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SUMMARY

Mice bearing NCTC 2472 tumors (either solid or ascitic)
were continuously irradiated at 50 rads/hr in order to simulate
a dose rate comparable to that generated by tissue implants.
Kinetic and survival data were collected over a 40-hr interval
on cells obtained from tumors and also from bone marrow.
Bone marrow cellularity decreased rather slowly. At 40 hr it
was 10% of the control value. The number of stem cells was
reduced much more rapidly; after only 12 hrs it was reduced
to 3.8% of the control value. The effectiveness of continuous
radiation and of acute irradiation on bone marrow stem cells is
similar.

Labeling indices decreased with increasing time of
irradiation; the mitotic indices dropped initially but tended to
recover. Under continuous irradiation the ascites cells
accumulated in G2 at a rapid rate. After 40 hr 61% of the cells
were in G2 phase (versus 5% in the controls), whereas after an
acute irradiation cells temporarily accumulated in GÃŒphase.
The time interval during which this accumulation is observed is
dose dependent. Survival curves of cells from solid tumors
show no evidence of hypoxic cells down to a survival level of10~3; cells from acutely irradiated tumors yielded biphasic

survival curves with 10 to 20% of the cells hypoxic. The
difference in the effectiveness of continuous and acute
irradiation on NCTC solid tumor cells is small.

INTRODUCTION

The response of mammalian cells to CI2 has implications for

both radiotherapy and biology. Implants of radioactive
materials into malignant tissue result in cells being exposed to
a dose rate of 30 to 50 rads/hr, and therefore kinetics and
survival of cells being irradiated at such dose rates are of
interest. Furthermore, it should be possible from such data to
deduce information regarding the nature of cellular lesions and
their repair.

Past work by other investigators has described the effects of
CI on the kinetics of some normal tissues. At dose rates
varying from 12 to 400 rads/day in mouse intestine (13, 20),
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rat jejunum (3), mouse lymphocytes (5), and rat bone
marrow (14), a reduction in the duration of the cell cycle,
which could be seen primarily as a shortening of GÃŒ,was
found. The increased proliferation resulting from the
decreased cycle time balanced cell depletion to reestablish the
steady-state characteristics of normal tissue.

Kinetic studies on continuously irradiated malignant tissue
have not been performed, although Barendsen and Kal (1) and
Hill and Bush (10) have done survival studies of cells in tumors
irradiated in vivo. In this paper we report on kinetic and
survival studies of NCTC 2472 cells growing either as solid
tumors or in ascitic form in C3H mice irradiated at 50 rads/hr.
We have also obtained data on CPU's irradiated under the

same conditions as were the tumor cells. Furthermore, we
compared results found under CI to those obtained after
corresponding doses of AI.

MATERIALS AND METHODS

All the experiments described were performed on C3H
female mice, 2 to 3 months old. The normal tissue studied was
bone marrow; the tumors were the NCTC 2472 fibrosarcomas
growing in solid or ascites forms, 10- to 12-day-old and
4-day-old tumors, respectively. Cell cycle parameters for these
tumors are given in Table 1. Although the data are for 7-day
solid tumors, we found previously that in the solid tumors the
measured cycle parameters remained constant throughout
growth (6).

CI was performed with a 60Co source at a dose rate of 50

rads/hr. The duration of the exposure varied from 6 to about
40 hr. One hundred twenty-three mice were irradiated in
individual compartments of Lucite boxes. Mice exposed to 40
hr of radiation were placed under the beam first, and then
mice with shorter exposure times were added to the box under
the 60Co source. Control mice and the "waiting" mice were

kept in identical conditions as those under irradiation. All
mice were removed from the Lucite boxes and placed in cages
every 6 hr to receive food and water for 20 min at a time.

AI was performed with a 220-kV X-ray machine (filter, 0.5
mm Cu; half-value layer, 1.33 mm Cu). Three hundred
nineteen mice were irradiated for these experiments. The
assays were performed after irradiation at times corresponding
to the duration of the continuous exposure for the same dose.
For instance, after an acute dose of 600 rads, the assays were
performed 12 hr after the end of the irradiation; for a dose of
1200 rads, the assay was performed 24 hr after irradiation, etc.
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Table 1
Cell cycle parameters for NCTC 24 72 solid or ascites flbrosarcomas

Tumor4-day-old

ascites7-day-old
solidDoubling

time(days)0.81.6LI4624MI(%)1.51.7TC(hr)1717.5T(hr)264.5r(hr)910r+
Mdir)1.63Growth

fraction(%)9935

Moreover, time-course variations after single doses of AI were
also studied.

Kinetic Parameters. The Li's were determined after

injection of 10 Â¡dCiof tritiated thymidine (specific activity, 25
Ci/mmole) in the case of ascites tumor studies and 50 Â¿iCiin
the case of solid tumor and bone marrow studies. Three
mice/point/experiment were sacrificed 30 min after injection
and slides were prepared for autoradiography, as described
earlier (6, 7). Mi's were obtained from the same slides as those
used for Li's. Two slides/mouse were prepared and over 1000

cells were counted from each slide.
DNA content determinations were performed on the Barr

and Stroud cytophotometer after Feulgen staining. A total of
2082 cells with over 120 cells per histogram and per
experiment were analyzed. Age distributions of the ascites
population were then obtained after autoradiography, as
previously described (7).

Kinetic parameters of the bone marrow were determined on
pooled samples of 3 mice/point; the variance between animals
could not be evaluated.

Survival Studies. Survival of CPU was determined using the
method of McCulloch and Till (15), and the number of donor
mice depended on the dose; 3 mice were used for low doses
and 18 mice were used for high doses. One thousand
forty-four recipient mice for the CPU experiments were
irradiated at 900 rads with a 200-kV X-ray machine. Since
there are fluctuations in control mice from experiment to
experiment, the number of CPU of controls was determined
on 66 mice in 22 separate experiments.

Survival of tumor cells was measured by a cloning technique
which differs somewhat from the method described initially
by Puck and Marcus (16). Cells, derived either from in vitro
cultures or from ascites or solid tumors in vivo, were plated
onto a feeder layer (5 X 10s to IO6 cells/flask, irradiated with

5000 rads) in Falcon flasks (area, 25 sq cm). Four to 5 days
later, cell aggregates loosely attached to the bottom of the
flask could be observed. These "clones" had an appearance

somewhat like inverted bunches of grapes with the stem
attached to the growth surface, with the body of the "clone"

floating in the growth medium (minimum essential medium
with 12% fetal calf serum). Because of this tenuous
attachment, the flasks had to be handled with care to avoid
dislodgment of the aggregates. The number of clones, counted
under the microscope, proved to be approximately
proportional to the number of live cells plated, at least over
the range of 10 to 5 X IO4 cells (Chart 1). The least square

linear fit to the points does not go through the origin,
indicating that even in the absence of live cells the feeder layer
caused the appearance of some clones. Indeed with 0 live cells,
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Chart 1. Linearity of the in vitro assay for survival of NCTC 2472
cells. A variable number of unirradiated cells were plated onto feeder
layers, and cell aggregates ("clones") were counted or estimated 4 to 5

days later. There is a linear relationship between the number of cells
plated and the estimated number of "clones" to a maximum of 5 to
10* of the former. The plating efficiency is about 10 to 15%. Vertical

bars, S.E. (5 flasks/point).

up to 50 clones/flask were seen (average, about 30).
Presumably, these were "abortive clones" or cell aggregates of

dead, floating cells, or a combination of these. In radiation
survival experiments, large populations of dead cells are
usually seeded with live cells; their influence on clone counts is
illustrated in Chart 2. As can be seen, the addition of up to
about 5X IO6 heavily irradiated cells to live cells does not

materially affect the clone counts. Above this number cell
aggregates (and perhaps cell density effects) cause the assay to
become nonlinear. We have therefore limited the number of
cells plated (dead cells plus live cells) to 2 to 3 X IO6/flask;

this maximum cell number constitutes a serious limitation of
the assay, particularly at very low survival values.
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Chart 2. The effect of dead cells on "clone" counts.
Unirradiated cells (10*) were combined with

a variable numbei of heavily irradiated cells
(5000 rads, under well-oxygenated conditions)
and then plated onto feeder layers. The "clone" 2

counts appear to be independent of the number of <
dead cells over a range of the latter of 0 to 10'. p

Vertical bars, S.E. Ã•2
1000

10* 10' 10' 10' 10'

NO OF HEAVILY IRRADIATED CELLS
ADDED TO IO4 LIVE (NONIRRADIATED)

CELLS

In order to minimize the effect on computed survival values
of the "clones" counted in the absence of live cells, the

experiments were designed to yield a minimum of about 500
clones/dish. The somewhat low plating efficiency observed (10
to 15%) may reflect 1 or a combination of 3 things: the low
number of clonogenic cells of this tumor (as perhaps evidenced
by the high TDSO), the killing of cells in the harvesting
procedure, or an in vitro selection process.

RESULTS

Bone Marrow (Table 2). Chart 3 shows that bone marrow
cellularity decreases with increasing dose, both during
protracted irradiation and at equivalent times after AI. At low
doses, this decrease is similar for both types of irradiation; at
higher doses, the protracted radiation seems less efficient in
reducing the cell population. Thus, 12 hr of 50 rads/hr reduces
the number of bone marrow cells per leg to 48% of its original
value, while 12 hr after a single dose of 600 rads the bone
marrow cellularity is reduced to 25% of the controls. However,
a precise comparison between AI and CI is difficult since the
number of cells decreases with time after an AI. Twenty-four
hr of 50 rads/hr brings the number of bone marrow cells down
to 32% of the controls, while 24 hr after an acute dose of
1200 rads the bone marrow cellularity is less than 10% of the
controls.

We define the relative biological efficiency (R) as the ratio
of dose of CI to that of AI to achieve similar effects on bone
marrow cellularity. Its calculation is facilitated by passing 2
least square regression lines through the data points (with a

common point at O rad). The value of R was found to be 1.47
(95% confidence intervals: 1.12<R<2.\3).

There seems to be no significant difference in the survival of
CPU's whether they are irradiated with a high or low dose rate

(Chart 5), but here again a comparison is somewhat
complicated by the decrease with time of the number of CPU
after irradiation.

The Li's and the Mi's of the bone marrow cells were studied

after CI (Table 2). The LI falls rapidly after 6 hr of irradiation
from about 54% to 13.5% and then remains at that value
during the 24 hr of irradiation. The MI decreases from 0.8 to
0.2%, then rises with the duration of the irradiation and
reaches 2.6% at the end of the exposure as compared to 0.8%
in the controls.

Ascites Tumors (Table 2). The LI, after an initial slight
increase, is reduced with increasing doses of both CI and AI.
The MI, however, seems to decrease during low dose rate
irradiation for the 1st 24 hr and then returns to normal at 40
hr. After AI the MI does not vary up to 600 rads and then
increases after 1200 rads (Table 2).

Cytophotometric measurements (Chart 6) show that, after
continuous irradiation, cells accumulate in G2 with increasing
time of radiation. In the controls, the proportion of G2 cells is
5%. Six hr of irradiation brings this proportion up to 10%, 12
hr of irradiation brings it to 26%, 24 hr brings it to 38%, and
finally the proportion of G2 cells after 40 hr of 50 rads/hr is
61%. The proportion of G! cells decreases steadily from 32%
to 11% after 40 hr of radiation, while the proportion of cells
in S varies little during the 1st 12 hr, then decreases to 48%
after 24 hr, as compared to 63% in the controls.

After AI (Chart 7), the proportion of G] cells rises
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Irradiation Effects on Bone Marrow and Tumor Cells

Table 2
Kinetic parameters and CPU survival after AI and CI

Ascites Bone marrow"

LIMILIMICells/
leg

(X IO6)CPU/leg

Duration or dose CI Al CI AI CI CI CI AI CI Al

Controls6
hr, 300rads12
hr, 600rads24
hr, 1200rads40
hr, 2000 rads46.6

Â±2.7651.9
Â±2.741.

6 Â±3.725.2
Â±2.934.1
Â±1.353.1

Â±1.256.1
Â±2.137.0
Â±0.720.9
Â±0.91.681.040.551.02.38i

0.18Â±
0.49Â±0.2Â±

0.22Â±
0.572.1

Â±0.082.2
Â±0.522.0
Â±0.063.8
Â±0.4153.813.515.714.70.80.21.32.611.86.95.63.70.914.49.83.81.41793

i1289.336645923

" The bone marrow was pooled from 3 donors/point and the variance between animals could not be evaluated.
b Mean Â±S.E.

100

â€¢¿� â€¢¿�Continuous Radiation

O O Acute Radiation

24 Hours of radiation
1200 rads

Chart 3. Comparison of bone marrow cellularity after AI and during
Cl.

significantly, and 24 hr after 1200 rads it comprises 50% of
the population, while it is about 30% in the controls. The
proportion of cells in S decreases in about the same manner as
after CI. Time-course variations after 300 and 1200 rads are
illustrated in Chart 8.

Solid Tumors. The results shown in Chart 9 demonstrate a
decrease in the LI during CI as well as after AI. The Mi's vary

300 600 1200

RADIATION DOSE (RADS)

Chart 4. Least square regression lines passing through the data
points in order to define the relative biological efficiency, R, which is
the ratio of dose of CI to that of AI to achieve similar effects on bone
marrow cellularity.

quite differently according to the scheme of radiation. After
AI, the MI is above the control value, while during protracted
irradiation the MI decreases at first and then tends to return to
normal.

Chart 10 shows the survival curve of cells from NCTC solid
tumors irradiated in vivo and assayed in vitro for cloning
ability. At low doses the results for AI and CI appear quite
similar. At higher doses the tumors irradiated acutely contain
more clonogenic cells than do the tumors irradiated at 50
rads/hr.

DISCUSSION

First, one interesting finding of this study is that during CI
and after AI different cellular kinetics are observed. The cells
irradiated at low dose rate accumulate in G2 at what is really
quite a rapid rate; after 40 hr of exposure, 60% of the ascites
cells are in the premitotic phase versus 5% for the unirradiated
controls. In acutely irradiated ascitic tumors the proportion of
G! cells decreases initially, probably due to mitotic blockade,
and later increases.

After 300 rads, the percentage of Gj cells increases from 2%
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Chart 5. Survival of CPU in the bone marrow of acutely and
continuously (Cont. ) irradiated (Rad. ) mice.

6 hr after irradiation to about 42% 24 hr after irradiation.
After doses of 1200 rads the proportion of G, cells increases
from about 8% at 6 hr to 50% at 24 hr. The time-course
change of the percentage of G2 cells after AI varies with the
doses. With doses of 300 rads the percentage of G2 cells first
rises during the 1st 6 hr, and then it comes back to normal
values at 24 hr. After 1200 rads, the percentage of G2 cells
increases steadily during 24 hr.

In summary, 24 hr after 300 rads the distribution of cells in
the phases of the cell cycle is practically back to normal
values, while at that time cells are still accumulated in G! after
1200 rads.

The effects of CI on kinetic parameters are not parallel to
those observed after AI; a steady decrease in the number of G,
cells and an increase in G2 cells are observed. Since the MI is
not changed appreciably the high percentage of G2 cells
indicates a premitotic blockade. This effect can be explained
in 2 ways. Either radiation induces a lesion somewhere in the
mitotic chain of events and subsequently inhibits repair, or
there is competition between the rate of induction of lesions
and the rate of repair. The latter explanation appears more
reasonable. It is doubtful that 2000 rads is sufficient to
interfere with a presumably enzymatic process such as repair.
Furthermore, Puck and Steffen (17) have shown that 9 rads
can lead to a mitotic delay of 30 min. At 50 rads/hr one might
then well expect that induction of lesions would stay ahead of
repair. Since AI tends to be more efficient at killing cells
(where DNA is the primary target) and less efficient at
inducing delay, the data support the view that mitotic delay is

not DNA related. The accumulation of cells in G, seen several
hr after AI suggest that, when the mitotic delay is overcome,
the mean duration of the 1st postirradiation G( is much
prolonged. Earlier work (8) showed that after 250 rads the
proportion of ascites cells in GÃŒis increased from 6 to 12 hr.
A large number of cells in G! , found 24 hr after a dose of
1200 rads, indicates that the duration of the lengthening of G,
may be proportional to the dose. Since these cells are growing
in vivo and are not attached to any growth surface, it is
difficult to make a comparison with tissue culture results (11,
19).

The data must be used with caution in attempting to predict
behavior of clonogenic cells. For example, the accumulation of
G2 cells makes it appear that CI may be a novel technique to
synchronize cells in vivo. However, cytophotometry and
autoradiography do not distinguish between doomed, dead,
and clonogenic cells. At high doses of irradiation the
percentage of clonogenic cells is small and their behavior may
not follow that of the more seriously damaged majority of

number
of cells

20

10

0

20

10

o

20

Controls G, 32%
G, 5%
S 63%

6 hrs G, 25%
G, 10%
S 65%

12 hrs G, 15%

100

201002010

nrii

LrjfTI-~lS

59%â€”

Ã¯^_^Q

r~24
hrs GÃ¬ 17%

G,38%S
45%h-40

hrs G, 105%
G, 61%
S28%h

â€ž¿�
ABSORBANCE

Chart 6. Modifications of the cell population during continuous
irradiation. Histograms of DNA contents in ascites cells as a function of
time during CI.
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cells. However, a few data suggest that viable and doomed cells
may show similar behavior during at least 1 or 2 cell cycles
after irradiation with moderate doses (4, 11).

Secondly, survival curves of NCTC cells irradiated in solid
tumor form can be explained on the basis of oxygÃ©nation.
Thus, in Chart 10 the survival curve of acutely irradiated cells
appears biphasic, indicating the existence of a fraction of
anoxic cells in the tumor. The estimate of the percentage of
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Chart 7. Modification of the cell population after acute irradiation.
Histograms of DNA contents in ascites cells as a function of dose after
Al at times corresponding to the duration of equal doses of CI.
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Irradiation Effects on Bone Marrow and Tumor Cells

anoxic cells obtained by extrapolating the terminal part of the
survival curve to 0 dose, is about 10 to 20%, not too different
from anoxic fractions reported for other tumors (18).

Survival curves of NCTC cells growing as ascites and acutely
irradiated (G. M. Hahn and E. Frindel, unpublished
observations) yield survival curves indicating homogeneous
radiation sensitivity. In the ascites cells the value of the Â£>0is
dependent on age of the tumor, higher radioresistance being
associated with older tumors. In this respect the NCTC ascites
behave like the P-388 tumor cells (2).

No biphasic effect is noted when the solid tumor cells are
irradiated at 50 rads/hr. Two explanations can be set forward:
(a) there is no oxygen effect at low dose rates (this seems to be
an unlikely hypothesis), and (b) the cells reoxygenate under
CI as also suggested by Kal and Barendsen (12). Because of
this absence of a resistant cell population, low-dose-rate
irradiation is more effective in killing NCTC 2472 cells than is
AI, provided that the dose exceeds about 1500 rads. Below
1500 rads, AI appears somewhat more efficient, presumably
because of the absence of repair of sublethal damage, which
occurs while the cells are being irradiated.

The data differ from those of Kal and Barendsen (12) and
those of Hill and Bush (10) who observed, at low dose rates,
that the survival curves do not exhibit initial shoulders and
that the D0's are greater for CI than for AI.

In the NCTC solid tumor cells there is a shoulder and the
difference in D0 for the 2 types of irradiation is small or
perhaps nonexistent. In discussing the effect of CI it must be
remembered that cells progress through the cell cycle during
irradiation and that the phase distribution of the cells is
continually altered. The sensitivity of the cell population may
therefore be continually changing. In solid tumors the
situation is additionally complicated by the existence of a
large proportion of noncycling cells. Hence, to compare the
radiation sensitivity of 2 tumors one would have to know the
kinetics of the surviving cells. However, although we observed
an accumulation of cells in G2 under CI of ascitic NCTC cells,
it is unlikely that this redistribution of cells is sufficient to

3OO rads A.I Â°â€”o
1200 rads A.I â€¢¿�--â€¢

C.I. x-j<
300 rads A I
1200 rads A.I.

C.I.

24
TIME Ihr) TIME (hf) TIME (hr)

Chart 8. Time-course variations of proportions of cells in G,, S, and G2 phases after AI.

OCTOBER 1972 2101

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2388445/cr0320102096.pdf by guest on 19 M

ay 2023



E. Frindel, G. M. Hahn, D. Robaglia, and M. Tubiana

100-r

80--

'_ 60+

100-

â€¢¿� â€¢¿�labeling index

O- â€”¿�â€”¿�OMitotic index

Â¡I

98

Se
40--

20-1-5%

-O- '

O 6 12 24 40

HR OF RADIATION

Chart 9. The MI and LI of solid NCTC tumors during CI.

account for the observed difference between our results and
those of Kal and Barendsen ( 12) and Hill and Bush ( 10).

For bone marrow cells the comparison between Al and CI is
complicated by a decrease with time in the number of cells
after completion of the irradiation. In the case of CPU this
decrease is probably due to differentiation of CPU, which
continues after irradiation and is not compensated for by
proliferation. In the case of nucleated bone marrow cells there
occurs, in addition to cell differentiation, elimination of
damaged cells. If the numbers of surviving cells are compared
immediately after the end of both irradiations, the effect of CI
is overestimated as some cell decrease has occurred during the
duration of CI. If the cell numbers are compared at a common
time interval after the beginning of the irradiation, the effect
of Al is overestimated. Nevertheless it seems from our data
that AI and CI have similar effects on the CPU but that AI is
more effective in reducing the number of bone marrow
nucleated cells.

In conclusion, the cell kinetics are different after AI from
those observed after or during low-dose-rate irradiation. Cell
progression and distribution of cells in the phases of the cell
cycle may, in part, explain the relative high lethal effect of CI
but is probably not sufficient to explain the variation in the
effectiveness of CI on different types of cells.
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