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MAMHALIAN CELLS IN CULTURE 

by Paul Todd, Donner Laboratory, University of California, 
Berkeley, California 

' :U STORY 

In 1953 Zirkle and Tobias1 issued a report on the role of LET 
. 
land ploidy in what was considered the recessive lethal killing of yeast 

by ionizing radiation. Following this same line of research, Tobias 

·and Stepka, writing in 19552 , isolated yeast colonies from irradiated 

cultures and found them to bear their sublethal damage indefinitely 

or until spontaneous "mutations" repopulated the cultures with normal 

cells. This phenomenon was termed "mutation to increased radio-

seris~tivity," and the cells were said to bear unpaired defects. This 

interpretation was later brought under question by Magni3. 

Ruddle\. working at the University of California, X-irradiated cultures 

of diploid pig kidney cells and isolated stable cell lines with heritable 

alterations of their karyotYPes. .s 6 7 Sinclair noted, as had Puck and Elkind 

before him, that surviving colonies in irradiated cultures are 

morphologically non-uniform. The mean colony size was foun~ to decrease 

with increasing dose, and this can be seen in the histogram of Figure 1, 

which represents results obtained in the present work, using a long-term 

line of human kidney cells obtained from Dr. G. W. Barendsen's l aboratory 

in Rijswijk, the Netherlands8. Sinclair found that isolated cells from 

small colonies among survivors t o X-irradiation ' grew more slowly, were 
. . 

more sensitive to inhib ition of their colony forming ability by X-rays, 
. -, . 

and consistently had much lower. plating efficiencies. These data are 
.. ' 

corroborated in a gener~l way by. the analogous -results obtained with 
' 

.. 

. · 
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Sinclair9 reported that there were no obvious relationships· of .. 
these phenomena to the n~mber of. 'chromosomes -'in these cells which were 

said to bear "heritable radiation damage._" ' ,, 
'!. 

¥~TABOLIC.DEFICIENCIES 

f 

Human ·kidney cells designate'd. clone T91M in the previous figure 

were serially propagated from a'small colony developed from a single 

cell after 500 rad~ o~ X-irradiation and tested for their ability to 

utilize oxygen, on the. basis that they·might:be. remotely r~lated to 

respiratory deficient yeasts (petites) which appear frequently in 

irradiated cultures, .as noted by Raut and SimpsonlO. Figure 3 shows 

a typical oxygen cons~mption experiment 'using· classical manomet.ric 

techniques. 

· It can be said that the deficient cells do consume oxygen and 

2 

that their respiratory pattern differs from that of the unirradiated 

parent line. The levelling of'the curves:is evidently due to substrate 

exhaustion. Equal concentration~ of both cell typ~s.were used in these 

experiments, due to the influence of cell concentration on the rates of 

b 1 . 11 meta o 1.c processes •. 

The deficient line T91M did not respond appreciably to growth in 
• ;t • • 

impr~>Ved medium. 
. l 

·Its· doubi·ing 'time 
. ' 
:in: Ea~le ,·s'·•MEM12 with 10% fetal · 

bovine serum was 28 :hours·, .'comp.ared .to 21 .s hqurs in a medium similar 
•. • • ' •, ' I . • ~ ' ~ t •, , ., ' 

- tr- .' ~ . ' t 

to Elkind and Sutton ''s'·HU-157. Tl celfs normaily double every 22 to 
' .. 

24 hours. 

RADIOBIOLOGICAL STUDIES 

The interpretation of .the survival curves in Figure 2 is not 

simple, and cannot be'logically developed·without recourse to other 

.• ... "';, . . ~ 

.. 

. ' 
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experiments on Tl cells ~n our laboratory. Survival curves determined 

under various conditions ca~ be described operationally · as consisting, 

in part, of a product.,of an ~xponential. _inactivation curve and a dose- · 
• • , ., 0 • • 'l. 'I • • I ' ; ~ I . 

.- ~ ~ • .. ": ~ • ., I ~ 

response _curve .for 'se~eral identical recoverable sub-letha_l sites,:_. 
' ~, " • • • 1. ' •• t:' l, •, , '", '... ~ J' .. "' i 

1 ~' • 1.. t I' ' '• 
1

"

1

. 0 ' 

911 of which must. b~. inactivated to kill a single ·cell •.. This · 
• . . ·• ~ ... t' ,. ..i '> "W'. /. ~· .... i .: . . ... :· . . 

situation is d~scr~q~d by equation·. (1). . . : , ~· · ' 
' • ' j ' • 

0 

I ~ . '· · '-D/01- [ · .: .. ' ~ . •D/02 .t. n -? \.-: .• :' .t • • ,. • • • 

. s = e 1' .. (1 "7, e ... ) . . . 
. . . . .. • . 

•' 

. The values of Dl' n2 , and n are not inunutable;· .but the Tl cell 
f I ,> '-I 

• • • ; .. - I'•• • 

. survival curve of Figure ·2 agrees roughly.,witl} 
', • • .. .. 0 • ... T ...... ~' .,. 

·· D1 .= 500 'rads .= 

n2 = 240 rads' 

n ~ 3.0, 

• ,l 

.. , ' \ 

... 
''t ·, 

'· .. 

of' • ., 

.' .. ", :· 

I .,•"' 

•, 

-·, (1) 

,. '+ 

after correction for 'the average_ number of cells per col~ny .at the· time .. 
of exposure to X-rays. The plotted curve in Figure 2-corresponds to 

equation (1) with these values. 

-The radiobiologically important question is the following: Does 

the inherit.ed su~lethal...~amage ',correspond to the normally .·recov-erable 

radiosensitive sites?. If so, the ~orresponding mathematical expressi~n 
l • 

must apply. The appl~cabilit~ of th~ appropriate analytical description 

is a necessary, but not·sufficient~~ondition to ·identify .the inherited . . . . . . 
damage with recoverable sites. · ... 

,. 

Equation (l)'is ~btained from_the gene~al·form ~~own i~ equation (2). 

'm = n - ·1 
--D/D . L 1 S = e -- . 

. 'm = 0 

- · .. 
• <f .. '!> 

· .: -·D/D : n - m ·D/D2 n! · · 2 
m! (n .- m) _!. (e .. ) . : . '(1 - e ) 

"",-... · .... ~ '' . 

If one of the n sites is al~eady inactivated, then the expression is · 

. ' 

m 
(2) 
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summed from m = 0 to m = n-2. The resulting expression for n = 3 is 

equation (3) 

. -D/D2J, 
~ 2e .. ' ) . , . •' 

,, . -
I 

' .. 

If one uses the same values for the· mean lethal doses., ·namely ... 

o1 = 500 rad · 

. o2 == 240 .rad, 

. ( 

_ .. ·· .. 

equation (3) is the cu'rve which is 'plotted ·,for th'e survival of T91M · 
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cells in Figure 2.· One.necessary condition 'appears to be satisfied' for 

the identification of,heritable damage with the recoverable sites. 

On the other hand, if the damage which results in deficient cells 

is registered at rec~verable sites, then. the recovery process should 

be equally applicable for the production of deficient cells as for 

radiation lethality. In other words, fractionated doses should produce 

fewer deficient cells than a single, instantaneous dose of X-rays. 

(3) 

That Tl cells recover .from sublethal radiation events during the first post-

radiation generation is sl:1own in Figure 4: •· The ratio of curve C to 

curve B is about 2.6, which indicates at least that number of recoverable 
....... 

radiosensitive sites·.· However·,. if ~h_e histog_ta~s of Figure 1 are 

compared with his togr_ams oq tained fro~ cultures exposed to two doses of 
t '". • 

X-rays separated by 25 hours (see Figure 5)., it appears that fractionated 

doses are just .as effect~ve as single doses ·in the production of 

deficient colonies. Note, for example, that 11~0 rads, when fractionated 

in this manner, is_equivalent to about 900 rads for cell killing but 

is much more effective for the production of .deficient colonies. 

The production of deficient colonies (a~ evaluated by postradiation 

'·' 
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colony size distribution) by carbon-ion irradiation was investigated. 

Figure 6 indi"cates that high LET radia,ti~n 
1 
is ~ery efficient for the 

process if the top row of histograms (X-rays) is compared with the lower 

ro,., (C ions):: Much l~wer dos~s of carbon. ions were delivered. 

In~c tivation ~xperiments ,.,ith, carbon ions indicate that accumulated 
" ~ '. • t .. ~ 

sublethal damage piays· little or:no· role. in· cell killing by high LET 

radiations. Evidently, deficient cells are produced in these experiments 

independently of lesions registered in the recoverable sites. 

Evidently the appearance of a deficient cell is not identical with 

the registration of a sublethal number of radiation lesions. The only 

consistent interpretation, then is.to suppose that the damage to such 

cells is registered as a metabolic derangement which limits the 

ability of the cells to reverse accumulated sublethal events. The 

metabolic deficiencies are expressed, for example, in the reduced 

growth rate. and oxygen consumption of the dificient cells. 

CYTOGENETIC STUDIES 

In consideration of Puck 1 s view that the principal radiation 

damage is registered in the chromosomes13 ,.T91M cells were 

examined cytogenetically and found to contain, in general, fewer 

chromosomes than Tl cells, a·s· indicated in Figure 7. Both cell lines 

are highly aneuploid,. and'the distribution of chromosome number in 

T91M cells could result from the fortuitous selection of such a clone 

from the parent lin~, irrespective of its'history. 

Ruddle was able to select from irradiated cultures clones with 

stable abnormal marker chromosomes. An experiment was designed to 

determine whether or not such cells were identical with deficient cells. 

Clearly the experiment could not be performed with aneuploid Tl cells, 
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so a line of diploid Chinese hamster fibroblasts was established 

from a bone-marrow aspirate from which a diploid clone had been 

selected and designated M3-l •. 

Small aberrant clones were selected from a culture which had been 

exposed to 500 rads of X-radiation and allowed to grow 2 1/2 weeks 

post radiation. Four such.clones were selected for an experiment in-
·' 

which radiation survival, growth rate, ' and karyotype were analysed 

simultaneously. The _growth and survival kinetics of these four 

clones are summarized in Figure 8. The chromos·ome number distributions 
' . 

of each of these lines is shown in Figure 9. In accord with similar 

observations by Sinclair, the numbers of chromosomes cannot be said 

to change. The idiograms of diploid cells from each clone are shown 

in Figure 10 in comparison with that of the parent }0-1 clone and a 

normal schematic idiogram14 • ··Apparently- the heritable deficiencies 

are not visibly registered in the chromosomes. 

One deficient hamster cell clone was tested for the respiratory effect, 

and the finding was positive; as indicated in Figure 11. Evidently 

a correlation exists between human and··hamster· cells with .regard to these . . ~ . .. ' 
+ ~ .. ' ~. . • •'f 

deficiencies. · ...... \ 

DISCUSSION . '. 

The frequen~y w~th which_these de~ic~enc~~s· occur indicates, at 
. . 

first glance, that, where large fractionated doses are involved, such 

as in tumor therapy, the increased radiosensitivity ~f the deficient cells 

may over-ride the importance of repopulation and cellular recovery of 

the Elkind type (illustrated in Figure 4). In~ experiments, however, 

suggest .that this is not the case,-·as· has been demonstrated in the 

classical studies of Blair·and his co-workers. • Either the phenomenon of 
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deficient cells is an artifact of in vitro experimentation, or their 

sublethal damage can be reversed in the chemically complete in ~ 

.. 
milieu. 

The mechanism of inheritance of these persisting deficiencies 

remains a mystery, and we are currently preparing a series of biochemical 

studies to further investigate the ·genetic and environmental control 

of carbohydrate metabolism in mammalian cells., 
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FIGURE CAPTIONS 

Figure l. 

Colony size distributions of Tl cells exposed to various 

doses of 50 kVp X-rays and-allowed to grow 12 days. The ordinate 

is· number of cells per 0.'1 mm. diameter interval. · Uppermost 

size class is artificially more popu+ous due to the inclusion of 

all colonies greate-r than 1.0 mm. in diameter. Ordinate of 

the control culture was multip1ied:-by 1/2 ~o ,give it a scale 
. ' 

comparable to irradiated cultures. 

Figure 2. 

Growth and X-ray survival curves of T91M deficient human 

10 

.. kidney cells (sol'id circles) compared to those of normal 'Il cells 

(open circles). P. E. = 137.5 ~ 11.0% for Tl cells and 38.8! 11.9% 
·. 

for T91M cells.· 

Figure 3. 

Oxygen consumption curves for parallel cultures of Tl · 

·cells and T91M cells in ~M spinner medium initially containing 

1 g/liter glucose and no. pyruvate: Initial slopes are nearly 

equal, but total "substrate utilization appears to be .less. 

Figure 4. 

Survival curves for ,Tl• cells:· A; 4 hours after· plating 
. '· \, '' 

. ' . . . : ./ ; ~ ·' 
(open circles); B: 25 hours after pla~ing (solid circles); 

, .... 
~ I ' .. 

: C: 25 hour.s_ ~fter· plating· ~~d 2l 'hou'rs: after an initial 
" ,,., ~ ' •,r ". .... ,:J' ,. ~ •• ~ '' : .~ 

X-ray dose ,~f sq9 .rads (squares): .. Doubl_it:tg time was about 
.., " ~ ,' : : • r J ' ., .. ~ ( : I : '\ 0 • 

2s.o hours for unirradiated cells;' P •. :E: '::: 86.o :t 8.2% •. 
. I • .M .,.. ~· .. , ~ : ' 

1- .. ('" 

.. 

- .. 
... <!. •• 



1 
~; 

,, 
it 
! 

1 

~ 
iff 
It I 
:h 

~~ 
il. 
i~ 

.... .-."' 

Figure 5. 
. . 

The effect of dose fractionation on the production of 

deficient colonies of Tl cells b~ 50 ~YP X-rays. Ordinate 

is the per cent of total col~nies per 0.1 mm •. diameter 

interval, and the two smalles.t size: classes are l\.unped at 

high doses.· ·Top row: single doses; bottom row: two doses 

separated by 25 hours. 

Figure 6. 

Colony size dis'tribution of Tl cell ·cultures eXposed to 

11 

12 . 2 
various doses ·of 50 kVp X-rays and C ions (LET= 2200 MeV-cm /g) • 

.. 
Histograms are ~ormed on the same basi"s· as 'described in 

Figure 1 •. 12 days of growth.· 

Figure 7. 

Comparison of chromosome number dis~ributions for Tl 

cells and T91M cells. 

Figure 8. 

Grol11th and radiation survival curves for four sublines 
. . . 

of Chinese hamster cells derived'from single irradiated 
,,' • • I t ' • "'- • ' 

M3-l cells. Dashed curves correspond to'results expected 
• ~ • j~-4·~; :· • 4. ·, • ,. -. t • .. 

with M3-l cells. ·The rad.iation' survival cur\te~·of line 

Ml47E di.d not appear to A_iffer from the normal •. , Plating 
,. 

efficiencies were as follows: 
,.t·· 

. ' 
Ml47F 53.7 + 2.9% /, -
Ml47M 48.6 + 5.9.% 

., : 

~ ·. 
.. , 

Hl47J ·52.7 + 5.3% 

l1147E 21.1 ·t 4.6% .. 

r' . 

J 
.. ~.~.·~~·----------------------------------------------------------------------------------------------------------------------
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Figure 9. 

Chromosome number distributions of cultures of four 

sublines of Chinese. hams~er cells derived from single irradiated 

N3-l cells. These·are the.same lines as were used to obtain the .. 
data of Figure 8. Number of chromosomes per cell was determined 

by counting the number of chromosomes in each observed cell 

. 4 
tWJ.Ce • 

Figure 10. 
. 

Idiograms of the four.sublines of Chinese hamster cells 

described tn the preceding. two figures. .Typical strict diploid 

cells were chosen for constructing idiograms. No gross abno~-

malities were observed in any·of the four sublines. Normal 

and schematic 14 ·idiograms of M3-l cells and in~ Chinese 

hamster cells, respectively,·.are given for comparison. 

Figure 11. 

Oxygen consumption curves for parallel cultures of M3-l 

and Ml47M cells in MEM spinner medium initially containing 

1 g/liter glucose and no pyruvate. Initial slopes are similar, 

but total substrate ut~~ization by Ml47M appears to be less. 
,. 
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