 6-day transfer regime 
also gave rise to established cell lines. While in the 
case of the 3-day transfers the phases of falling and 
rising growth rate are obvious from the curves 
described, the phenomenon is not so clearly shown 
by the cultures maintained on 6-day transfer 
(Fig. 6). The growth rate of 6T6 declined only 
slightly following the beginning of culture, the 
doubling time (Td) rising from 45 hours to 63 
hours at 28 generations, and this difference might 

T A B L E  I 

Actual vs. Potential Growth Rate 

Growth rate 
No. of 

genera- Actual Potential* 
tions in 

Strain culture N, /No  Td(hr.) N2/No Td(hr.) 

6T6 

3T12A 

2 2.15 45 5.1 20 
28 1.75 63 1.9 52 
54 2.1 5 45 3.8 25 

116 2.45 38 6.3 18 

2 4.0 24 5.1 19 
23 1.4 99 1.3 128 
35 1.7 63 2.0 48 
51 2.0 48 2.8 33 
70 3.6 26 4.6 22 

* Inoculation density, 6 X 105 cells. 
5 Calculated from the total growth over the 5-day 
interval. 

be regarded as of doubtful significance. However, 
during most of the time these cells were studied, 
their growth rate was reduced by the cell crowding 
which occurred during the last half of each 
transfer interval. At a cell inoculation density of 
6 X 105 per plate, the maximum rate of cell 
growth occurs during the 2nd and 3rd days after 
inoculation. The  growth rate during this interval 
represents the potential growth rate of which the 
cells are capable under optimal conditions, and is 
appreciably higher than the average rate of 
growth over longer intervals or at higher inocula- 
tion densities. 

If  one examines the potential growth rate of cells 
taken from the 6T6 line at different times, it is 
clear (Table I) that while the actual growth rate 
declined only slightly between the 2nd and 28th 
generation, the potential growth rate declined 

markedly, with the T~ rising from 20 hours to 52 
hours at 28 generations. At the latter time, the 
actual and potential rates virtually coincided, so 
that the cells were growing at close to their maxi- 
mal rate through the entire 5-day growth interval. 
By 54 generations (144 days) the potential growth 
rate was found to have increased considerably 
(Td = 25 hours) while the actual growth rate rose 
relatively little (Tg = 45 hours). It  is therefore 
clear that while the cells on the slower transfer 
regime might appear to be maintaining an almost 
constant growth rate, in fact they do lose growth 
potential, but this is concealed by the transfer 
regime, which does not allow its expression. The  
subsequent rise in potential growth rate indicates 
establishment of the line. The potential and actual 
growth rates of 3T12A (Fig. 5), a line maintained 
on a 3-day transfer regime, are also shown in 
Table I. The pattern of development is the same 
for the two transfer schedules. 

Growth Properties of the Established Lines  

ABILITY TO GROW AT A I~OW INOCULATION 

DENSITY 

The established cells have a much greater ability 
to grow at low cell density. Reduced dependence 
on cell feeding is characteristic of all cell lines 
tested and serves to separate them as a class from 
normal cells. Fig. 7 shows a representative example 
of 3T12A, tested at different times: as a secondary 
culture, during the phase of slowest potential 
growth, and then again after establishment at 67 
and 107 generations. The cells at 24 generations 
grew more slowly at all densities than did cells at 2 
generations and were similarly unable to grow sub- 
stantially at inoculation densities of 5 X l04 cells 

per plate or less. These were as yet unestablished 
diploid cells. The established cells that subse- 
quently emerged showed a progressively improving 
capacity to function as independent organisms by 
acquiring ever greater ability to grow in the 
absence of cell-to-cell feeding. The  3T12A cells, 
in their entire in vitro life, had never been at a 
density less than 106 cells per plate and were 
therefore not selected for growth at low density; 
yet, when tested after 67 generations in vitro, 
they could grow at almost 50 per cent of the 
maximal rate at 3 X 104 cells per plate, and after 
107 generations they could grow maximally at 
this density. 
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MAXIMUM CELL NVM~ER IN CROWDED CULTURE 

Secondary mouse cultures allowed to get as 
crowded as possible reached densities of 5 to 
6 X l0 s cells per plate, bu t  on subsequent  transfers 
this saturat ion density would fall to 2 to 3 X l0 s, 
only to rise again  after establishment.  The  estab- 
lished cells showed a progressive increase in satu- 
ra t ion density; some established lines reached 
densities of 10 7 cells per plate in cuhures  main-  
tained for l0 to 14 days with f requent  medium 
changes. The  increased saturat ion density of the 

cell lines reflects bo th  the increased growth rate  
and  the ability of the cells to grow over one another  
and  form muhilayers,  the lat ter  suggesting changes 
in cell surface properties tha t  are known to be as- 
sociated with mal ignan t  properties in vivo (13). 

A striking exception to this pa t tern  of growth is 

shown by line 3T3, established by other  criteria, 

but  virtually unab le  to grow once a confluent state 

is reached. Fig. 8 shows the results of an  experi- 

men t  in which 3T3 and  3T12 cells were plated on 

replicate plates at  3 X 10 5 and  12 X 10 5 cells per 
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plate and the medium changed the following 
day, and every other day thereafter. Duplicate 
plates of each line were counted for each time 
point. 3T3 cells and 3T12 cells when plated at 
3 × 105 grew equally well at first, with a doubling 
time of about 24 hours. When 3T3 reached a 
density of close to 106 cells per plate all growth 
ceased, while 3T12 continued to grow to a satu- 
ration density of about 7 × 106 cells, over 6 times 
higher than that of 3T3. With larger inocula 

trypsinized suspensions was 16.8 # for 3T3, and 
17.9 # for 3T12. It  appears, therefore, that the 
growth properties (and morphology, see below) of 
the emerging established line may be very different 
according to the culture conditions employed 
during and after the process of establishment. 

GROWTH OF CELLS UNDER AGAR 

The rate of normal embryo cell growth under agar 
is reduced, since the application of the agar in- 
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per plate). Time of release of cells 
from agar inhibition indicated by 
arrows. 

(12 X 10 5 cells) the final saturation densities were 
not changed. In the case of 3T3, over l0 6 cells 
attached but no growth occurred, as the saturation 
density was already attained. These cells could be 
kept with frequent medium change for a month 
with no increase in cell number;  yet they appeared 
fully viable on replating at low densities. 3T12 
inoculated at 12 X 10 5 cells began to grow at 
maximal rate, and reached the same density as 
previously. These differences in the behavior of the 
two cell lines are not to be accounted for by differ- 
ences in cell volume. Mean cell diameter of 

hibits growth out of the plane of the monolayer 
(14). Fig. 9 shows the growth curve for cells main- 
tained on a 6-day transfer regime under agar. 
Their  growth rate was reduced throughout the 
entire period, and especially after 60 days under 
agar. The application of agar was terminated in 
some cultures at 60 days, in others at 96 days, and 
in still others as late as 150 days, by which time 
cell growth was practically arrested (N2/No = 1.3). 
In spite of the repression of growth by the agar, the 
first two of these lines had become established by 
150 days of culture, as indicated by study of their 
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potential  growth rate. The  cells main ta ined  under  
agar  for the entire interval  were not  established at  
this time, but  subsequently they too became estab- 
lished. 

Morphology and Growth Pattern of the 

Established Lines 

After the u p t u r n  in growth rate the cells in most 
experiments could be seen to become slightly more  

T A B L E  II  

Chromosome Alterations during the 
Process of Establishment 

Diploid cells 
Cell Gene- 

strain Transfer ration Counted Percentage N~/No 

3T3 2 2 93/100 (93) 5.0 
5 10 23/25 (92) 2.9 

l0 12 - -  - -  1.2 
15 14 - -  - -  1.2 
18 16 - -  - -  1.9 
20 18 79/100 (79) 2.4 
22 20 3/72 (4) 2.9 
25 24 0/50 (0) 3.8 

3T6 5 11 77/81 (95) 4.3 
16 21 46/50 (92) 2.1 
21 25 - -  - -  1.4 
24 28 50/56 (89) 1.7 
27 31 46/52 (87) 2.3 
30 35 24/50 (48) 2.5 
32 39 4/74 (6) 4 .0  

3T12 2 2 93/100 (93) 5.3 
5 10 45/50 (90) 3.2 
7 13 67/82 (82) 3.0 

12 18 - -  - -  1.5 
14 19 - -  - -  1.6  
16 21 41/50 (82) 2.3 
18 23 89/100 (89) 3.0 
20 26 11/50 (22) 3.0 
22 29 0/67 (0) 3.8 

refractile and  less firmly a t tached to the Petri  dish 
substrate, They  tended to appear  less fusiform in 
shape, and  in crowded cultures there was less 
parallel or ientat ion of the cells and  more cell inter- 
lacing and  overgrowth, suggestive of the loss to 
some degree of contact  inhibi t ion (20). Neverthe-  
less layered m e m b r a n e  formation did occur in 
cultures left wi thout  f requent  transfer. As the 
growth rate increased, the cell size, as seen in the 
count ing chamber ,  became notably  smaller. All 
the changes tha t  occurred were gradual  and  were 
not  readily appa ren t  unt i l  long after the establish- 

men t  was detected by the up tu rn  in growth rate. 
In  no case did morphological  var iants  arise as a 
locus of cells differing markedly from the parents. 

The  cells of line 3T3 differed in appearance  from 
the other  lines. In  sparse culture, they also looked 
fibroblastic bu t  grew considerably flatter, appeared  
finely granular ,  and  were more difficult to tryp- 
sinize. In confluent cultures cell borders were 
obscured and  a th in  syncytium-like sheet formed 
with no tendency toward muhilayer ing.  

Cells main ta ined  under  agar  also became very 
flat and  epithelium-like. This  morphology per- 
sisted for months  after the removal  of agar, bu t  
later  gradually changed toward a more fibroblastic 
type. 

Changes in Chromosome Constitution and 

the Relation of the Alterations in 

Karyotype to the Process of Establishment 

Levan and  Biesele (5) and  Rothfels and  Parker  
(15) have demonst ra ted  a relat ion between changes 
in karyotype and  the development  of established 
mouse lines. Since we were able to detect  an  estab- 
lished line quite early in its development,  it was 
possible to examine this relat ion in greater  detail. 

In  Table  I I  it is seen tha t  as early as the second 
transfer in strains 3T3 and  3T12 there is a signifi- 
cant  polyploid element  in the population.  An aver- 
age of 8.7 per  cent  of 527 cells counted in secondary 
cultures were in the tetraploid range. Dur ing  the 
phase of declining growth rate the percentage of 
tetraploids stays constant  or rises only slightly, 
the popula t ion remain ing  mainly  diploid for from 
20 generations (3T3) to over 40 generations (6T6). 

The  subsequent  increase in the growth rate is 

accompanied in all cases by a change from a 

pr imari ly  diploid popula t ion to one wi th  few, if 
any, diploid cells. All the lines, after establishment,  

had  the great  majori ty of cells in  the hypo- 

tetraploid region with considerable var ia t ion  

around a modal  n u m b e r  in the seventies. The  mode 
of 6T6 at  45 generations (135 days) was 76, and  

3T12 at 34 generations (69 days) had  a mode of 78. 
The  early established cells contained no grossly 

abno rma l  chromosomes;  no metacentrics were seen 
at this time. At  a later  t ime abnormal  chromosomes 
did appear  and  the n u m b e r  of metacentrics and  

minu te  chromosomes progressively increased in the 

population. 3T12 a t  92 generations had  in 30 per 
cent of its cells from one to three metacentrics.  A 

significant minori ty  also had  minute  chromosomes. 
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The mode in this case had also shifted from the 
hypo- to the hypertetraploid region. 

Examination of the data indicates that in at 
least two of the three lines, 3T3 and 3T12, and 
probably 3T6 as well, the period of rapid change 
in ploidy occurred after the upturn in growth rate. 
3T3, for example, after a long period of virtually 
no growth had, by the 20th transfer, increased its 
growth rate (N2/No = 2.4) ; yet the population was 

small variation in chromosome number  that is seen 
in secondary cultures. Two transfers (3 genera- 
tions) later, the population was largely in the tetra- 
ploid range. In 3T3 the change in ploidy occurred 
between the 18th and the 20th generation, and in 
3T6 between the 31st and the 39th generation. 
This brief period when the mass of the population 
develops an altered karyotype is not associated 
with any striking further increase in growth rate. 
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still predominantly diploid. Two transfers later, 
however, well after the start of the upturn in 
growth rate (Fig. 4, curve A; Fig. 5) the popula- 
tion had become almost entirely heteroploid. 
Similarly, 3T12 at the 18th transfer (23rd gener- 
ation), after N2/No had risen from a low of 1.5 to 
3.0, was still 89 per cent diploid. At this time, exact 
counts on 50 cells in the diploid range showed the 
great majority of cells to have exactly 40 chro- 
mosomes, and the remainder to have the same 

The change in the cases of 3T3 and 3T12 occurred 
rapidly enough, within as little as 2 or 3 genera- 
tions, to make it unlikely that it was the result of 
selection of a rare heteroploid variant. Rather,  it 
is suggestive of conversion of a large fraction of the 
population to the heteroploid state. 

Origin of the Established Line 

The time of appearance of the cell type with im- 
proved growth properties under the 3-day transfer 
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regime varies from roughly 45 to 90 days. This 
population could represent the outgrowth of a 
small minority of unaltered cells present in the 
original population and requiring this period of 
time to become predominant. Alternatively, they 
could be cells that acquired new properties during 
the time in vitro, giving them selective advantage. 
The simple case of the first alternative can be 
eliminated by extrapolating the final growth curve 
of 3T6 back to zero time (Fig. 10), whereupon one 
sees that even if just one cell present in the original 
population were growing at the same rapid rate 
from the beginning, it would have taken over the 
population at a much earlier time. ~ 

The growth rates of the established cells, after 
they have emerged, progressively increase and 
continue to do so long after the diploid elements 
are no longer present in the population. 3T6, after 
96 days, is almost completely non-diploid. In the 
subsequent 8 transfers the generation time de- 
creased from 29 to 15 hours and morphological and 

karyotypic changes also continued to occur. The 
cells of the long established line are different 
genetically and metabolically from both the 
original euploid cells and the early established 
cells. 

D I S C U S S I O N  

The development in cell culture of established lines 
from normal cell populations has in most cases 
been considered a rather infrequent and unpre- 
dictable occurrence ( l ,  2), perhaps like the de- 
velopment of a "spontaneous" tumor in the 
animal. The results presented here show that it is 
possible to produce established lines from mouse 
embryo cells with a high degree of probability (9 
out of 11 cultures initiated), most of them within 3 
months of culture. 

Established lines and normal cell strains have 
been distinguished on the basis of a number of 

It could be argued that the cells which finally take 
over the population were indeed the unchanged 
progeny of a small number of cells present from the 
beginning, but that their growth rate was repressed 
by the other cells while the latter constituted the 
majority of the population. Experiments in which 
the cells of the established 3T6 were mixed with 
l02 or l04 times their number of secondary embryo 
cells showed, however, that there was no inhibition 
at all of the growth of the 3T6 cells under these 
conditions. 

criteria by Hayflick and Moorhead (2). Perhaps 
the most essential of these is the capacity for un- 
limited growth, possessed by established cell lines, 
but  not by cell strains. This difference, while quite 
significant as a matter of experience, is difficult to 
employ practically as a distinguishing criterion. 
The  assumption is usually made that if ceils have 
been in continuous culture for many months or 
more than a year, they probably constitute an 
established line (16, 17). Billen and Debrunner  
(18) have routinely maintained mouse bone mar- 
row ceils in serial transfer from 6 months to a year 
and assumed that they were established. On  the 
other hand, it is possible for cells to go through over 
50 generations and still not be established (2, 19). 

The experiments presented here provide a rela- 
tively precise criterion for establishment, in terms 
of growth capacity. In all cases when ceils were 
placed in culture they showed at first a progres- 
sively declining potential growth rate, with the 
doubling time rising to over 60 hours. Thereafter, 
the ability of the cells to maintain a rising growth 
rate, under conditions where the maximum growth rate 
could be expressed, constituted the first indication of 
establishment. This occurred as early as 30 to 45 
days of culture in some of the 3-day transfer 
experiments (Fig. 4) but required a longer time 
in the 6-day transfer experiments. This may be 
due, at least in part, to the more rapid rate of 
growth under the 3-day regime. Cell lines which 
were found to be established by this criterion never 
died out subsequently, and always began a series 
of evolutionary changes expressed in a variety of 

new properties. 
Under  the conditions of our experiments, a 

change involving the development of new proper- 
ties appears to be necessary in order that the cells 
continue to grow indefinitely in vitro. That  this is 
not simply a population change resulting from 
selective overgrowth of cell types whose properties 
were fixed since the beginning of the culture is 
strongly suggested by the experiment of Fig. I0. 
New growth properties must have been developed 
by some cells during the first 15 to 30 generations 
of culture. Whether  a large or only small propor- 
tion of the original population was capable of 
undergoing this change cannot be decided from 
these experiments. 

Following establishment, a further rise in growth 
rate always occurred, the doubling time reaching 
values equal to or less than that of the initial cell 
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population, usually by 45 generations of in vitro 

life. In some cases, evolution continued until 
doubling times of less than 14 hours were reached 
(line 3T6). 

Cell morphology of the early established lines 
was virtually indistinguishable from that of normal 
fibroblasts. In crowded cultures (with the excep- 
tion of 3T3) the cells became progressively more 
able to form multilayers and interlace with one 
another. With time, saturation density increased, 
indicating a progressive loss of the contact in- 
hibition characteristic of normal cells. 

The particular conditions under which ceils are 
cultivated influence the properties of the emerging 
cell type, as seen from examining line 3T3 and, to 
a lesser degree, those cell lines maintained under 
agar for many months. The cells of llne 3T3 were 
always plated at a relatively low cell density and 
were transferred frequently so that they never were 
allowed to become confluent. There was little or 
no cell-to-cell contact prior to establishment. The 
resultant line, established by all other criteria and 
grossly abnormal in karyotype, remained ex- 
tremely sensitive to homologous contact inhibition 
and ceased growing completely as the culture 
reached confluence. Its final saturation density 
was less than one-fifth that of the other 
established lines. Contact inhibition (20) is a 
property of normal cells lost to some degree both 
by malignant and by most established cells. The 
strikingly different behavior of 3T3, as compared 
with the other established lines, may reflect the 
peculiar conditions of its establishment. The loss of 
contact inhibition and, perhaps, the malignant 
properties of many established lines may be the 
result of the selective processes usually operating in 
cell culture and not related to the process of estab- 
lishment per se. 

The karyotypes which develop when mouse cells 
become established in culture have been studied in 
detail by Levan and Biesele (5), by Rothfels and 
Parker (15), and by Hsu et al. (21), and the changes 
found in our experiments were similar to those de- 
scribed by these investigators: first a change of 
chromosome number to the tetraplold and hypo- 
tetraploid range, and, later, the gradual develop- 
ment of grossly abnormal chromosomes. However, 
in our experiments, wherever the relation between 
growth rate and chromosomal changes was closely 
examined it was found that the population began 
to grow more rapidly before the chromosome 
number shifted. It therefore appears that the 

drastic karyotypic alterations characteristic of 
established mouse lines are not essential for estab- 
lishment, or at least its initial phase. When the 
shift to heteroploidy did occur it took place very 
rapidly, during an interval in which the growth 
rate was not changing very much, suggesting that 
the shift was not produced by selection of a very 
small rapidly growing heteroploid minority of cells, 
but rather by a conversion of a large fraction of the 
diploid or quasidiploid population. 

In the mouse, long established cell lines have 
been found invariably to be markedly heteroploid 
(22). In other species, however, such as the ham- 
ster (23-25) and the pig (26), establishment need 
not be followed by such drastic changes in the 
chromosome constitution. The mouse, it has been 
suggested, may have an inherently unstable 
karyotype. To determine whether this instability 
makes establishment of lines easier than for cells of 
other species would require systematic efforts to 
produce established lines in a variety of species. 

One of the cellular properties that emerges very 
soon and very strongly after the initial phase of 
establishment is the ability to grow at low inocula- 
tion density. The relative inability of freshly 
cultured cells to do so is an important factor in the 
progressive reduction in their growth rate upon 
successive transfer (Fig. 2). No improvement takes 
place unless establishment occurs, whereupon, as 
the potential growth rate rises, the ability to grow 
at low density also improves. This represents an in- 
creased ability to function as independent organ- 
isms (a highly unnatural condition for normal 
mammalian cells). Eagle and Piez (27) have 
demonstrated that even established lines, at 
lowered population density, demonstrate growth 
factor requirements for substances the cells are 
capable of making. The reason for this is believed 
to be that the synthetic processes of the cells are 
unable to keep up with the leakage of these sub- 
stances to the medium. However incomplete the 
autonomy of established cells, it is considerably 
more developed than that of non-established 
strains. 

Trypsinization, because it increases the leakiness 
of cells to small molecules (28, 29), may be ex- 
pected to aggravate this condition. It may be that 
the process of establishment involves a reduction of 
the normal leakiness of the cell for metabolites to a 
level where cell growth can continue, under the 
given culture conditions. Further improvement in 
this capacity can result, by mutation-selection or 
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by some form of adaptation. The  end result, at any 
rate, is a cell which can grow at very low inocula- 
tion density and therefore gives a relatively high 
plating efficiency when tested by conventional 
methods. Experiments (24) comparing the relative 
capacity of established mouse lines and normal 
mouse strains to act as feeders for normal ceils 
suggest that part of the adjustment made by the 
established cell is, in fact, an increased ability to 
control the rate of loss of intermediates. (See also 
reference 30.) 

Inability to become established seems to be 
more common in the case of cells of certain species 
other than the mouse. Normal human fibroblasts, 
for example, are thought to undergo establishment 
very rarely, if at all, and Hayflick and Moorhead 
(2) have suggested that the finite in vitro lifetime of 
such cells may reflect an aging process expressed at 
the cellular level, because of the loss of some factor 
necessary for cell survival, or because its rate of 
duplication is less than that of the cell. All cell 
densities used in culture are orders of magnitude 
below those in vivo (27) and it might be that all cell 
densities technically feasible in culture will be 
suboptimal with respect to cell-to-cell feeding, 
and lead to the depletion of substances needed for 
cell division. In our experiments, the rate of 
decline of potential growth rate and total number 
of generations the cells went through before 
establishment occurred was rather constant for the 
particular cell type maintained under a particular 
set of conditions. However,  the fact that the 
inoculation density used, where all other conditions 
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