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In 1953 Zirkle and Tobiasl issued a report on the role of LET

dISTORY

kand 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
Fi cultures and found them to bear their sublethal damage indefinitely
§ or until spontaneous 'mutations' repopuiated the cultures with normal
:: cells. This phenomenon was termed "mutation to increased radio-

§ sensitivity," and the cells were said to bear unpaired defects. This
N

;@ interpretation was later brought under question By Magni3.

= RuddleA, working at the University of California, X-irradiated cultures
of diploid pig kidney cells and isolated stable cell lines with heritable

6. and Elkind’

alterations of their karyotypes. S:anlaii'5 noted?,as had Puck
before him, that surviving colonies in irradiated cultures are
morphologically non-uniform. .The mean colony size was found 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 laboratory
in Rijswijk, the Netherlands8, Sinclair found that iéolated cells from
small colonies among survivors to X-irradiation grew more slowly, were
more sensitive to_inh#bition'of their coiogy fbfming ability by X-rays,
and consistently had much lower platlng efficiencies. These data are
corroborated in a general way by the analogous results obtained with
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Tl cells in Figure 2. . - ‘__'“ ..
Sinclair9 reported that there were no obvious relationships of

these phenomena to the number of chromosomes ‘in these cells which were

said to bear "heritable radiation damage.' " | e

METABOLIC DEFICIENCIES. T |
Human ‘kidney cells deslgnated clone T91M in the previous figure

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

cell after 500 rads of X-irradiatiom and tested for thelr ability to

" utilize oxygen, on the basis that Chey mlght :be, remotely related to

respiratory deflcienu yeasts (petltes) which appear frequently in
irradiated cultures, .as noted by Raut and Simpson10 Figure 3 shows
a typical oxygen consumption experiment using classical manometric

techniques.

"It can be said that_the deficient cells do consume oxygen and

~ that their respiratory pattern differs from that of the unirradiated

parent line. The levelling of the curves 'is evidently due to substrate
exhaustion. Equal concentrations of both cell types were used in these

experiments, due to the influence of cell concentration on the rates of
‘ 3

metabolic processesllf '

The deficlent line T91M d1d not respond appreclably to growth in

. I .
improved medlum. ‘Its- doubllng ‘time in- Eagle s‘MEMl2 with 10% fetal °

bovine serum was 28 - hours, compared to 27.5 hours in a medium similar
LRSI

to Elkind and Sutton,e-HU-157. Tl celle normally double every 22 to

S Y .o . et 2 .
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RADIOBIOLOGICAL STUDIES

The interpretation of the survival curves in Figure 2 is not

simple, and cannot be’logically developed without recourse to other



experiments on Tl cells in our laboratory. Survival curves determined

under various conditions can be described operationally ‘as‘consisting,

in part, of a product of an exponential inactivation curve and a dose-

response curve for several ldentlcal recoverable sub lethal sxtes,_-,

1, - “X v S _,. P « . R
911 of which must. be 1nact1vated to kill a 81ngle cell. Thie e .
situation is descrlbed by equatlon (l) _:'«',\' 0 :J .
e 7.7 I -.~D/D2~n il .
" S=e 1-(1-e;_,-)’ @y

T
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>

. The values of Dy, D2, and n are not immutable},but‘éhe T1 eell .

,survival_eurve df.Sigure:Z agpees roughly{wl&bl: :i":_ TR e
T D, = SOOfrads_;"f,a‘ :vxi':‘ 'i;. S
D, = 240 _raqé"' e .‘t‘.'".' .
\'n'.w 3.0,' - n”'.;j_i I,;i~il.‘

after correction for the average number of cells per colony 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 followihg: Does
the inherited sublethalneémage'eorrespond to the normally'fecoverable

radiosensitive sites?  If so, the eorresponding mathematical expression
must apply. The applicability of the apprdpriete analytical description

is a necessary, but not-sufficient. condition to identify the inherited

- damage w1th recoverable sites., e

-

. Equation (1) is pbtained frem_the gehefal'form shown in eqeation 2).

. . "-D/D < . . .. -D/D ‘n -m _. -D/D m
. s =e :1. ) :E:: s ____IL.___ (e hz)'l_t, ‘l -e ? ) (2)
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summed from m = 0 to m = nQZ;. The resulting exéression for n = 3 is

-D/D -o/p;, .. b, |- - -
s=e = |e - 2*(3 B 2e4_;52£] = S , 3)

-~

equation (3)

If one uses the same values for the mean lethal doses;'namely
: St . ' : '
Dl = 500 rad )

-

Dy = 240_raa,‘m RER
equation (3) is the curve which is plotted for the ;urvival of TI91M
cells in Figure 2." One necessary condition'afpears to be satisfied for
the identification of‘hgritable damage with the recoverable sites.

On‘the other hana, if theldamage which fesults in deficient cells
is registered at recoverable 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.

That Tl cells recover from sublethal radiatibn_events during the first post-’

radiation generation is shown in Figure &. " The ratio of curve C to

¥ . . v Y .

curve B is about 2.6{ which'inéicates at'}east.;hat number of recoverable
radiosensitivéf;ite;i' Howevek}‘if Fhe hiétogr;ms of Figure 1 are
compared with histograms obtained frqm cgltg;%s exposed to twodoses of
X-rays separatedlby 25 houéé (seé Figure:S);'it appears that fractionated
doses are just as effective as single doses 'in the production of
deficient colonies. Note, for gxampie; that liQO,rads, when fractionated
in this manner, is_eqﬁi?ale#t to_aﬁout 900 rad§ for cell'killing but

is' much more effective for the pr;duction pf,defic{ent.colénies.

The production of deficilent colonies (ag evaluated'by,postradiation




colony size distributio;) by carbon-ion irradiation was investigated.
Figure 6 indicates that hlgh LET radiation is very efficient for the
| process if the top row of hlstograms'(x—rays) is compared with the lower
row (C ioms)., Much lower doses of carbon, lons were dellvered
: Inactlvatlon experlments w1th.carbon ions indicate that accumulated
sublethal damage plays 11ttle or ;o role in- cell killing by high LET
radiations. Evidently, defmcxent cells are produced in these experiments
independently of lesions registered in the recoverable sites.
Evidently the appearancé of a deficient cell is not identical with
the registration of a sublethal number of radiation lesions. The only
‘ consistent interpretation, then iévto éqppose that the damage to such
cells 1is registered as a metabolic deréngement which liﬁits the
ability'bf the Eells to reverse acéumulated sublethal events. The
metabolic deficiencies are expressed, for example, iﬁ the reduced
growth rate and oxygen consumpt%on of the dificient cells.
E CYTOGENETIC STUDIES
In consideration of Puck's view that the principal radiation
damage is registered in the chromosomesl3,'T9lM celié were

examined cytogenetically and found to contain, in general, fewer

chromosomes than T1 cells, as indicated in Figure 7. Both cell lines

! are highly aneuploid,_andethe_distribution of chromosome number in

T91IM cells could reéu}t from the fortuitous sele;tion of such a clone
from the parent line, irrespective of'its:historf; |

Ruddle was able to select;from irradiated éultures clones with
stéble abnormal marker chromosomes. An experiment was designed to

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

Clearly the experimeﬁt'could\not be performéd with aneuploid Tl cells,
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so a line of diploid Chinese hamster fibroblasts'yas established
from a bone-marrow aspirate from which a diploid elone had been
selected.and designated M3-1..

Small aberrant clones were selected from'a culture whicn had been
exposed to 500 rads of X-radiation and allowed to grow 2 1/2 weeks
post radiation. Four_such'clones.wefe selected for an experiment in'
which radiation survival, growth rate, + and karyetype were analysed
simultaneously. The growth and‘survivai‘kinetics of these four
clones are summarized in Figure 8. The chtomqaome number distributions
of each of these lines is shown in Figure é. In accord with similar
observations by Sinclair, the numbere of chtomosomes cannot be said
to change. The idiograms of diploid cells from each clone are shown
in Figure.lo in comparison with that of the parent M3-1 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 ex1sts between human and hamster cells with regard to these
deficiencies. C .
pIscusstoy - L
The ftequeneylwith which_these de{iciencies'occur indicates, at
first glance, that, ;hete large fractionated doses are involved, such
as in tumor therapy, the increased radiosensitivity of the deficient cells
may over-ride the importance of repoPulation and-eelluiar recovery of
the Elkind type (illustrated in Figure 4). 1In vivo 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

«




deficient cells is an artifact of in vitro experimentation; or their
sublethal damage can be reversed in the chemically complete in vivo
milieu.

The mechanism of inheritance of these'persisting deficiencies
remains a mystery, and we are currently preparing.a series of biochemical
studies to further investigaté the genetic and environmenﬁal control

k]
of carbohydrate metabqligm ip mammalian cells}~
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FIGURE CAPTIONS

Figure 1. . .'t.j"'_ .. :' ' ' T
| Colonj size distrlbutions of Tl cells exposed to various ‘
doses of 50 kv§ X-rays and-allowed to grow 12 days. The ordinate
is number of cells per 0.1 mm. diameter interval. - Uppermost
“ gize class 1is artiflcially more popu10us due to the inclusion of
all colonies greater than 1.0 mm. in diameter. Ordinate of
the control culture was multiplied%by 1/2 to.give it a scale

'

comparable to irradiated cultures, . - .,

Figure 2.

Growth'and X-ray sutvival curves of TI91M deficient human
kidney cells (solid circles) compared to those of normal Tl cells
(open circles). P. E. = 137.5 7 11.0% Ifor'j,’l“l cells and 38.8 ¥ 11.9%
for TIIM cells. | ) |
Figure 3.
| Oxygen consumption curves for parallel cultures of Tl

“cells and T9IM cells in MEM 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,lecellsr‘A; 4 hours aftef'plating

. ) .

- Cr vy '
.

i - LI

‘.f' . - (open circles); B- 25 hours after plating (solid circles);

.
1‘ - h

I C: 25 hours after platlng and 21 hours after an initial

ﬂw.’

X-ray dose of 500 rads (squares) Doubling time was about
! P (
25.0 hours for unirradlated cells, P..E. ='86.0 - t s, 24.-

i

'nv-., e a




Figure 5.

The effect of dose fractionation on the production of

deficient colonies of Tf cells by 50 kVp X-rays. Ordinate
is the per cent of total’colpnies per 0.1 mm..diameter'
interval, and the two sma;lééf size: classes are iUmped at

high doses. - Top row: single déses; bottom row: two doses

separated by 25 hours.

Figure 6.

Colony size distribution of Tl cell cultures exposed to
various doses of 50 kVp X-rays and C1
Histograms are formed on the same basis as described in

Figure 1. .12 days of growth.'

Figure 7.

Comparison of chromosome number distributions for Tl

cells and T91M cells.

Figure 8.

Growth and radiation survival curves for four sublines

of Chinese hamster cells éeriyed'frdm single‘irradiated

with M3-1 cellé."The-radiatidniaurVivél curve - of line

M147E did not appear to differ from the normal... Plating

M3-1 cells. Dashed curves correspond to results expected

efficiencies were as follows:

MI47F 53.7 * 2.9%
ML4TM  48.6 t 5.9
M147J -52.7 t 5.3%

ML47E 21.1 T 4.67%

o

ions (LET = 2200 MeV-cm?/g).
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Figure 9.

Chromosome number distributions of cultures of four
sublines of Chinese. hamster cells derived from single irradiated

M3-1 cells. These are the'same'lines as were used to obtain the

]

data of Figure 8. Number of chéomosomes per cell was determined
by'counfing the number of chromosomes in each observed cell
twicea.’.

Figure'lof

Idiograms of the four sublines of Chinese hamster cells

.

described in the pfeceding_;wo figures. .Typical strict diploid

~

cells were chosen for constructing idiograms. No gross abnor-

malities were observed in any of the four sublines. Normal

and schematic ll“idiograrns of M3-i cells and in vivo Chinese

hamster cells, respectively,:are given for comparison.

Figure 11.

Oxygen consumption curves for parallel cultures of M3-1
and M147M cells in MEM spinner medium initialiy containing
1 g/liter glucose and no pyruvate. Initial slopes are similar,

but total substrate ut;lization,by.M147M appears to be less.
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FIGURE 10
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FIGURE-11
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