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Development of a method for quantitative growth of single mammalian cells 
into macroscopic colonies when plated in vitro in a nutrient medium (1, 2) has 
made possible radiobiological studies on somatic mammalian cells by methods 
which are routine in microbial systems. In a previous paper (3) we have de- 
scribed the x-ray survival curve of HeLa cells of the $3 clone, a strain which 
originated from a human carcinoma of the cervix (4). Survival of the ability 
to multiply indefinitely was found to follow a curve with a hit number close to 2, 
and a mean lethal dose, Do, equal to 96 r. This represented a value for the x-ray 
sensitivity of a mammalian cell far lower than that expected on the basis of 
previous in vitro studies (5). Evidence was presented to show that the locus of 
the radiation damage lay in the genetic apparatus of the cell presumably con- 
sisting in a chromosomal damage (3) and it was shown that such genetic injury 
to the somatic cells could account for many of the phenomena associated with 
the mammalian radiation syndrome (3, 7a, 7b). I t  became of critical importance 
to determine whether this degree of radiation sensitivity is generally representa- 
tive of human somatic cells, or whether the HeLa cell is unusually susceptible. 
The latter possibility merited consideration because of the following atypical 
properties of this strain of cells: (a) I t  originated in cancerous not in normal 
tissue. (b) I t  is polyploid rather than diploid, exhibiting a chromosome number 
in the vicinity of 80 (6, 13). (c) I t  has undergone cultivation for several years 
in vitro, during which many fundamental properties might well have altered 
considerably from their original state in vivo. 

In the present work radiation studies have been carried out on human cells 
taken from several organs and representing a variety of conditions different 
from those listed above which characterize the HeLa cell. The experimental 

* Contribution No. 60. This study has been aided by a grant from The Rockefeller Founda- 
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resul ts  ob ta ined  are  descr ibed herewi th ,  toge ther  w i th  a dicussion of some pos- 

sible impl ica t ions  for m a m m a l i a n  radiobiological  processes in vivo. 1 

Methods and Materials 

The method of plating single cells has been described in previous publications (2, 8, 10). 
The growth media employed are described in Table I. All x-irradiations were performed at 
20-24°C., on cells which were either freshly plated in Petri dishes or incubated at 37 ° for a 
5 to 6 hour period which suffices for attachment of the cells to glass, but not for multiplication. 
Both procedures yielded the same result. Demonstration that mammalian cells treated as 
described are indeed single at the time of irradiation, and that replacement of the medium 

TABLE I 

Growth Media Employed for Single Cell Ccdtivaaon 

A. Ep~lhelial-Like Ce//s.--The medium employed is that described in Table I, section E2a 
of a previous publication (I0). It  consisted of balanced salts, glucose, amino acids, and 
vitamins, supplemented with 10 per cent horse serum plus 20 per cent human serum. 

B. Fibroblozllc (~.e. Spindle-Shaped) Cdls.--As previously described (10) these require 
additional nutrients for single cell growth beyond those which are sufficient for the epithe- 
lioid cells which we have studied. A satisfactory supplement was found in chick embryo 
extract (10). In addition, we have latterly found that at least some fibrobiastic cells can be 
grown satisfactorily by supplementing the medium described in section A above with the 
more complex but still chemically defined medium described by Earle and his associates as 
NCTC-108 (11). Hence, the two formulations used for plating fibroblastic cells in the ex- 
periments here described are as follow: 

(a) Synthetic mixture C1 of Table I. reference I0 25 per cent 
Chick embryo extract ~D3 of Table I, reference 10) 2 " " 
Human serum 18.5 " " 
Horse serum 5.0 ~¢ " 
Hanks's saline 49.5 " " 

(b) 90per cent of the solution described in Table I, section E2a 
of reference 10, and 10 per cent of NCTC-108. 

Experiments are now in progress to delineate the specific substances of NCTC-108 which are 
essential for the growth of fibroblastic ceils. 

immediately after irradiation has no effect on the resulting survival curve, has been presented 
previously (3). The method used for scoring colony-forming survivors is the same as that 
used earlier (3) except in the case of the fibroblastic cells wherein it was usually considered 
safer to extend the incubation period to 18 to 20 days to detect even slowly growing colonies 
rather than to depend on formation of an aggregate of 50 or more normal cells within 10 days. 

Irradiation was carried out with a constant voltage Westinghouse industrial x-ray machine 
which was operated at 230 KVP and the beam of which was filtered with 0.5 ram. of Cu, 
followed by 1 ram. of A1. Doses were measured by means of a set of Victoreen R-meters whose 
calibrations were checked against National Bureau of Standards measurements. The half- 
value layer of the beam was found to be equivalent to 1.4 ram. of Cu. 

Definitiens.--Plating e.~ciemy: the per cent of the plated cells which form macro- 
scopic colonies under the specific growth conditions employed. "Lethal" or "killing" 

i A preliminary report on some of this data has been published (7). 



PUCK, MORKOVIN', MARCUS, AND CIECIURA 487 

action of radiation: destruction of the ability of a cell to multiply to the point of forma- 
tion of a macroscopic colony. Do, or mean let/tal dose: amount of radiation needed to 
reduce the number of colony-forming survivors to 37 per cent, in a region where the 
survival is a linear, logarithmic function of the dose. Average number of "/tits" per cell: 
l/D0 X the x-ray dose. This is a measure of the x-ray energy absorbed, expressed in 
units of the amount needed on the average to inactivate a cell in the linear, logarithmic 
portion of the survival curve. X-irradiated giants: enlarged cells which result from 
growth without self-sustaining reproduction of cells inactivated by high energy ir- 
radiation (3). Genome mutation or modification of a somatic celt: any alteration of 
a cell's genetic constitution. 

EXPERIMENTAL RESULTS 

A. X-ray Survival Curves of Cells with Epithelioid Morphology, Originat- 
ing from Normal Tissues and Long Established as in Vitro Cultures.-- 

That  the high radiation sensitivity of the colony-forming capacity in the 
HeLa cell is not due to its origin in a cancerous tissue was demonstrated by 
determination of survival curves on a series of epithelial cells isolated from 
normal human tissues. X-ray survival curves for clonal cell strains originating 
in normal human conjunctiva, liver, and appendix are shown in Text-fig. 1 and 
are compared with the corresponding curve for the HeLa $3 cell. These clonal 
cell strains were isolated by us (8) from the parental strains developed by 
Chang (9) and have been maintained in tissue culture for several years. I t  is 
evident that all these cells display the same x-ray sensitivity, within the limits of 
uncertainty of the procedure. Irradiated cells of liver, conjtmctiva, and appen- 
dix strains also formed giants in a manner closely resembling that described 
for the HeLa cell. A typical experimental protocol is reproduced in Table II. 

B. X-ray Survival Curve of Freshly Isolated Epithelioid Cells from Normal 
Human Tissues.-- 

A clonal cell line of epithelioid morphology was isolated in this laboratory from 
an embryonic human lung (10), and its x-ray survival determined by the 
standard technique after only 3 months' cultivation in vitro. This clonal cell 
strain which has behaved reliably, readily yields a plating efficiency in the 
neighborhood of 100 per cent in the standard epithelial growth medium (10) 
supplemented with 10 per cent of the solution NCTC-108 (11). The data ob- 
tained are shown in Text-fig. 2, and offer interesting comparison with that of 
the HeLa cell. The initial plateau up to the region of 100 r is even flatter than 
that of $3, CI, A1, and L1, (Text-fig. 1), and the mean lethal dose is 166 r, as 
opposed to 96 r for $3, a difference which, while not very great, appears to be 
definite. 

C. X-ray Survival Curve of Freshly Isolated Fibroblastic Cells from Normal 
Human Tissues.-  

In another paper (10) we have shown that growth into colonies of single 
fibrobIast-like cells from normal human tissues can also be accomplished by 
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TEx-r-Fzo. 1. X-irradiation survival data for three clonal cell strains of epithelioid mor- 

phology isolated from normal human conjunctiva (Cl-circles), liver (Ll-squares), and ap- 
pendix (Al-triangles), respectively. Each of the plotted points represents the mean of the 
survival obtained on 2 to 10 replicate platings. The curve shown in the figure is that of the 
clonal HeLa cell ($3), which originated in a human carcinoma (3). I t  is evident that the ex- 
perimental points for the cells from normal tissues fit the $3 curve within the limits of reliability 
of the data. 

the same procedure used for the  epithelial-l lke cells. The  spindle-shaped, fibrin 
blast ic  ceUs are  more demanding nutr i t ional ly ,  and  more susceptible to dele- 
terious act ion of toxic agents,  so tha t  their  p la t ing efficiency is only 25 to 60 
per  cent  in the  media  current ly  available,  ins tead of 100 per  cent, as in the  
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Tzlrr-Flo. 2. Survival curve of a clonal cell strain with epithelial morphology obtained 

from a normal human embryonic lung. The radiosensitivity of this cell strain was measured 
3 months after the original biopsy was secured. This curve also exhibits a hit number close to 
2, and displays a Do value of 166 r. All the points except that at 600 r represent the mean of 
values obtained in three or more experiments, performed on different days, with three or four 
replicate plates for each radiation exposure in each experiment. A representative set of survival 
values is listed as follows for the 300 r exposure: 26.4 per cent, 29.1 per cent, 28.9 per cent, 
46.5 per cent, with a mean of 32.7 per cent. 

TABLE H 

Typical Exporimenlal Protocol for the X-ray Surdval Det~nin~ion of a Clonal Epithdioid 
Cell Which Had Originaled from a Normal Human Liver, and Had Been 

Carried in Tissue Cullure for S~¢ral Year~ 

I Per cent survival 
No. of ce]h h~octttated X-r•.y dose No. of colonies developed (relative to 

on each plate control) 

200 
200 

2000 
3X104 

0 (control) 
96 

298 
551 

197, 225, 181, 186 
123, 153, 118, 146 
214, 258, 215, 258 
52, 40, 44, 70 

100 
6 8 . 4  

1 2 . 0  

0 . 1 8  

When 500 or more cells are plated without irradiation, confluent growth is obtained. Tests 
with various ceil numbers on various sized Petri dishes have established that no more than 
5 X 104 cells should be plated in a single 60 ram. dish, or else cell crowding may distort the 
number of surviving colonies obtained. 

4 8 9  
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case of epithelial-like cells. The fibroblast-like cells also display colony counts 
with a somewhat larger spread of values in parallel platings than is the case with 
the epithelioid forms, in which the deviations are no greater than that expected 
from sampling theory. Nevertheless, while the plating of fibroblast-like cells 
is somewhat less quantitative than that of the epithelioids, the procedure is 
easily accurate enough to permit construction of an x-ray survival curve 
which would reveal the existence of any gross differences in radiation sensitivity 
from the general pattern so far observed. 

Plates to which measured numbers of cells had been added, were exposed to 
graded doses of x-irradiation as before and incubated. The medium was changed 
every 6 or 7 days to insure an adequate supply of the necessary nutrients 
throughout the growth period. Incubation was continued for a minimum of 14, 
and maximum of 21 days, after which the plates were stained and the colonies 

TABLE III 
Protocol of a Typical Experiment Measuring X-ray Survival of a Clonal Fibroblastic Cell Stock 

Originating from Human Skin. All Flatings Were Perforraed in Tr~ ,licate 

No. of cells plated on No. of colonies appearing Per cent survival 
each plate X-ray dose after incubation with respect to 

the control 

100 
100 

2,000 
20,000 
200,000 

0 (control) 
100 
274 

700 

49, 45, 47 
16, 28, 21 
39, 12, 36 
12, 2, 33 
10, 6,  $ 

100 
45 

3 .1  
0.17 
0.007 

scored. The per cent survival was calculated with respect to that observed on 
control plates treated in exactly the same manner except for the irradiation. 
A typical set of experimental data obtained on a fibroblast-like cell originating 
in a normal human skin (Hansen), is presented in Table III, and Text-fig. 3 
reveals the shape of the survival curve resulting from a series of such experi- 
ments with a variety of different fibroblast-like cells. 

The data of Text-fig. 3 reveal that the points deviate more from a smooth 
curve than is the case in a series of experiments with the more reproducibly 
behaving epithelioid cells. However, the nature of the results leaves little doubt 
that the x-ray sensitivity of the reproducive machinery of these cells is not far 
different from that of the HeLa. The value for Do obtained from the composite 
curve embodying all of the experimental values is 75 r; however, the greater 
uncertainty of these experiments as compared with those of the epithelioid 
cells makes it entirely possible that these cells have a sensitivity identical with 
that of the HeLa cell which displays a Do value of 96 r. The lowest possible 
value for D0 consistent with these data would be 50 r. I t  is clear that the radia- 



PUCK, MORKOVIN, MARCUS, AND CIECIURA 491 

200 
' \  @=SKIN(H) 

• =SPLEEN(R) 
O=SKIN(B) 
EI =SKIN(P) 
~--- SKIN(BP) 
O= OVA RY (T) 

I0 

IC 
w. 
0 

:3 
O3 

"E 
o 0.1 

EL 

Fibr0blastic 

O.OII- 

0001~) I 
I00 

I 
2OO 

I .  I 
3 0 0  4 0 0  

Dose (R) 

I 
5OO 

1 
6O0 

I 
7 0 0  

TExT-FIo. 3. X-ray survival curves of various fibroblast-like cells isolated from three 
different normal organs of six different human subjects. The ceils were cultivated in vitro 
after removal from the human subjects for periods varying from 11/~ weeks to more than 8 
months. Identical curves were obtained from cells which were first established as clonal strains, 
as from others which were tested in the parental form, in order to rninlmiz~ the time of in vitro 
cultivation before the x-ray sensitivity was determined. Several of these ceil lines were ex- 
amined for chromosomal content and found to have a chromosome number close to the normal 
value of 46. The somewhat smaller precision of the fibroblastic colony counts makes impossible 
the decision at this time whether the curve is more nearly 1- or 2-hit, so the extrapolated line 
was arbitrarily made to intersect the axis at  150 per cent. The maximum range of D0 values 
for all these cells, regardless of whether the true curve is single- or multiple-hit, encompasses 
50 to 100 r. The top curve is that  for the $3 cell, included for convenience in comparison. 
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tion sensitivity of these normal fibroblasts is of the same order of magnitude 
as that previously described for the HeLa cell and probably is slightly greater. 
It clearly bears no resemblance whatever to radiosensitivity of cells like Para- 
raeclum or Escherich~z coli which involve many thousands of roentgens (3), 
and which had earlier been considered as possible models for the mammalian 
cell. 

The steepness of the fibroblastic survival curve, coupled with the lesser pre- 
cision of survival determinations for this cell type, makes the shape of the 
curve in the region of low doses more difficult to decipher. Thus, whereas the 
survival curves of the HeLa $3, for example, are clearly multiple-hit, with a 
hit number close to 2, that of the fibroblastic cells can be almost equally well 
fitted by a 1-hit or 2-hit curve, within the limits of the experimental uncertainty. 

Several of the fibroblastic cells of Text-fig. 3 have been subjected to chromo- 
some studies. All of these display a normal, diploid chromosome number of 
approximately 46; however, $3 and the other epithelioid cells finding place in 
Text-fig. 1 are polyploid, with a chromosome number centering around 78 
(6, 13); and the lung cell of Text-fig. 2 is polyploid, but with a somewhat 
smaller chromosome number, in the vicinity of 54 to 70. While further studies on 
the quantitative relations between ploidy and radiation sensitivity in mam- 
malian cells are continuing, the ploidy difference in these cells has evidently 
not introduced gross changes in radiosensitivity. 

D. Abortive Colonies and Giant Cell Formation.-- 
All the cells here described resemble the HeLa cell qualitatively in the forma- 

tion of abortive colonies and giant cells as a result of the inactivation of their 
reproductive capacity by irradiation (3). The fact that such giants form in the 
case of irradiated fibroblasts as well as that of epithelioid cells suggests that in 
important respects the radiobiologic processes may be parallel in both cell types. 
Quantitative comparison of giant development and the time of appearance of 
the first radiation-induced abnormality in the various cell types studied is 
under investigation. Figs. 1 and 2 illustrates the appearance of giants developing 
from irradiated fibroblastic cells. The giants arising from irradiated epithelial- 
like cells from normal tissue closely resemble those previously described for 
the carcinomatous $3 cell (3). 

The high metabolic activity of the giant cells as evidenced by their rapid 
utilization of nutrients, their ability to synthesize protein which bonds the cells 
to glass, and their extraordinarily high susceptibility to virus destruction, have 
been described by us previously (3, 7). These giants readily become hosts for 
viruses and synthesize them in quantity which may surpass that of normal cells 
--an indication of their ability to carry out biosynthesis of even a highly com- 
plex entity. It  is also of interest that they readily take up the vital stains. 
Thus, the ability of cells to stain vitally, while it indicates intactness of certain 
cellular metabolic systems, does not reflect the intactness of the reproductive 
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mechanism since, as we have stated earlier, no giant cell produced by x-irradia- 
tion has ever been found to reproduce or even to form mitotic figures, even 
after 3 weeks of cultivation in medium of optimal nutritional composition. 

E. Demonstration That Genetic Mechanisms Are Involved in the Inactivation by 
X-irradlation: Isolation of Cell Survivors with Changed Genetic Constitution.-- 

In our preceding paper (3) we presented evidence that the principal effect 
of radiation in destroying capacity for unlimited growth of mammalian cells is 
a damage to the genetic apparatus. Thus cells inactivated by minimal doses of 
x-irradiation continue to divide for 4 or 5 generations, after which reproduction 
stops. This behavior indicates that the physiological apparatus involved in 
mitosis is intact, but that the cell cannot provide an indefinitely self-sustaining 
replication of some needed element of its reproductive cycle. This behavior of 
mammalian cells closely resembles that of irradiated bacteria in which prac- 
tically every fatally injured cell undergoes at least one division and in which 
it has been demonstrated that genetic damage accounts for a large part of the 
lethal action of ionizing radiation (12). The minuteness of the mean dose re- 
quired for inactivation of the reproductive function is itself evidence of a genetic 
structure as the basis for the primary site of action, since cellular physiological 
processes are usually highly resistant to radiation whereas the sensitivity of 
genetic loci has long been recognized (12 b). 

The experiments presented so far in this paper lend further support to the 
concept of the primarily genetic nature of the damage by irradiation in the 
relatively low dose ranges here considered. If the basic damage were funda- 
mentally lodged in cellular physiologic structures, one might reasonably expect 
large differences in mean lethal doses for the different kinds of cells used in this 
study. The fact that the Do values obtained never depart by more than 50 to 
70 per cent from the value of 100 r, for cells of either epithelial or fibroblast 
morphology, for cells of diploid or polyploid constitution, for cells arising from 
normal and cancerous tissues; and cells representing a variety of different 
organs, is in complete accordance with a strongly genetic localization of the 
damage, since despite their enormously different physiological activities, all 
the body cells presumably have closely similar (though not necessarily identical 
(10)) genetic constitutions. 

An even more critical test of the participation of genetic loci in the radiation 
damage is possible. If a large part of the destructive action does occur in the 
cell genome, cell forms with changed genetic constitution should be fairly 
numerous in the dose range around 500 to 900 r, when the average number of 
"hits" per cell is extensive. To test this expectation, colonies were picked 
from among the survivors of plates seeded with single S3 cells and irradiated 
with doses of 500 to 700 r. New stocks were developed and subjected to another 
recloning procedure by a second single cell isolation. Five such clones, picked 
more or less at random, have so far been isolated and partially characterized. 
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All these stocks have shown changed characteristics in morphology or in bio- 
chemical requirements for growth, which have remained constant in cell lines 
resulting from single cell isolation, and which have been continuously culti- 
vated for 30 generations after isolation. 

The detailed differences in genetic characteristics of these cell lines, as 
compared with the clonal $3 strain from which they were produced, will be 
described elsewhere. It may here be mentioned that the changed characteristics 
observed are of three kinds: alteration in nutritional requirements for growth, 
in colonial morphology, and in chromosome number. An example of the first 
type is the cell $3R5 whose single cells fail to grow in the standard synthetic 
nutrient medium (8) plus the dialyzed macromolecular components of serum, 
but which do grow when whole serum is provided. The wild type, $3, will grow 
well as single cells even in the medium containing only the macromolecular 
serum fraction. Change in colonial morphology is illustrated in the mutant 
labeled S3RB1, whose single cells form colonies studded with bizarre monstrosi- 
ties, as shown in Fig. 3. Change in chromosome number is illustrated by the 
form S3-RA1, which contains 68 chromosomes, as opposed to the 78 characteris- 
tic of the $3 wild type (13). 

We have adopted the general term, genome-mutation, to describe ceils like 
these which have been produced from a parental type by any process involving 
alteration of the genetic constitution. A single gene mutation would constitute 
a special case of such a change. 

Experiments testing the x-radiation sensitivity of several of these mutant 
forms have revealed that their survival curve closely approximates that of the 
wild-type, $3 clone. Therefore, the appearance of these new forms cannot be 
due merely to selection by the irradiation experience of more resistant ceils. 
The large frequency of these genetically altered forms found in the survivors 
of cell populations exposed to the radiation doses described constitutes most 
convincing evidence that a large part of the effect of mammalian cell irradia- 
tion in the region of 500 r is due to alteration of the cell's genome. 

DISCUSSION 

The foregoing considerations must not be taken to imply that non-genetic, 
physiologic damage fails to occur in irradiated ceils or to contribute to inac- 
tivation of their reproductive mechanism. Indeed, we have demonstrated in the 
first paper of this series that one of the features of the behavior of the irradi- 
ated population is the occurrence of a lag period in the reproduction of the 
surviving cells (3). This effect appears to be transient and hence, nndoubtedly 
reflects a physiologic action, reparable under favorable conditions. I t  may well 
be that the small but definite differences in sensitivity of the different cell types 
here studied reflect differences in their individual sensitivity to physiological 
injury, which are superposed on a common genetic susceptibility. This view is 
supported by the increased sensitivity of fibroblastic cells to reversible and hence 
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physiologic damage by environmental agents generally (10). In such case, the 
physiologic sensitivity of the fibroblast cells would roughly correspond in 
magnitude to its genetic sensitivity, while in the epithelial cells the genetic 
factor would predominate. Studies in progress on the frequency of mutants in 
the radiation survivors of the different cell types should elucidate this point. 

In the earlier paper of this series we demonstrated that the elementary radio- 
biologic action responsible for the lethal action of x-rays on mammalian cells 
cannot be a simple, single gene mutation, because of the wide divergence be- 
tween the quantitative relationships demanded by such a mechanism and the 
actual experimental results obtained (3). All the existing data can be explained 
satisfactorily, both qualitatively and quantitatively, on the basis that the 
primary radiobiologic defect occurs at  the chromosomal level. Those cells like 
$3 which exhibit multiple-hit curves may reflect the predominance of destruc- 
tive interaction between 2 simultaneously damaged chromosomes. Such inter- 
action could constitute an adhesion of 2 chromosomes which had become 
"sticky" as a result of radiation damage, for this has been demonstrated to occur 
in a number of different forms (18), or it could be an abnormal restitution of 
fragments from two different chromosomes broken by the ionization processes. 
In any case, the mechanical and metabolic unbalances resulting from the 
various possible chromosomal abnormalities could account for destruction of 
the capacity for unlimited reproduction in most of the cells so affected, and for 
the production of genome mutations in the small fraction of cells which have 
been so damaged but are still able to maintain reproduction. 

The data presented in this and the preceding paper (3) represent the first 
determination of the intrinsic radiation sensitivity of the individual mammalian 
cell. These studies, indicating that, under the defined experimental conditions, 
the mean lethal dose for inactivation of the cellular reproductive system lies in 
the region of 50-150 r for an appreciable number of different representative 
human cells, and that at least an appreciable portion of the damage occurs in the 
cellular genetic apparatus, permit unifying insights into several aspects of the 
mammalian radiation syndrome (7 a, 7 b). These data substantiate in large de- 
gree the proposal which is of long standing but which has not yet achieved uni- 
versal acceptance, of the major contribution of cellular genetic damage to mam- 
malian radiation pathology. 

Studies by earlier investigators which had appeared to indicate that mam- 
malian somatic cells resist exposures to many thousands of roentgens with 
little or no apparent damage (5), made it difficult to understand in cellular 
terms that the lethal dose of total body irradiation for the whole animal could 
be in the neighborhood of 500 r. I t  was necessary to postulate either that the 
primary damage was extracellular, or else was confined to certain unidentified 
cellular systems with a radiation sensitivity greater by several orders of magni- 
tude than that of the other somatic cells. For the first of these hypotheses 
there is no evidence, and in fact, contraindication for the dose ranges here 
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considered (14, 3). The second would be difficult to reconcile with a localization 
of the radiation damage largely in the genetic apparatus of the cells, since the 
genomes of all the somatic cells of the mammalian body, while not necessarily 
identical, are basically similar, as indicated at least by gross chromosomal 
cytology. 

In demonstrating that the mean lethal dose for the HeLa cell is only 96 r, 
we pointed out that if this figure also holds for body cells from normal tissues, 
it would completely reconcile the cell lethal dose with that required for death 
of the whole animal, since a dose of 500 r is sufficient to destroy the reproductive 
capacity of 99 per cent of the cell population. The present experiments sub- 
stantiate this view. The demonstration that cells from normal human tissues, 
originating in a variety of representative organs, from embryonic and adult 
individuals, of both fibroblastic and epithelioid types of morphology, and having 
undergone both long and short periods of cultivation in vitro, display a mean 
lethal dose centering around 100 r, leaves little doubt that these figures are 
fairly representative of at least a large variety of cell types. 

The classical radiological principle of empirical origin that cells of rapidly 
multiplying tissues are the most sensitive to injury by radiation (15) may be 
rephrased in the light of this picture. If a large part of the cellular radiation 
damage is indeed in the genetic apparatus, then all body cells, similarly ex- 
posed, will acquire similar genetic defects. However, such damage, since it is 
so minute in terms of the proportion of the cell's molecules which are affected, 
will not in general express itself until cell reproduction occurs. Hence, the damage 
which is latent in all cells becomes first manifest in the cells of the rapidly 
reproducing tissues. Cells like those of nervous tissue which multiply rarely 
would rarely show evidence of damage even from extraordinarily high doses. 

This picture also readily lends itself to explanation of certain aspects of 
tumor therapy by means of x-irradiation. For example, skin tumors with masses 
ranging from 0.1 to 10. gm. might contain roughly 108 to 1011 cells. Sterilization 
of such a mass of cells of radiosensitivities encompassed by the range of the cells 
here studied, can be calculated by extrapolation of our curves to require 1000 to 
3000 r. This value is close to that used in practice for effective treatment of skin 
cancers of this size range, in a single treatment (19). While, of course, the valid- 
ity of such extrapolation must still be established, and the actions of the many 
complicating factors which may operate in tumor irradiation will require inten- 
sive study, it is encouraging that the relationships here demonstrated are con- 
sistent with radiologic experience, at least for some tumor types. These con- 
siderations could explain the dependence on tumor size of the dose required 
for successful treatment, a factor which has been recognized empirically (20). 

These considerations also explain the characteristic lag between exposure to 
radiation and the development of the signs, which differentiate radiation injury 
so sharply from that of many other physical agents. Few or none of the damaged 
cells will be affected in function until it is time to reproduce. Even then, the 
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latent injury will not manifest itself immediately (except for excessively high 
radiation doses) since cells which have received the genetic damage can usually 
multiply for 2-5 generations before reproduction ceases completely (3). I t  
follows that the cellular machinery can continue to function for fairly long 
periods before the existence of the latent defects is betrayed. In this connection, 
the common appearance of giant cells in the tissues of animals exposed to 
radiation (16) is most convincing evidence of the existence of a basic similarity 
in the processes which occur ilt dvo and those here found for cells in vitro. 

Another radiobiologic phenomenon readily explained by these considerations 
involves the effect of lowering the body temperature of animals previously 
exposed to lethal doses of irradiation (17). Such experiments have shown that 
the development of the characteristic train of consequences is delayed as long 
as the animals are kept cool. As soon as the temperature rises, however, the 
sequence of events which would otherwise have begun at the time of cooling, 
operates. If, indeed, lesions have been produced in the genetic apparatus of 
cells, no self-repair of these particular cells can occur, since the damage is 
lodged within the genetic structure which is the ultimate repository of the 
information by which the cell governs its specific biosynthetic mechanisms. 
However, at low temperatures, cell division being inhibited, the damage remains 
latent, but returns to full expression as soon as opportunity for cell division is 
restored. 

The recent discoveries that animals lethally irradiated can be saved from death by 
injection of new, viable bone marrow cells, but not by cell-free extracts, are also 
readily understandable. The blood cell-forming organs represent one of the most 
actively proliferating tissues of the body and so should be one of the first to become 
pathological because of genetic cellular damage. Injury of this kind cannot be repaired 
by any externally added substance or cell extract. Hence, these cells must lose their 
capacity to multiply and the bone marrow become depopulated. Only by injection of 
whole, living, bone marrow cells can recolonization occur which may save the animal. 

The present data demonstrate that, while the radiosensitivity of human ceils 
arising from diverse tissues is similar in the gross, definite characterizing differ- 
ences do exist. The variation in Do values of the epithelioid cells from normal 
lung, and in those of the $3 cell is relatively small, but appears to exceed that of 
experimental uncertainty. The difference between these values and that value 
for the fibroblastic cells is somewhat greater, although as discussed earlier, the 
uncertainty is greater in the case of the fibroblastic cells. The nature of these 
small differences requires further investigation. Of particular interest would be 
study by these methods of cells constituting the so called radioresistant tumors. 

The maximal sensitivity of all the fibroblast-like cells which we have studied 
requires special consideration. I t  is clear from the data of Text-fig. 3 that these 
cells have undergone extensive radiation injury in the course of an exposure to 
less than 100 r. They appear to correspond in radiation sensitivity to the lyre- 
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phocyte system in vivo, which shows demonstrable changes after exposure to 
50 r. Experiments are in progress to determine whether there is a similarity in 
time relationships and other features of these systems. 

Techniques of the kind here described appear to offer tools important for a 
number of diverse problems, such as investigation of parameters controlling 
radiotherapy of different types of tumors; the mechanism of action of chemical 
agents which appear to confer protection against radiation injury; and the na- 
ture and degree of the hazard involved in exposing large populations to various 
levels of radiation. The fact that the mammalian cell is the most radiosensitive 
microorganism yet described, suggests its use as an ideal system for elucidation 
of genetic radiobiologic effects at very low dose ranges. 

SUMMARY AND CONCLUSIONS 

Survival curves of normal human cells from a variety of tissues exposed to 
varying doses of x-irradiation have been constructed, which permit definition 
of the intrinsic radiation sensitivity of the reproductive power of each cell type. 

The mean lethal dose of x-irradiation for all the cells employed, including 
those from normal and cancerous organs, those exhibiting diploid and poly- 
ploid chromosome number, those from embryonic and adult tissues, including 
recently isolated ceils and cultures which had been maintained in vitro for 
many years, and ceils exhibiting either epithelioid or fibrobiastic morphology, 
was found to be contained between the limits of 50 to 150 r. 

Other slmilarides in the pattern of radiation effects, such as giant formation 
and abortive colonial growth, in these cells and that of the I-IeLa $3, previously 
studied, confirm the hypothesis that the pattern of reaction to x-irradiation 
previously elucidated, is representatative, at least in over-all outline, for a large 
variety of human cells. 

While the radiation survival curves of various human cells are similar in the 
gross, small but important characterizing differences have been found. All 
epithelioid cells so far studied are approximately 2-hit, and more radioresistant 
than the fibroblast-like cells whose survival data correspond to a mean lethal 
dose of around 60 r, and which so far can be fitted by either 1-hit or 2-hit curves. 

The earlier prediction that the major radiobiologic damage to mammalian 
cells is lodged in the genetic apparatus was confirmed by the demonstration of 
high frequency of mutants among the survivors of doses of 300 to 900 r. 

All the data on the x-radiosensitivity of these cells can be explained on the 
basis of a defect resulting from primary damage localized in one or more 
chromosomes. 

These considerations afford a convincing explanation of several aspects of 
the mammalian radiation syndrome. 
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EXPLANATION OF PLATES 

PLA~ 41 

FIGS. 1 and 2. Demonstration of giant formation from human fibroblastic cells 
after x-irradiation. Fixation with 10 per cent formalin, and stained with Giemsa. 

Photograph 1 presents a normal colony plated without irradiation. The elongated 
cell morphology and tendency to grow in swirls is typical of these fibroblastic cells (i0). 
Photograph 2 is taken from a companion plate which had been seeded with more cells 
and then irradiated with 300 r. The individual cells, which have lost the capacity to 
multiply, have formed giants. The magnification is identical in photographs A and B 
(about 50). The giants formed from fibroblastic cells rarely achieve as great a size as 
those of the epithelial-like cells (3). 
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(Puck el al.: Action of x-rays oll mammalian cells. I I )  



PLATE 42 

FIO. 3. Typical colony resulting from plating of single cells of the "bizarre" mutant 
strain, a colony of which was isolated from a plate of clonal S3 cells irradiated with 600 
r. Single cells of the "bizarre" strain regularly produced colonies like those shown in 
the photograph. The plate was fixed with 10 per cent formalin, and stained with Giemsa. 
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(Puck et al.: Action of x-rays on mammalian cells. ][I) 


