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ABSTRACT Populations of Chinese hamster cells, synchronized by selecting
for cells at or close to division, were exposed to 250 kvp x-rays and to ultra-
violet light at different stages of the cell cycle and colony-forming ability
examined thereafter. These cells were found to be most resistant to x-rays during
the latter part of the DNA synthetic period (S) and to be about equally sensitive
before (G,) and after (G.) this period. Multitarget type curves of the same
slope (D, ~ 200 rad) only approximately fitted the survival data at different
stages in the cycle. The changes in response were primarily due to variations in
the shoulders (or extrapolation numbers) of the curves however. The response to
ultraviolet light differed from that to x-rays. Resistance was greatest in G, and
changes in both shoulder and slope of the survival curves occurred throughout
the cell cycle. The x-ray and ultraviolet responses for component stages of the
cell cycle were respectively compounded into expected survival data for a log
phase asynchronous population of hamster cells and found to agree well with

direct experiment.

INTRODUCTION

Techniques of culturing single mammalian cells initiated by Puck et al. (1) offer
unique opportunities for the quantitative study of radiation response. Recently
these techniques have been used to study the relative radiosensitivity of various
parts of the intermitotic cycle, the DNA synthetic phase S, the pre-DNA
synthetic phase G;, and the post-DNA synthetic phase Gz (2). Although such
studies are possible in asynchronous cultures and in vivo using radioactive com-
pounds, they can be greatly extended with synchronized populations. Two investi-
gations of this type have been reported (3, 4) in which the radiation response in
two different mammalian cell lines has been studied. This report is concerned with
the response of partially synchronized Chinese hamster cells to x- and ultraviolet

radiation delivered at various stages of the intermitotic cycle.



MATERIALS AND METHODS

1. Method of Synchronization. Cells cultured on plastic (or glass) dishes
are flattened out and securely attached to the surface, except during mitosis, when
the cells round up and may be removed without disturbing many interphase cells.
Terasima and Tolmach (5) obtained a high percentage of mitotic cells from HeLa
cell cultures using a simple washing-off technique. In our hands this method has
proved unsuccessful with Chinese hamster cells, but with a combination of methods
a very substantial degree of synchrony has been obtained (6).

The cell line used was derived from the V79 clone subcultured by Elkind and
Sutton (7). The cells are normally grown on plastic Petri dishes (85 mm diameter)
using a medium similar to HU-15 (7) in a humid atmosphere of 2 per cent CO.
and air at 37°C. An increased percentage (25 per cent) of fetal calf serum has
sometimes improved the percentage yield of mitotic cells. Single cells grown in
log phase for some 16 to 40 hours until the titer ranged from 1 to 4 X 108 cells
per plate were refrigerated for 1 hour at 4°C and reincubated at 37°C for 2 to 4
hours. The medium was then removed and without washing, 4 ml of 0.03 per cent
trypsin solution was added to each plate. The plates were shaken under controlled
conditions on a bench shaker for 4 minutes. The trypsin suspension was removed
and the product of many plates pooled to provide the source of cells for the experi-
ments described below. The concentration of cells was 4 to 8 X 103 per ml, a yield
of about 1 per cent.

Cooling cells to 4°C either for 1 hour or 24 hours provided, at best, only a
slight pulse of mitosis (from ~ 5 to ~ 8 per cent maximum) in the population
after reincubation at 37°C and no marked synchrony resulted (8). However,
cooling was found desirable to provide a better differential attachment between
interphase cells (which become more difficult to trypsinize) and dividing cells.

2. Degree of Synchrony. Several methods were used to determine the
degree of synchrony obtained in a given experiment.

(a) Mitotic index. The percentage of cells initially in mitosis was obtained from
slides prepared by fixation, staining, and squashing cells from an aliquot of the
suspension.

(b) Cell size distribution. The size distribution of the initial cell suspension was
obtained by counting an aliquot of the suspension on a Coulter electronic cell
counter (Model B, 100 u aperture) and size distribution plotter which enabled
sizing to be carried out automatically.

(c) Cell number (growth). Two methods were used. In the first, plates were
inoculated with about 1.5 X 10* cells per plate and incubated. Subsequently, at
each time interval, the total number of cells per plate on two plates was determined
by trypsinizing and counting the resulting suspension on the Coulter counter. In
the second method, stained colonies from plates used for DNA studies with H3-
thymidine (see below) were analyzed microscopically for the mean number of
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cells per colony as a function of fixation time. These two methods measure es-
sentially the same quantity, increase in cell number.

(d) Pulse labeling with H*-thymidine. The percentage of cells in the S phase
at a given time was measured by pulse labeling with tritiated thymidine. Plates
inoculated with about 1.5 X 10* cells each were incubated and at intervals exposed
to 0.2 uc/ml of H3-thymidine (3 c¢/mm) for 15 minutes. The medium already con-
tained about 0.38 ug/ml of unlabeled thymidine. Thereafter, the medium was re-
moved, the cells fixed, and a thin layer of liquid film emulsion added. After storage
for 3 to 4 weeks at 4°C the plates were developed and the cells stained through
the film with Mayer’s hematoxylin and eosin. Cells with more than 12 grains/
nucleus were scored as labeled cells,! but it was rarely necessary to apply this
criterion.

3. X-Ray Exposure. For exposure to a constant dose of x-radiation, a
series of plates inoculated with about 102 cells per plate were incubated. At in-
tervals, two plates were removed and exposed at room temperature on a rotating
platform to 750 rontgen (710 rad) of 250 kvp x-radiation HVL = 0.9 mm Cu,
dose rate, 110 R/min.). The exposure was measured with a calibrated Victoreen
r-meter in air at the level of the cells. Measurements made with various volumes
of ferrous sulfate solution in the plastic Petri dishes established the absorbed dose
to the cells as 0.945 rad/R. After 710 rad, the single cell surviving fraction in the
asynchronous population is about 0.12 (9). The plates were restored to the incu-
bator less than 10 minutes later and incubated for 10 to 12 days. The plates were
then stained with methylene blue and all visible colonies counted. Other plates
at 1/6 the cell concentration were used as plating efficiency controls.

For x-ray survival curves, cells were inoculated at levels between 2 X 10% cells
per plate and 2 X 102 cells per plate. Inocula were chosen so that about 150 colonies
appeared on each plate for doses ranging up to 1700 R (9). Plates were at room
temperature for less than 20 minutes, which, in asynchronous populations, does
not affect either plating efficiency or survival. Immediately after exposure, medium
was added to the plates containing the highest inocula.

4. Ultraviolet Light Exposure. Exposure to a single dose and survival
curves over a range of doses of UV light were conducted in a manner similar to
exposures to x-rays. The source of UV was a germicidal lamp (Westinghouse
sterilamp G15-T8) emitting primarily 2537 A. At the exposure level, the intensity
was 4.0 ergs/mm?/sec. measured? with an Eppley thermopile calibrated at the

1 This figure was obtained from control experiments with the asynchronous population. With
this type of film the background is rather high and cells not exposed to radioactivity usually
average 2 to 3 grains/nucleus for an equivalent storage time. Thus the probability of a non-
synthesizing cell having greater than 12 grains/nucleus is very small. This criterion is
probably too severe, but in fact very few cells between 4 and 12 grains/nucleus were ob-
served in any of these experiments.

2 We are indebted to Dr. R. H. Haynes, University of Chicago, for this measurement.
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National Bureau of Standards. The fixed single dose used was 200 ergs/mm?, for
which the single cell survival in the asynchronous population (~ 0.12) is the
same as for 710 rad of 250 kvp x-radiation. For survival curves, adjusted inocula
were used as for x-rays. All exposures were conducted in room light, as no photo-
reactivation was observed in the asynchronous population under these conditions.

Two departures from the x-ray procedure were necessary for ultraviolet radia-
tion. First, because of UV absorption, the cells were exposed with the lid off the
dish and the medium removed. The medium was replaced immediately after ex-
posure. Controls received the same treatment. Second, in the counting of colonies
after staining, only those on the flat bottom of the dish were counted, as some cells
survive in the bevelled rim where they are protected from UV by dregs of medium.
These two modifications reduce the accuracy of the UV data.

RESULTS

1. Degree of Synchrony. (a) Mitotic index. The percentage of cells in
mitosis was determined from stained slides. The time during which cells are rounded
up (~ 30 minutes) is less than 5 per cent of the division cycle. Rounding-up com-
mences after mitosis begins and extends beyond the completion of mitosis; con-
sequently the degree of synchronization may be better than indicated by the mitotic
index. The mitotic index has ranged from 30 to 80 per cent in our experiments.
In Figs. 1a and 1b pictures of portions of slides from two experiments are shown.
In these examples, although some 25 to 50 per cent of the cells could be in inter-
phase, it is probable from our other data that the majority of these cells have
just divided.

(b) Size distribution. In Figs. 2A and 2B the size distribution of a harvested
population with a mitotic index of about 50 per cent is compared with the popula-
tion of cells left on the plate after the separation procedure. In the “synchronized”
population the modal relative volume is 14 (i.e., channel 14 on the plotter under
the counting conditions chosen); there is a larger proportion of small cells; and
very few cells have the volume characteristic of the average interphase cell (i.e.,
modal relative volume, channel 9). In experiments in which the mitotic index is
higher, the relative amount of smaller cells is decreased and the peak around 14
is increased. The reverse is true when the mitotic index is lower. In all cases very
few cells appear in the average interphase region at channel 9. The subsequent
history of populations with lower mitotic indices indicates that they were initially
almost as well synchronized as those for which the mitotic index was initially very
high (Figs. 4 and 6 below).

(c) Cell number. Growth curves obtained by Coulter counting and by counting
cells per colony from stained plates were shown in an earlier report (6). Examples
from a later experiment are shown in Figs. 3A and 3B. Zero time on this graph
and for all other data presented in this paper is the time of incubating the “synchro-
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FIGURE 1 Stained preparations of partially synchronized populations. a, Exp. S-12,
mitotic cells 75 per cent of the total. b, Exp. S-18, mitotic cells 47 per cent of the
total.
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FIGURE 2 Cell size distributions taken with Coulter counter and cell size distribution
plotter. The numbers on the diagrams represent channel numbers from 0 to 25 and
correspond to relative cell volume.

A, size distribution for the cells left on the plate after harvesting synchronized cells.
This distribution is characteristic also of log-phase populations.

B, size distribution under the same conditions for the harvested or synchronized
population (mitotic index 53 per cent). The distribution shows a majority of cells
larger than normal and more cells in the smaller than normal category.

nized” population. The application of the Blumenthal and Zaler index (10) to
some of our earlier growth data has already been described (6). For the curves
of Figs. 3A and 3B, this index is ~ + 0.35 to + 0.40 during division, but in other
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experiments, values at division of up to + 0.80, and often more than + 0.50,
have been found. Another index of synchrony based on growth data, used by
Zeuthen (11) and by Burns (12), is the per cent phasing

_(r_ l) / T
where T = generation time

D3} = time for 50 per cent of the cells to divide.
For the curves shown in Fig. 3 the per cent phasing is between 50 and 60 per cent
although often higher values, between 60 and 80 per cent, have been found.
Growth indices of synchronization are lowered by the presence of non-viable cells
(see Discussion).
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FIGURE 3 Growth of synchronized hamster cell population. A, growth determined
by Coulter counting (1/Amp - 1, 1/Ap. C. - 8, LT 12, UT > 100).* B, growth de-
termined by cells per colony on stained plates.

* Ap. C., aperture current; LT, lower threshold; UT, upper threshold.
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Fig. 3 also shows that under our conditions, the first interdivisional period is
longer than the second. This difference, which may include a lag due to the de-
tachment procedure, is also affected by the frequency of sampling altering incu-
bator conditions. For this reason, many of our experiments were carried through-
out two full division cycles or more.

(d) Percentage of cells labeled by an H3-thymidine pulse. The results of three
experiments in which the percentage of cells pulse-labeled with tritiated thymidine
at different times was determined, are shown in Fig. 4. In one experiment (S-7)
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FIGURE 4 Per cent of cells labeled with tritiated thymidine versus time after incuba-
tion of the synchronized population. From these curves a labeling index of synchrony,
L, can be determined. L is the difference between the maximum per cent labeled cells
and the following minimum (see text).
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the exposure was to 0.1 uc/ml for 30 minutes while in recent experiments, of which
S-9 and S-15 are examples, the exposure was to 0.2 uc/ml for 15 minutes.
It is convenient in comparing the results of these experiments to have an index

of population synchrony determined by such a curve. We define a labeling index
of synchrony

L = Lmax — L'min 2)

where L = labeling index of synchrony

Lmax = fraction of cells labeled at maximum of such a curve as Fig. 4.

L'min = fraction of cells labeled at minimum (following the peak percentage of

labeled cells).3

We have most frequently found Lmax to be 85 to 95 per cent and L/min to be
15 to 30 per cent. Thus L is usually between 80 and 55 per cent. Precise measure-
ments of L however, require reliable determinations of Lmax and L'min. In some
of our experiments L/min was not determined precisely because the period between

samples was too long. In these cases L will have been underestimated (e.g., see Fig.
4, Exp. S-7).

2. X-Radiation Response. The response of the synchronized population
to a constant dose, 710 rad, of 250 kvp x-radiation is shown for two experiments
(one with initial mitotic index 70 per cent, the other, 30 per cent) in Fig. 5.
As previously reported (6), the survival of cells rises sharply during the S period
only to fall again before division. The peak of x-ray resistance at this dose occurs
while the maximum number of cells are in the latter part of the S period. This

response has been consistently observed in many experiments in both first and
second cycles.

8 This index may be justified as follows. In a population of perfectly synchronized identical
cells the percentage of cells labeled by a brief H*>-thymidine pulse will be zero from the be-
ginning of the experiment until the end of G,, 100 per cent during the S period, and zero
again during G,. Thus L = 100 per cent. If a certain fraction « of cells is not synchronized
but spread uniformly throughout the interphase cycle, they will contribute a constant labeled
fraction 100 S/T « per cent during G, S, and G, where § is the length of the S period and T
the generation time. The synchronized remainder (1-a) contributes zero labeled cells during
G, and G, and 100 (1-a) per cent during S. The total cells labeled are therefore 100 S/T «
per cent in G; and G; and [100 (1-a) - 100 S/T - <] per cent in S. Therefore, for such a popu-
lation L = 100 (1-a) per cent and to a first approximation L is the percentage of cells which
are perfectly synchronized. The final minimum period, in G,, should be chosen rather than
the initial period in G; because harvested cells may have a short lag.

A more sophisticated analysis should take into account the fact that cells do not have
identical G,, S, and G, periods and a distribution of such periods among members of the
population would lead to a decrease in the observed value of L. Also, in actual experiments
the fraction « is probably not distributed uniformly throughout the cycle. A value of L = 100
per cent is therefore not to be expected in practice even for cells initially “perfectly” synchro-
nized.
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The “colony surviving fraction” is the number of colonies on the x-irradiated
plates divided by six times the average number of colonies on the plating efficiency
plates (see earlier). Our technique of cell synchronization yields a mixture of
primarily one- and two-cell colonies; therefore radiation responses (e.g., Fig. 5)
obtained for these populations are not those for single cells. Thus the magnitude
of the peak in Fig. 5 depends not only on the average variation of x-radiation sur-
vival among single cells during the cell cycle and the degree of synchronization, but
also on the average number of cells per colony. To obtain the single cell response,
the surviving fraction must be corrected for the average number of cells per colony
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FIGURE 5 The response of synchronized cells to a constant dose of x-rays (710
rad) as a function of time after incubation. Note that the response for S-14 (70 per
cent mitotic index) is only a little sharper than that for S-9 (30 per cent mitotic
index). The times at which survival curves (Fig. 7) were measured (Exp. S-9) are
indicated.
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as follows: The fractional survival, f, for colonies of average multiplicity, N, is re-
lated to the average single cell survival, s, by

f=1—@a-9" ®3)
Therefore,
s=1—(@1-—pH"* (4)

In deriving this equation it is assumed that each cell of a colony survives inde-
pendently, but this has already been established for this cell line (7). Equation 4,
however, is only an approximation to a more exact equation relating f and s (see
Appendix). Values of N are obtained from data such as those shown in Fig. 3B,
although strictly, N should be for viable cells only (see Discussion). The single
cell response obtained by applying equation 4 to the data of Fig. 5 is shown in Fig.
6. The difference in response for cells with initial mitotic indices of 70 and 30
per cent is quite small.

Survival curves over a range of doses at various times have also been obtained.
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Symbol Exp.  ‘Index  Index Efficiency ()or colony
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0.3 .

0.2 -

SINGLE CELL SURVIVING FRACTION

O.l -

o ] ] ] 1 1 1 ]
(o} 5 10 15 20 25 30 35

TIME AFTER REINCUBATION, hours

FiIGURE 6 The single cell response to 710 rad of x-rays obtained by applying s = 1 —
(1 — fHV/F to the data of Fig. 5 (see text). N is the average cells per colony (Fig. 3). The
difference in response between S-14 (70 per cent mitotic index) and S-9 (30 per cent mitotic
index) is now even smaller.
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In experiment S-9, for example, survival curves were taken at 2, 9, 10, 15, and
22 hours after incubation of synchronized cells. The results are shown in Fig. 7.

The relation

s=1—(1—e?") ©)

where s = surviving fraction for single cells

D =dose (rad)

D, = reciprocal of the slope of the exponential part of the curve (rad)
n = extrapolation number for single cells

is a satisfactory fit to the survival data for the asynchronous cell population (9),
for which n should be replaced by 7, the average extrapolation number for a
heterogeneous population of single cells. In Fig. 7, the data at 2 and 15 hours and
even at 22 hours appear to fit equation (5) quite well (except perhaps close to
the origin) but at 9 and 10 hours, the fit is rather poor and a definite change in
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FIGure 7 X-Ray (colony) survival curves for a synchronized population at dif-
ferent times after incubation (Experiment S-9, see Fig. 5). The solid lines have been
drawn through the points and the dashed lines have all been drawn for a D, of 200

rad.
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the shape of the curve appears to have taken place. At the present time, however,
possible alternative mathematical analyses of the data for the curves at 9 and 10
hours do not seem warranted. To a first approximation useful for calculation pur-
poses and valid for about two decades, all five curves of Fig. 7 will be assumed to
fit equation (5), with a single D, value of about 200 rad (dashed lines) and the
changes observed may be ascribed essentially to changes in extrapolation number, 7.

The data shown in Fig. 7, in which the ordinate is the colony surviving fraction
f, may be corrected to the single cell survival, s, using equation (4). The corrected
data are shown in Fig. 8. Curves 1 and 4 are similar and curves 2, 3 (cycle 1),
and 5 (cycle 2) for cells in the S phase are almost indistinguishable. The extrapola-
tion numbers for the dashed lines of Fig. 7 and the estimated single cell extrapola-
tion numbers are listed in Table 1.

Later experiments (e.g., S-16, Fig. 9) have confirmed that over two decades the
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Ficure 8 X-Ray survival curves for single cells. The values of Fig. 7 modified using s =

1 — (1 — )V, N is the average cells per colony at the time stated (Fig. 3). The value of N
for curve 4 is less certain because cells are beginning to divide at this time.
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TABLE I
EXTRAPOLATION NUMBERS FOR SURVIVAL CURVES OF EXPERIMENT S-9

Observed Single cell
Time after Cell Phase extrapolation  Cells/colony extrapolation
reincubation cycle (approx.) No. N No., =
hrs
2 1st Gy 3 1.55 2
9 1st S 12 1.55 8
10 1st
15 1st-2nd G, 5 2.1* 2.5
22 2nd S 25 2.7 8
* Actual value measured at 15 hours,
I | 1 LB T T
10 P =
- AR Experiment S-16 =
F N Mitotic index 0%t ]
ry S Labeling index 68%
N N Plating efficiency 62%
SN \ 4
N N Average cells per colony
N \
1.0 N N (Ist cycle) 1.82
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FIGURE 9 X-Ray (colony) survival curves for another synchronized cell population
at different times after incubation (Experiment S-16). The dashed lines have been
drawn for a D, of 200 rad.
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changes are associated principally with variation in #. In Experiment S-16, D, is
again about 200 rad and the corrected value of n for a single cell is again ~ 2 at 2
and 15 hours and ~8 at 10 hours. In each of 3 sets of experiments, the same change
in shape of the survival curve at 10 hours was observed and consequently equation
(4) is only an approximate fit to the data for cells in the S phase. The trend in
curves 2 and 3 of Fig. 7 is such that if our data could be extended to lower frac-
tional survivals, a fit to equation (5), if possible at all, would require appreciably
higher values of n and lower values of D, than those indicated. This appears to be
the case in recent experiments by Whitmore et al. (13) using L cells, in which both

Mitotic Labeling Plating Average cells

Symbol EXP-  Index  Index Efficiency per colony
(ist cycle)
04 }- 0—o S-9 30% 50% 55%(x-ray) 1.55 —
X =X S-14 70% 54% 51% 170
O=..=0 S-16  30% 68% 58% 1.82
Or===-A S-17 33% %% 60% 1.88
g
-4
0.3 | g .

COLONY SURVIVING FRACTION

)4

First cycle ———~je— Second cycle — f

(0] 5 10 15 20 25 30
TIME AFTER REINCUBATION, hours

FiGURE 10 Response of synchronized populations to a constant dose of UV (200
ergs/mm®*) as a function of time after reincubation. The approximate length of the
first and second cycles in indicated.
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Ficure 11 Colony survival curves of a synchronized cell population for ultraviolet
exposure at different times after reincubation. Survival values below 0.01 were de-
termined from plates having less than 20 colonies and are therefore uncertain. Dashed
lines have nevertheless been fitted by eye to the points and the parameters pertaining
to these lines are listed in Table II.

n and D, were observed to change during the cell cycle. At lower survival levels
changes in the shape of our curves at stages of the cell cycle other than S are also
possible. ‘

3. Response to Ultraviolet Light. The response of the cell population to
a constant exposure (200 ergs/mm?) of UV throughout the cycle differs markedly
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from that for x-rays. The results of four experiments are plotted in Fig. 10. Al-
though the data vary, the general pattern is clear. During G,, the number of sur-
vivors falls but some time after DNA synthesis begins, the surviving fraction starts
to rise, continues to rise after S is completed, and drops only about the time of
division. This pattern is repeated in the second cycle. Again the magnitude of the
change depends not only on changes in the response of individual cells, but also on
the average number of cells per colony and the degree of synchronization.

Survival data over a range of doses have been obtained in two sets of experi-
ments at 2, 7, and 14 hours. The results for one (S-17) are shown in Fig. 11.
Table II summarizes the observed parameters obtained by fitting equation (5) to
the data.

TABLE II

MULTITARGET PARAMETERS FOR ULTRAVIOLET SURVIVAL
CURVES OF EXPERIMENT S-17

Observed Single cell
Time after Cell Phase extrapolation  Cells/colony  extrapolation
reincubation cycle (approx.) No. N No., D,
hrs (ergs/mm?)
2 1st G, 6 1.88 3 39
7 1st Early S 18 1.88 10 34
14 1st G: 4 1.88 2 72

The changes observed in a constant dose response curve such as those in Fig.
10 are due at least in part to changes in D, and their magnitude is therefore dose-
dependent. There also appear to be changes in n which are somewhat similar to
those observed with x-rays but are more difficult to quantitate because of the
changes in D,. Also, values of D, for UV are expressed in terms of incident energy
while D, for x-radiation is expressed as absorbed energy. For x-rays the conversion
factor from exposure to absorbed dose (0.945 rad/R) is constant whereas for UV
the energy is dissipated non-uniformly and the conversion factor may not be con-
stant throughout the intermitotic cycle. Shape and size changes of the cells during
attachment and throughout the cycle may affect their UV response, although
studies with asynchronous populations have not shown any clear dependence on
such changes (14).

DISCUSSION

Experiments on the variation of radiation sensitivity during the intermitotic cycle
yield the function s (7,D), the probability of an average cell surviving a dose D.
The position of the cell in the cycle is represented by the variable 7, the time since
the cell was born at a previous mitosis. Implicit in such a definition is the assump-
tion that all the cells have a reasonably definite interdivisional or generation time,
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T, and that definite biochemical events take place in a sequence between birth and
the next mitosis. If the function s(7,D) is known it can be compared with the
biochemical events defining the intermitotic cycle and the variable 7.

To obtain cells having a given value of 7, we have used a partially synchronized
population. As described above, cells are removed from a log-phase population in
a well defined metabolic state and allowed to grow. If cells in the log population
have a distribution of intermitotic cycle properties (i.e., length of Gy, S, Gz), cells
in the synchronized population are expected to have the same distribution. Under
ideal conditions the cells are “synchronized” only at the beginning of an experiment,
if the selection procedure has been successful. The cells remain synchronized only
if the rate of movement towards mitosis is identical. Since this is not the case, the
next division is not expected to be closely synchronized, but to be spread out over
a time interval determined by the distribution of generation times in a normal
log-phase culture. For mammalian cells this spread may be quite large, perhaps of
the order of = 20 per cent (15). However, such differences in rate of movement
result in only a small correction to the response, s(7,D).

Differences in rate of movement of cells through the intermitotic cycle may not
be the only source of difficulty in interpreting the results of synchronization experi-
ments. The process of selecting a uniform population may lead to metabolic
changes. In our experiments there appears to be an initial adjustment of the
synchronized population during the first interdivisional period. This is clearly seen
in Fig. 3 where the mean time until the first division is about 16.5 hours and the
period between the first and second divisions only 12 hours. (It is usual in our
experiments for the first division to take about 15 hours. In log-phase growth, the
generation time for these cells is ~ 10 hours with S ~ 6 hours, G; ~ 1.5 hours,
G; ~ 1.5 hours, and mitosis ~ 1 hour.) However, such responses as are observed
in the first cycle are repeated in the second, the difference being as expected for an
increased number of cells per colony. Consequently, our data are believed to yield
reliable quantitative information upon the variation of radiation response with 7.

The number of cells per colony (N) is a source of uncertainty in the determina-
tion of the single cell radiation response since the observed value of N includes
both viable and non-viable cells, and for the application of equation (4), we re-
quire the effective value of N for viable cells only. The plating efficiency for the
synchronized population is usually lower (45 to 65 per cent) than for asyn-
chronous populations of the same cell line (65 to 90 per cent) and is estimated
from the ratio of the cells which form visible colonies to the particle concentration
assessed by Coulter counting. The latter count includes material which will not be
identified as attached stainable cells. This material is a small percentage of the
count for an asynchronous population but is relatively larger in the synchronized
population because the harvesting procedure removes any loosely held material and
the yield of cells is low. However, in many of our experiments, the observed N does
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not double during the first division and an analysis of the distribution of cells per
colony before and after division shows that a non-viable portion of cells is included
in N, which is therefore an overestimate of the effective N. An examination of the
data in one case showed that the maximum difference between the observed and
effective N was about 15 per cent. Values of s derived from f using equation (4)
and N observed may be too low by up to this percentage. In fact, although observed
values of N have varied from experiment to experiment, we have found quite good
agreement for s, which supports the view that the difference between N observed
and effective is either not large or rather constant. This uncertainty will affect
mainly the extrapolation number in survival curves, and therefore values of n given
in Tables I and II must be recognized as approximate.

One way of testing the validity of the data is by comparison of the observed dose
response of the asynchronous population with that predicted by a summation of its
components. Good agreement here not only supports the view that the selection
procedure (e.g., temperature shock)* has not affected the subsequent behavior of
the cells but also confirms that the small fraction of the population selected is
representative of the whole population. For x-radiation the procedure is quite
simple if we assume that the function s(7,D) is given by

s(r,D) = 1 — (1 — e 2/2"® ©

where D, is about 200 rad throughout and n(7) is the observed variation of
extrapolation number during the interdivisional cycle (see Table II).

The composite population of subfractions obeying equation (6) will have a
survival curve practically indistinguishable from equation (4) with D, = 200 rad
and an average extrapolation number, 7i. To obtain 7 for a random population we
may first take a simple time average of the data in Fig. 6, i.e. S (7, 710 rad), from
0 to 17 hours which yields an average survival for 710 rad of 0.11. If this dose is
large enough to reach the exponential region, the population average survival will
be given by:

§ = ﬁe—D/Da (7)

thus § = 0.11 at 710 rad would correspond to A = 3.8 (for D, = 200 rad). Since
the first cycle is somewhat longer than the usual log-phase doubling time, it is
advisable to repeat this process for the second cycle of Fig. 6. This gives a value,
A = 4.5. In an asynchronous population, cells are not distributed equally at all
interphase times 7, but have an exponential distribution (16) given by:

dN _In2 gasmyir-n
N - T°¢ dr (8)

¢ Note Added in Proof. Experimental data on the absence of effects of trypsin or cooling on
the x-ray age response and time course of labeling with H*-thymidine are included in a more
recent publication (25).
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where dN/N is the fraction of the asynchronous population having values of 7
between + and 7 + dr. Weighting the survival values of Fig. 6 by equation (7) and
integrating, we obtain (for the second cycle) § = 0.12 and from this, i = 4.2.
Our best estimates of the multitarget parameters for an asynchronous population
would therefore be: D, = 200 rad, # = 4. These are typical values for many of
our experiments with asynchronous populations; D, is usually between 195 and
210 rad and 7 between 3.5 and 4.5 (9).

Our results with synchronized cells predict that the value of 7 found in an
asynchronous experiment should depend on the fraction of cells synthesizing DNA
at the time of irradiation. Since asynchronous cells are frequently irradiated in a
post-trypsinization lag period, this fraction might be expected to vary. Variation
in 7 from experiment to experiment is quite often observed. While cells are syn-
thesizing DNA, however, not only is 7 increased, but there is a significant decrease
in the slope of the survival curve, which we have already commented upon. Thus,
a small decrease in D, should accompany an increase in 7, which may be respon-
sible for the frequently noted inverse correlation between 7 and D, in asynchronous
populations (17).

One final observation concerning x-ray responses should be made. Although we
have referred throughout to G, and G, cells at the appropriate times, and certainly
the majority of the cells may be considered to be in these categories at those times,
a few labeled cells are usually also present. Since cells in S are generally more
resistant, their contribution to the over-all survival response will be greater rela-
tively than that of G; or G cells. Thus, the true survival characteristics of “un-
contaminated” cells in G, and G, cannot be as well described as for S cells.

A comparison between the expected UV survival curve which may be derived
from our results for s(7,D), with that observed for an asynchronous population is
more difficult than for x-rays. No simple expression can be written down for the
asynchronous survival because D, is dependent on 7. An approximate estimate has
been made as follows. From the curves on Fig. 10 the cells were considered to
spend the first 0.3 of the cycle with n = 3 and D, = 39 ergs/mm?, 0.5 [0.3 — 0.8]
of the cycle with n = 10, D, = 34 ergs/mm?, and the last 0.2 of the cycle with
n =2, D, = 72 ergs/mm? (Table II). In an asynchronous population the actual
proportion of cells in these different sensitivity states was found, using the Stanners
and Till distribution (16), to be 0.375, 0.511, and 0.114 respectively. Combining
these components graphically yields a multitarget curve for which i = 3.2 and
D, = 45 ergs/mm?, In view of the relatively crude approximations made these
values are in reasonable agreement with those normally found for an asynchronous
population experimentally (D, ~ 50 ergs/mm? and 7/i ~ 4-5) (14).

It was initially hoped that a comparison between the UV and x-radiation re-
sponse would lead to some understanding of underlying mechanisms. Although the
x-radiation response is different from that for UV, there are two similarities. One
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is an increase in survival soon after DNA synthesis begins, although the interval is
appreciably longer in the case of UV. This observation has been made by others
using synchronized cultures both for UV (4) and for x-radiation (3, 4). The
other is the similarity in the changes in extrapolation number, n, during the cycle.
For both radiations, # is initially low in G; (~ 2 for x-radiation and ~ 3 for UV),
rises to about four times this value during S, and then falls back to about the G,
value during the G, phase. Whether or not these changes represent a process inherent
in all mammalian cells cannot yet be stated.

Our studies on cell survival may be compared with results obtained for chrom-
osome damage following UV exposure (100 ergs/mm?) reported by Humphrey,
Dewey, and Cork (18). By labeling with H3-thymidine in an asynchronous popu-
lation of Chinese hamster cells, they found chromosome damage to be greatest in
early S. Total chromosome damage in G; and G, was approximately the same but
the proportion of different types of damage differed. We have found G; to be more
sensitive than G, with respect to cell death and thus different mechanisms may be
principally responsible for cell death in the G, and G, periods. However, more
information is needed on the variation of chromosome damage with dose at each
stage of the cell cycle and on the relationship between chromosome damage and
cell survival.

In the case of x-radiation most observers agree that the response is in some way
related to DNA synthesis. Erikson and Szybalski (4) using Detroit 98 cells
synchronized by 5-fluorodeoxyuridine, found a temporary period of resistance to
x-rays during DNA synthesis, and from 2 to 8 hours after the release of the in-
hibitor the changes seemed to be mostly in the extrapolation number. Terasima
and Tolmach (3) have suggested that for synchronized HeLa cells the increase of
resistance during the S phase was due to a change in D,. However, it is doubtful
in view of the changes in curve shape apparent in their data that the changes can
be associated with one parameter only. Terasima and Tolmach (19) have also
shown that if the DNA synthetic period in synchronized HeLa cells is blocked with
an inhibitor, the x-ray resistance is similarly delayed.

In contrast to these results, Dewey and Humphrey (20) by labeling asynchronous
populations, find that L cells are most sensitive to x-radiation in the S phase both
with regard to cell death and chromosome damage (21). However, they observe
that Chinese hamster cells (20) may be slightly more resistant to x-radiation de-
livered in the S phase, agreeing with their observations on chromosome damage for
these cells (22). A possible explanation for such differences may be that the
subdivision of the intermitotic cycle into G;, S, and G, may not be very suitable
for describing the x-radiation response, for example, early S in many cell lines
appears to be more sensitive than late S. In each cell line studied however, except
perhaps for L cells, resistance to x-radiation seems to be associated with DNA
synthesis or to some other process intimately related to it.
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A phenomenon observed by Terasima and Tolmach (3) but not observed in
this work, is the early (G,) resistance to x-rays of synchronized HeLa cells. The
difference may be because the short G; of hamster cells provides no opportunity
for a resistant period to show itself. It has been pointed out (23, 24) that cells of
widely different generation times differ primarily in the length of the G, period, the
period from the beginning of S until the end of mitosis being relatively constant.
During this latter period the response to x-rays of Detroit 98 cells (4) and Chinese
hamster cells reported here appears to be quite similar, but in HeLa cells (3) no
appreciable decrease in survival during G, was apparent. Thus in spite of the sim-
ilarities in x-ray response noted above, some differences also appear to exist among
different cell lines. It may be too early to speculate on mechanisms giving rise to
the observed changes until these differences are reconciled or better understood.
However, if changes in both n and D, are possible at different stages of the cycle,
especially during the S period, and if the causes of these changes are independent,
it is not difficult to see how the interplay of these two parameters in different cell
lines may lead to different constant dose response and to different survival curves.
The constant dose response is also, to some extent, dependent on the level of that
dose if D, varies. Furthermore, it should be emphasized that there appear to be in
our data and also in those of Terasima and Tolmach (3) changes in the shape of
the survival curves not easily described by changes in the parameters of the multi-
target relation expressed in equation (5).

We wish to acknowledge the technical assistance of Miss Grace Racster and Charles Peri, and
we are indebted to Dr. C. K. Yu for the photographs of Fig. 1.

This work was performed under the auspices of the U. S. Atomic Energy Commission.

APPENDIX

Derivation of single cell survival s from the survival f of a mixed population of mul-
tiple cell colonies.

Assuming that each cell survives exposure independently of the presence of others,
the true average single cell survival s is related to the survival f for a mixed population
of multiple cell colonies by the equation

f= el - -9 )

where ¢, is the fraction of the total colonies having i cells, see, for example reference 7.
The approximation used in the text is

se=1—(1—=p"F @)
where N is the average viable cell multiplicity = Z¢,-i, s, is the approximate single cell
survival derived from (2’), and { is the observed colony surviving fraction.

A complete discussion of the validity of this approximation is beyond the scope of this
paper; however, it is comparatively simple to make an estimate of the error involved in
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using the approximation. We might anticipate that the magnitude of the error will depend
on the magnitude of f and N and that an expression for the error involving these parameters
will be a useful guide to the applicability of equation (2’). Although in many practical cir-
cumstances, high values of i are not encountered, the evaluation of equation (1) is time~
consuming even in simple cases when the cell distribution is known, and thus a knowledge
of the error involved in applying equation (2) is particularly useful. Setting the error, As =
s — s, and expanding f(s) in a Taylor’s series yields

1) = flsa + As)

f()+Asdf+(As,)js

z + - 39
where j(s) is equation (1) evaluated for s

f(s,) is equation (1) evaluated for s,

df/ds, is the first derivative of equation (1’) evaluated for s,, etc.
If s, is a sufficiently close approximation to s, we need retain only the first two terms of
equation (3’) and thus

_ f (S) — f (Sa) ’
As = BT )
ds,

or

— b — — /N
As = f 2‘¢’{1 (l(o'-l)f/)ﬁ } (5’)
2 i(l - f)
substituting the approximation of equation (2’) for s,.
If f is sufficiently small so that the binomial expansion of 1 — (1 — f)¥/® may be limited

toi-f/N — (i/2N)i/N — 1)f2, when this substitution is made in equation (5'), As may be re-
duced to

as v —L— (W — () ©)

where N* = Z¢;-i?, and terms in f3 and higher powers are neglected. Equation (6") always
yields positive values for As and thus s is always greater than s,. Furthermore, the error As
is proportional to the square of the standard deviation (= N* — ()?) of the colony distri-
bution. Consequently, in our experiments the error will always be greater during the second
cycle than during the first.
Also, as f — zero, s tends to /N and the fractional error in using equation (2) becomes
As

o = e (N = () )

To illustrate these points we have calculated for several values of f, values of s, using equa-
tion (2’), values of s using equation (1) and the method of successive approximations, and
the error s — s, in using approximation (2’). Representative data from Experiment S-9 have
been used for this purpose and are listed in Table I'. For comparison, the error calculated
according to equation (6') is included in the last column and yields values smaller than the
actual values when f is large because of the approximations made in the derivation. Equa-
tion (6’) is nevertheless a reasonable guide to the true situation. At smaller values of f, calcu-
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TABLE I’
CALCULATION OF ERRORS IN s, FOR DATA OF EXPERIMENT S-9

Observed  Single cell Single cell ~ Actual Estimated

survival  survival  survival error Actual error errors from
Dose f sa* st s— s s—safsX 100 equation (6§
rad per cent per cent
142 0.790 0.632 0.672 0.040 5.9 4.2
236 0.627 0.468 0.491 0.023 4.7 3.6
426 0.303 0.204 0.211 0.007 3.3 2.0
710 0.089 0.058 0.058 <0.001 <1.7 0.6
990 0.0181  0.0116 0.0116 <0.0001 <0.9 0.1

*5, calculated from equation (2’), with N = 1.56.
1s calculated from equation (1’), with the following parameters

¢1 = 0.475, ¢s = 0.496, ¢3 = 0.021, ¢ = 0.008.

§As calculated from equation (6’), with
N =Z¢sci =1.56 N2 =2.44
Nt = Z¢iit =278 NE— N?=0.34

lations of s and s, are not sufficiently precise for accurate values of s — s, and the errors
determined from equation (6’) are probably more reliable. The difference between s and s,
when { is less than 0.1 is clearly less than 1 per cent. These errors refer, of course, only to the
use of the approximation and do not include experimental errors such as previously dis-
cussed for N.

Received for publication, February 11, 1964.
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