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SUMMARY

The survival of cells from two transplantable murine
tumors (NCTC 2472 fibrosarcoma and EMT6 mammary
sarcoma), X-irradiated in vivo, was assayed by determining
the clonogenicity of the cells in vitro. Cells from tumors
kept in situ 6 or 24 hr after irradiation had higher survival
than cells from tumors excised immediately after irradia
tion. This increase in survival was done dependent and had a
time constant of 2 to 4 hr. Similarity to earlier in vitro
findings leads us to interpret the enhanced survival as a
manifestation of repair of potentially lethal damage by cells
remaining in a growth-inhibited state after irradiation.

INTRODUCTION

Density-inhibited mammalian cells, irradiated in vitro,
repair potentially lethal lesions (5, 6, 10). The term repair is
used operationally; the observed phenomenon is a dose-
dependent increase in survival as the time between irradia
tion and release from inhibition by stimulation is increased
[early in vitro experiments used low temperature (16) or
inhibitors of protein synthesis (12) to block cell
progression]. In an analogous manner, hypoxic and hence
not actively cycling ascites cells in vivo can repair such
damage if these cells are permitted to remain in the host
after X-irradiation (1, 11). Preliminary experiments showed
that also cells from solid tumors (NCTC 2472 fibrosar
coma) can undergo increases in plating efficiencies if the
tumor is left in situ after exposure to X-irradiation (11).

We report here on additional experiments performed with
the NCTC 2472 tumor, confirming and extending the
earlier results. We also demonstrate a similar phenomenon
in cells from the EMT6 mammary sarcoma (13). In all the
experiments reported here, irradiation (and repair) was
carried out in vivo while the assays to test for cell survival
were performed in vitro. Our results indicate that the
increases in survival observed in vivo in solid tumors are
quantitatively and qualitatively similar to th.ose observed
with cultured cells in vitro and therefore most likely reflect
repair of potentially lethal lesions. The findings have
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implications for the radiocurability of tumors and may need
to be considered in the design of "optimum" fractionation

scheduling.

MATERIALS AND METHODS

Tumors and Animals. The NCTC 2472 fibrosarcoma
grows either in ascitic or in solid form, depending upon
route of implantation (3). After injection of IO6cells into

female C3H recipients, palpable tumors are observed 7 to
10 days later. Cells in these late tumors show a reduced
growth rate when compared to early stages of tumor
growth, primarily owing to a decrease in growth fraction
(3). The proportion of hypoxic cells is about 10% (2).

EMT6 cells (1 to 3 x IO5)are injected intradermally into

BALB/cKa mice. Tumors reach 100 cu mm (the size for
irradiation) 10 to 14 days later. At that time the growth
fraction is about 50%; the cell cycle, as measured by the
percentage of labeled mitosis technique, is about 21 hr and
the fraction of viable tumor cells which are hypoxic is 0.3.

Irradiation. Mice bearing the NCTC tumors were irradi
ated with 200 kV X-rays (0.5-mm Cu filter, HVL 1.33 mm)
at a dose rate of about 130 rads/min, while those bearing
the EMT6 tumor were exposed to irradiation from a 250 kV
machine, no filtration, HVL 5.9 mm Al, dose rate approxi
mately 100 rads/min. Animals were irradiated whole body
without anesthesia except in the last experiment of Table 3
in which the mice were lightly anesthetized with pentobar-
bitol and the tumors were then irradiated in a Plexiglas
localizer (13). In none of the experiments did any of the
animals die within the experimental period.

Assays for Cell Viability. The detailed in vitro assay for
cells obtained from the NCTC 2472 fibrosarcoma was
described by Frindel et al. (2). Briefly, cells obtained from
minced tumors (4 to 6 tumors per point) by agitation at 4Â°

were plated in flasks (Falcon, 25 sq cm) containing heavily
irradiated, tissue culture-grown NCTC 2472 cells (5 x IO5
to 1 x IO6 cells/flask; 5000 rads). Four to 5 days later
3-dimensional cell aggregates were counted under the
microscope; the estimated number of aggregates varied
between 500 and 2000 per dish. At least 5 dishes were
counted per dose point. Control experiments showed that,
over a somewhat limited range of cell number, these
aggregates were proportional to the number of live cells
plated and independent of the number of dead cells. Plating
efficiencies ranged from 10 to 20% reflecting a low fraction
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of clonogenic cells, in vitro selectivity, excessive killing
during harvesting, or a combination of these factors (2).

The details of the in vitro assay of cells from EMT6
tumors have also been described previously (13). Briefly,
cells were released from solid tumors by mincing and
trypsinization at 37Â°,collected by centrifugation, and plated

in Petri dishes (60 mm; Falcon Plastics, Los Angeles,
Calif.). Thirteen days later the colonies were fixed, stained,
and counted. At least 4 dishes were used per point and
experiments were designed to yield 100 to 200 clones per
dish. Plating efficiencies with this technique were approxi
mately 35%.

RESULTS

NCTC 2472 Fibrosarcoma. Tumor cells were injected
into mice as described and the tumor-bearing animals were
irradiated with graded doses of X-rays. Animals were
sacrificed either immediately after exposure or 6 or 24 hr
later. In 1 set of experiments tumors were weighed and then
divided into 2 groups, those weighing 200 mg or more and
those weighing less than 200 mg. The survival at 0 time was
not different in the 2 groups and was consistent with
published results (2, 11). Survival in the 6- and 24-hr groups
was consistently higher, the ratio of average survival at 6 hr
or 24 hr to that at 0 hr is called the SFR2 (SFR6 or SFR24)
and the values of SFR's obtained are tabulated in Table 1.

Since no difference was found between small and large
tumors, consistent with earlier findings (11), in subsequent
experiments (Table 2) the data from all tumors and
experiments are pooled.

In all these experiments tumor weights at 0-, 6-, and 24-hr
harvests were compared. These did not differ significantly.
Furthermore, attempts were made to estimate the total cell
number in each tumor. While there was considerable
tumor-to-tumor variation (probably as a result of the
crudeness of the cell harvesting procedure) no systematic
differences between cells from 0-, 6-, and 24-hr harvests
could be detected.

EMT6 Mammary Sarcoma; Surviving Fractions at 0 and
24 hr. Analogous experiments to those reported above were
performed on mice bearing EMT6 tumors; however, only
cells from 0- and 24-hr tumors were assayed for survival.
Results are presented in Table 3, where we have also listed
absolute survival values for the 0-hr harvests. Tumor
weights and estimates of cell number showed no systematic
difference between 0- and 24-hr tumors.

Time Course of Repair. Chart 1 shows results of an
experiment in which tumor-bearing animals were irradiated
with 2000 rads and sacrificed at the indicated times. In this
experiment the half-time for repair was estimated to be 2 to
4 hr and the SFR6 about was 5, with no significant changes
thereafter. In another similar experiment in which animals
were irradiated with 2500 rads (results not shown), the
half-time for repair was somewhat longer, perhaps 3 to 5 hr,
and the final SFR24 was 15 to 20. Finally, in an experiment

Table I
NCTC 2472 fibrosarcoma (solid tumors)

PlatingefficiencyDose

(rads)15001800150018001800Â°

Mean Â±S.E.(%)"Small"1015"Large"151218SFR

(6hr)tumors

(<200mg)1.5
Â±0.3Â°NMtumors

(>200mg)1.8
Â±0.1NM1.8

Â±0.8SFRNM1.84.22.23.1(24

hr)BÂ±

0.2Â±

1.2Â±
0.3Â±

0.6*

NM, not measured.

Table 2
NCTC 2472 fibrosarcoma (solid tumors) pooled data

Dose(rads)80012001500180020002500Â°

Mean"NM,No.

ofexperiments313341Â±

S.E.not
measured.SFR

(6hr)0.9

Â±0.2Â°0.81.55

Â±0.11.8
Â±0.21.7

Â±0.7NM"SFR

(24hr)1.2

Â±0.64.2(12.3

Â±6.0
Â±12.50.3experiment)0.41.5

Table 3
EM T6 mammary sarcoma

Dose (rads) Surviving fraction (0 hr) SFR (24 hr)

300500150020002500250025000.6Â±0.05a0.1

Â±0.01(2.9
Â±0.3)x IO

CS.6 Â±0.5)x10-(1.8
Â±0.2)x10-(2.0
Â±0.1)x10-(9.5
Â±0.7)x 10-113610205Â±

0.15
Â±0.5Â±
0.7Â±
1.2Â±
1.9

1Mean Â±S.E.

3The abbreviations used are: SRF, surviving fraction ratio; SRF,, SRF

at 6 hr; SRF24, SRF at 24 hr.

in which SFR's were obtained every 30 min, the half-time

for repair after 2000 rads was 120 Â±25 min, as calculated
by linear regression analysis. In all 3 experiments the SFR's

remained essentially constant from 8 to 24 hr.

DISCUSSION

In the experiments described, we consistently observed a
higher plating efficiency in cells obtained from tumors
maintained in situ up to 24 hr postirradiation. A priori,
there are 3 plausible explanations for this finding: (a) There
is a preferential cell loss of irradiation-killed cells from the
tumors, hence the observed plating efficiency does not
reflect the composition of cells at risk at time of irradiation.
(b) Proliferation by only the clonogenic cells modifies the
plating efficiencies, (c) The cells are able to repair some
radiation induced, potentially lethal damage in situ; how
ever, tumor excision, followed by active proliferation after
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plating in vitro, inhibits the repair process. We find no
evidence for the 1st 2 of these hypotheses. Careful attempts
to estimate total cell number for 0-, 6-, and 24-hr tumors
yielded no systematic differences between these groups.
Tumor size and tumor weights were not systematically
different. Furthermore, the time course for repair shows
that for EMT6 tumor cells 3 hr after irradiation with 1500
rads the increase in survival is 3 to 5. This would require a
disappearance, within that time interval, of 65 to 80% of the
irradiation-killed cells. Such a rapid disappearance of cells
is most unlikely.

Cellular proliferation is even less likely to account for our
results. Even in the absence of X-irradiation and assuming
optimum growth conditions, only about 25% of the cells are
expected to divide during a 6-hr interval; thus the maximum
SFR6 resulting from an increase in cell number would not
exceed 1.25 (the SFR24 should not exceed 2.3). Actually,
doses of 500 rads or more inhibit mitotic activity almost
completely for at least 6 hr. Furthermore, if as indicated by
the data of Hurwitz and Tolmach (9) both clonogenic cells
and irradiation-sterilized cells undergo 1 or more successful
divisions, then the plating efficiency of cells obtained from
irradiated tumors should remain constant for at least 24 hr.

The 3rd explanation, on the other hand, is very consistent
with the tissue culture experiments (6). There cell number
can be measured very precisely and mitotic activity carefully
monitored. No significant ( <2%) change in cell number was
observed over a 6-hr period following irradiation, and 1000
rads induced a division delay of over 10 hr (approximately 1
min/rad). Furthermore, both the magnitude of repair in
vitro and its time constant are quite similar to that observed
in vivo (at least for the EMT6 tumor).

Examination of Table 2 (24-hr values) and Table 3
indicates that, in general, the SFR varies with dose; above
500 rads for the EMT6 tumor it can be expressed approxi-

036
TIME BETWEEN X-RAY AND TUMOR EXCISION

(OR CELL SUBCULTURE) (HR)

Chart 1. Time course of repair of potentially lethal lesions in EMT6
tumor cells. Tumor-bearing animals were irradiated with 2000 rads at 0
time. Mice were sacrificed at the indicated times, the tumors were excised,
and cellular plating efficiency was assayed in vitro as described (â€¢).The
increase in the SFR is interpreted as repair. The O, in vitro experiment
with hypoxic HA cells (6), presented here to emphasize the similarity be
tween the 2 results.

mately by a dose-modifying factor of about 1.3 (a value also
consistent with that observed in vitro). An exception to this
statement is the last experiment (Table 3, 2500 rads). In this
experiment, and only in this, the animals were irradiated
under anesthesia with their tumor isolated. In view of the
higher survival of tumor cells immediately after irradiation,
there may have been more hypoxia than normal (13), owing
to reduction in blood flow either because of the anesthetic or
because of inadvertent blocking of the vasculature of the
tumors.

Much of the quantitative differences between the re
sponses of the 2 tumors can be explained by comparing their
X-ray survival curves (2, 13). Both curves are biphasic,
presumably owing to the presence of the hypoxic cells.
However, the "break," i.e., the dose beyond which the

noncycling, hypoxic cells dominate the surviving popula
tion, occurs at about 500 rads for the EMT6 tumor while it
occurs at about 1200 rads for the fibrosarcoma, and we
observe repair only beyond this break point. The results are
therefore consistent with the in vitro finding that repair is
carried out by the noncycling, hypoxic cells.

A final similarity between the in vitro and the in vivo
results is that magnitude of the SFR's depends on the value

of the surviving fraction (rather than on dose). This is
illustrated by the three 2500-rad experiments of Table 3.
The survival values, in increasing orders, are 2 x 10~4, 1.8
x 10~3, 9.5 x IO'3; the corresponding SFR's are 20, 10,

and 5. In fact if the data of Table 3 are plotted as SFR
versus log survival, one can fit a straight line to the points.
The linear least square fit to this line intersects the line
SFR = 1 (i.e., the line which corresponds to "no repair")
at a survival level of about 8 x 10~2, corresponding to

about 550 rads. Thus below 550 rads repair cannot be de
tected for this tumor.

CONCLUSIONS

These experiments show a clear parallel between the
observed increase in plating efficiency obtained with cells
from 6- or 24-hr tumors (over 0-hr control) and the increase
in survival seen in similar tissue culture experiments with
plateau phase cultures. This analogy, coupled with the lack
of evidence for the selective disappearance from the tumor
cell population of irradiation-killed cells, indicates that
some irradiated tumor cells actively repair potentially lethal
lesions. The finding that below 500 rads little if any repair of
damage is seen indicates that primarily the nonproliferating
and particularly the hypoxic cells participate in the process.
This also is consistent with the in vitro findings; Chinese
hamster cells in exponential growth did not show repair of
potentially lethal damage when kept in isotonic buffer after
irradiation, while plateau phase cultures, hypoxic or not,
showed repair (6).

The phenomenon described here probably is of impor
tance to radiotherapy. Tumors which reoxygenate slowly
would, after initial fractions, be expected to contain a high
proportion of hypoxic, viable cells capable of active repair.
These cells would accentuate the radioresistance of the
tumors. Radiocurability involves both tumor and normal
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tissue response to X-irradiation. Techniques for evaluating
the latter do not involve explant and dissociation of the
tissue. Hence the observed radiosensitivity of normal tissue
may already include full expression of the repair of the
potentially lethal lesions. Our finding that plateau phase
cultures and solid tumor cell population behave similarly
illustrates again the use of such cultures as in vitro tumor
models (7, 8).
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