
explain the high standard deviations 

completely, but we believe no signifi? 
cance can be attached to the somewhat 
wider scatter of values than is seen in 
the other measurements. The K values 
varied from 71.9 ? 4.1 g, correspond? 
ing to a 59-lb lean body weight for a 

61-year-old female with an initial body 
weight of 137 lb, to 233.4 ? 5.3 g, 
corresponding to a 193-lb lean body 
weight for an 18-year-old male subject 
with an initial body weight of 227 lb. 
The average K value of all the 51 sub? 

jects prior to intiating the food-substi? 
tute therapy was 153.1 g, and at the 
end of the 8-week period it was 
154.2 g. Since the final average K 
value is larger than the initial average 
value, there can be no statistical de? 
crease in the average initial to final 
measurements. No statistical decrease 
means that the test statistic would ac? 

cept the hypothesis of equality of the 

averages for the probability of rejecting 
a true hypothesis at least up to the 
0.40 level. The lean body weight of 

each of the 51 subjects was thus con? 

sidered to remain constant with the 
total weight loss resulting from loss of 
excess fat. A typical plot of the lean 

body weight and fat values for one of 
the male subjects over the period of the 

exrjeriment is shown in Fig. 1. 

These results confirm the findings 
reported by Berlin et al. (6), who stud? 

ied the body composition of three obese 

subjects who showed weight losses of 

65, 52, and 44 pounds when placed on 

a restricted calorie intake. Their method 
consisted of metabolic balance and 

body-water and body-density measure? 

ments. Nitrogen balance studies of 
obese subjects on weight-reducing regi- 
mens described by other authors (7) 
are also in agreement with these results. 
As cited by Berlin (<5), a calculation of 
the density of the net tissue lost in his 

studies yields values which are not in 

good agreement with the density values 

previously reported (8, 9) for normal 
and overweight individuals on a weight- 
reduction regimen in which lean body 
mass was reported to be lost. Berlin 
indicates that data for the density of 
the tissue lost, when translated in terms 
of body composition, are in a large 
part misleading; the loss ought not be 
accredited to an anatomical entity for 
which there appears to be no evidence 

(8). 
These results show the importance of 

relative measurements of body compo? 
sition obtained by serial, in vivo deter? 
minations of potassium-40 (10). 

John E. Christian 
Loyal W. Combs 

Wayne V. Kessler 

Departments of Bionucleonics and 
Health Services, Purdue University, 
Lafayette, Indiana 
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X-Ray Sensitivity and DNA Synthesis in Synchronous 

Populations of HeLa Cells 

Abstract. Inhibition with either 5-fluorodeoxyuridine or deoxyadenosine for 

specified periods during the division cycle of the HeLa S3 cell shows that the 

mid-interphase peak in sensitivity occurs just before DNA replication begins. 

Sensitivity subsequently decreases only after synthesis of DNA is resumed. One 

interpretation of the relation between fluctuations in sensitivity and in DNA 

synthesis is that the lethal radiation damage to these cells occurs in DNA. 

Sensitivity of HeLa S3 cells to 220 
kev x-rays, as measured by loss of the 

capacity for sustained reproduction, 
fluctuates during the division cycle (1); 

490 

synchronized populations display two 

peaks of sensitivity, one at mitosis and 
the second about midway through the 

cycle, 10 hours later (2). In this system 

about 60 percent of the cells have be- 

gun to synthesize DNA by the latter 
time (S phase cells), while the remain? 
der are still in the postmitotic (Gi) 
phase of the DNA-synthetic cycle (3). 
It was not clear, therefore, whether 
maximal interphase sensitivity occurs 
before or after the inception of DNA 

synthesis. Furthermore, although we 

suggested (2) that the sensitivity fluctu- 
ations might be intimately related to 
the cyclic pattern of DNA synthesis, no 
evidence was adduced in support of any 
such relation. We have now measured 
the x-ray sensitivity of synchronous cell 

populations in which resolution was in? 
creased by inhibiting DNA synthesis 
for specified periods during the divi? 
sion cycle. Greatest sensitivity occurs 

just before the start of DNA duplica- 
tion. In addition, the marked distor- 
tions which these treatments produce 
in the survival pattern correlate strong? 
ly with the changes induced in the 

DNA-synthetic cycle. 
Replicate cultures, each containing 

roughly 103 selectively harvested mitotic 
HeLa S3 cells (3), were incubated in 
medium N16HHF (4) in plastic dishes, 
under the usual conditions. At appro? 
priate times the growth medium was 

replaced with warmed medium con? 

taining either of two inhibitors of DNA 

synthesis: 5-fluorodeoxyuridine (FUdR) 
(5) at a concentration of 10~6M (<5, 7) 
and deoxyadenosine at 3.2 X 10"4M 

(or, in one experiment, 4.8 X 10"4M) 

(8). All dishes in a given experiment 
were treated with inhibitor for the 

same period, irrespective of when they 
were irradiated. To reverse inhibition 

by deoxyadenosine, the medium was 

removed, the plates were rinsed once 
with Saline G (4), and fresh growth 
medium was added. Inhibition by 
FUdR was reversed with 10~5M thymi? 
dine (6). 

All operations were performed at 

37?C, including irradiations which were 
carried out in single exposures of 300 

rads (9). Cell survival after irradiation 

with this one dose is a satisfactory in- 
dicator of the changes in sensitivity 
that occur during the cell-division cycle 
(2). The shape of the dose-survival 
curves is not altered in the presence of 
FUdR (10) or deoxyadenosine. The 

criterion for cell survival was growth 
of a 50-cell colony within 10 days (11). 

The rate of DNA synthesis was de? 

termined in normal synchronous popu? 
lations and in those inhibited by deoxya? 
denosine by measuring the incorpora? 
tion of C14-labeled thymidine (12) dur? 

ing 30-minute periods (3). Inhibition 
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Fig 1. The solid circles show the rate 
(counts per minute) of DNA synthesis as 
measured by incorporation of C14-thymi- 
dine during 30 min periods, in synchro- 
nous HeLa S3 cells treated with deoxy- 
adenosine (AdR) during Gi (bar). The 
rate of synthesis in untreated cultures is 
shown by the open circles. 

of DNA synthesis by FUdR was mea? 
sured by the diphenylamine method 

(13) in separate experiments with large 
numbers of randomly dividing cells. At 
the concentrations employed, the in? 
hibitors reduce the rate of DNA syn? 
thesis essentially to zero. In addition, 
unirradiated control cultures, included 
in each experiment, showed that the 

drugs cause little or no cell killing 
under the conditions we used (14). 

The specificity of these inhibitors of 
DNA synthesis in this system was in- 

vestigated in several experiments. The 
results are summarized here. Incorpora? 
tion of C14-labeled uridine (15), a pre? 
cursor of RNA, is not significantly af? 
fected by either FUdR or deoxyadeno- 
sine at the concentrations used except 
during the S phase, when incorporation 
is reduced up to 25 percent; a similar 
portion of the radioactivity is found in 
the DNA of uninhibited cultures (3). 
Incorporation of C14-labeled leucine 
(16) into protein is not affected by 
FUdR (17). 

Specific DNA inhibitors should not 
disturb the normal pattern of DNA 
replication in cells exposed only dur? 
ing Gi. Figure 1 shows that deoxya- 
denosine, when present from 3 to 6 
hours after mitosis, does not significant? 
ly modify either the inception or the 
rate of DNA synthesis; no residual 
action of the drug is detected after its 
removal. Neither should these inhibi? 
tors affect events that normally occur 
during G?; they might, however, mod? 
ify the pattern of radiation sensitivity 
during this phase if the processes caus- 
ing the progressive increase in sensi- 
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tivity are related to DNA synthesis, as 
could be the case if x-irradiation dam- 

ages DNA and the damage is partially 
repaired before replication begins (2, 
18). 

The occurrence of such unsched- 
uled DNA synthesis in damaged chro- 
mosomes has been suggested by Taylor 
et al. (19). Figure 2 shows that the 
usual Gi sensitivity increase occurs in 
the presence of FUdR. Sensitivity also 
increases progressively from 2 hours 
onward in the presence of deoxyadeno- 
sine (Fig. 4), but this agent sensitizes 
cells to radiation, so that the survival 
values are decreased by about 30 per? 
cent at all times. This sensitization has 
not been studied, except to show that 
the slope of the exponential portion of 
the dose-survival curve for random 
cultures is 10 percent larger in the 

presence of the drug. We conclude that 
the processes responsible for the in? 
crease in sensitivity from 2 to 10 hours 
do not include DNA synthesis during 
Gi, or any other process which might 
be affected by the inhibitors. If our sug- 
gestion is correct that the lethal damage 
from radiation occurs in DNA (see be? 

low), and if repair of radiation dam? 

aged DNA is blocked by FUdR (19), 
we can conclude further that no repair 
processes are involved in the Gi sensi? 

tivity increase (compare 2, 18). 
Typical sensitivity changes in cells 

in which DNA synthesis is inhibited by 
FUdR are shown in Fig. 3. When add? 
ed before the start, the S (lower bar; 
solid circles), FUdR abolishes the sur? 
vival increase that normally begins 10 
hours after mitosis (open circles); sur? 
vival continues to decrease until 12 
hours, when essentially all the cells 
have completed preparation for DNA 

synthesis (3), and then reaches a pla? 
teau; it rises only after the inhibitor is 
removed. This result resembles the de? 
crease in x-ray sensitivity observed by 
Erikson and Szybalski (10) soon after 
the start of DNA synthesis in D98 cells 
in which synchronous growth has been 
initiated by addition of thymidine to 
FUdR-inhibited cultures. It is note- 

worthy that the minimum survival is 
about the same as that for mitotic cells, 
and that the highest survival observed 
in this experiment (at 24 hours) was 
some tenfold greater, corresponding to 
a mean lethal dose 3.1 times larger 
than that for the most sensitive cells (as- 
suming exponential inactivation curves 
with extrapolation number of 2). This 
difference, about twice as large as ob? 
served previously (2), still may not 
represent the maximum fluctuation in 
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Fig. 2. Survival of synchronous HeLa S3 
cells after irradiation with 300 rads, as a 
function of time after mitosis (zero 
hours), in the presence (solid circles) and 
absence (open circles) of FUdR during 
Gi (bar). 

sensitivity that occurs during the divi? 
sion cycle. When FUdR is added to a 
culture in which nearly all of the cells 
have entered S (upper bar; squares), 
the rise in the survival curve is inter- 

rupted until the drug is removed. 
Because FUdR might possibly dis- 

turb the normal time course of those 
intermitotic events which determine 

sensitivity to x-rays and thereby pro? 
duce a fortuitous correlation between 
the patterns of change in sensitivity 
and of DNA synthesis, a second inhibi- 

6 10 14 18 22 26 
Hours After Collection of Mitotic Cells 

Fig. 3. Survival of synchronous HeLa S3 
cells after irradiation with 300 rads in 
the presence of FUdR during all (solid 
circles; lower bar), or only the latter por? 
tion (squares; upper bar), of the normal 
S period. The dashed lines connecting the 
points for the untreated controls (open 
circles) do not accurately portray the nor? 
mal sensitivity fluctuations, as survival 
values are lacking at several times. Typical 
sensitivity changes are better shown by 
the open circles in the upper curves of 
Fig. 4. 
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Fig. 4. Effect of AdR on the rate (counts 
per minute) of DNA synthesis in synchro- 
nous HeLa S3 cells, as measured by in? 
corporation of C14-TdR during 30-min 
periods (bottom curves), and on survival 
after exposure to x-rays (300 rad dose) 
(top curves). Deoxyadenosine concentra? 
tion was 4.8 X 10_4M during Gi and part of 
the normal S period in experiment 700; it 
was 3.2 X 10~4M during the normal S pe? 
riod in experiment 725. Open circles are 
control values. Vertical dashed lines in 
the upper curves indicate the drop in sur? 
vival caused by deoxyadenosine sensitiza- 
tion. 

tor of DNA synthesis, deoxyadenosine, 
which acts by a different mechanism 

(8), was tested. Substantially the same 

types of response were observed as 
with FUdR. 

Figure 4 shows examples of the 
effect of deoxyadenosine on cul? 
tures virtually all of whose cells are in 
either Gi (experiment 700) or S (ex? 
periment 725). The upper curves show 
survival after x-irradiation; the lower 
show the rate of DNA synthesis. Syn? 
thesis of DNA does not begin if de? 

oxyadenosine is added during Gi (ex? 
periment 700) and it stops if the in? 
hibitor is added during S (experiment 
725); it does not proceed until the 
inhibitor is removed (20). Correspond- 
ingly, survival falls immediately, pre? 
sumably because of the aforementioned 

sensitization, and continues to fall until 
all cells have completed Gi (experi? 
ment 700). (The continued drop in sur? 
vival between 12 and 16 hours in cul? 
tures to which deoxyadenosine was 
added at 12 hours in experiment 725 
is anomalous; a plateau would be ex? 

pected, as in experiment 805.) Survival 

generally begins to increase as soon as 
DNA synthesis begins, but a consider? 
able delay occurs in the survival re? 

sponse when deoxyadenosine is used 
as inhibitor and is present from early 
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Gi (experiment 700). The cause of the 

delay is not known; it may be related 
to the relatively slow rate of DNA syn? 
thesis observed after removal of the 

drug (20). 
It was shown previously that x-irra- 

diation of HeLa S3 cells in Gi neither 

delays the inception nor decreases the 
rate of DNA synthesis (2) and that 

synthesis is inhibited only slightly when 
cells are exposed to lethal doses during 
S (2, 21). Thus the lethal action of x- 

rays on these cells cannot reasonably 
be attributed to gross failure of DNA 
to replicate. Yet it is clear from the 

present experiments that cells are most 
sensitive to x-rays just before the repli? 
cation of DNA begins and that syn? 
thesis of DNA is accompanied by a de? 
crease in sensitivity. Because the meta? 
bolic activity of irradiated HeLa S3 
and several other strains of cells is 
maintained for long periods after ex? 

posure to lethal doses (22, 23), whereas 

reproductive structures and processes, 
including cell division, are extremely 
sensitive to radiation (11, 23), it has 

been postulated that it is the genetic 

apparatus of the cell, in particular its 

chromosomes (11, 24), whose damage 
leads to cell killing. In the context of 

this hypothesis, these results imply that 

some genetically related constituent 

undergoes structural or quantitative 
change during the cycle, either suffering 
more damage or being less susceptible 
to repair when irradiated just before 
DNA replication normally begins. This 

constituent remains sensitive to radia? 

tion insult until DNA synthesis is under 

way and then becomes more resistant 

as replication proceeds. DNA is a rea- 

sonable candidate for that role; it might, 
for example, dissociate from stabilizing 
protein or undergo incipient (25) or 

actual (26) strand separation before 

replication. Szybalski and co-workers 

(27) have already identified DNA as 

the constituent whose damage by x-rays 
leads to death in bacteria (28). 

Toyozo Terasima* 
L. J. TOLMACH 

Mallinckrodt Institute of Radiology, 
Washington University School of 
Medicine, St. Louis 10, Missouri 
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