Ipn. J. Cancer Res. (Gann), 79, 1359-1363 ; December, 1988

Radiation, Hyperthermia, and Their Combination in Treatment of Chemically Induced

Autochthonous Tumeors in Mice
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All autochthonous tumors induced chemically in the thighs of C3H/He mice showed recurrence
after singte X-irradiation with 20-60 Gy when they were 10 mm in diameter, although this
treatment caused temporary, dose-dependent regression, Hyperthermia for 30 min at 43.0° alone
had little effect. However, in 2 of 16 mice, hyperthermia after irradiation at 60 Gy resulted in
complete cure, i.e., survival of mice without recurrence for more than 120 days after treatment.
These results indicate that the combined treatment of radiation and hyperthermia is necessary to

obtain the cure of mouse autochthonous tumeors.
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Experimental tests on therapy of autoch-
thonous tumors are urgently needed for
developing realistic therapeutic treatments of
human tumors, irrespective of whether the
treatment is surgery, chemo- or immuno-
therapy, radiation, or hyperthermia. Hyper-
thermia has been widely accepted as a new
treatment of cancer,” and has been used
clinically for therapy of various surface and
deep-seated human tumors.” The effectiveness
of hyperthermia has been studied using cul-
tured tumor cells or transplantable tumors.”
However, the response of transplantable
mouse tumors to hyperthermia is quite differ-
ent from that of human tumors: transplant-
able mouse tumors are more sensitive to mod-
erate heating, and their local recurrence is less
frequent.” Spontaneous or autochthonous
tumors provide a more realistic experimental
model for use in testing therapeutic treat-
ments. But, because of technical difficulties
and the low tolerance to heat of small animals,
most experiments on the effect of hyper-
thermia on spontancous tumors have been
carried out in relatively large animals, such as
cats and dogs.”®

In the present study, we examined the ther-
apeutic values of radiation, hyperthermia, and
their combination on chemically induced au-
tochthonous tumors in mice, and found that

Abbreviations used: MCA, 3-methyicholanthrene;
TGT, tumor growth time.
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combined treatment with radiation and
hyperthermia was significantly, though not
highly, effective.

MATERIALS AND METHODS

Animals Female C3H/He mice (Charles River
Japan, Kanagawa-ken), were used for experiments
at 6 weeks of age. The mice were kept five or six to
a cage under specific pathogen-free conditions, and
were provided with a laboratory diet (CE-2, Clea
Japan, Tokyo) and sterilized water ad Iibitum
under the guidelines of the National Cancer Center
Research Institute. Groups of five to sixteen mice
were used in experiments.

Induction of Autochthonous Tumors A sterilized
solution of 0.5 mg/ml of MCA (Spectrum Chemi-
cal Mfg. Corp., Redondo Beach, CA) in olive oil
was injected sc into the thigh of mice through a 26
G needle, as we described elsewhere.,” Ninety
percent of the tumors produced in the groin of
female ICR mice by this method were identified
histologically as fibrosarcoma.®

Irradiation Single X-irradiation (20, 40, or 60 Gy)
was performed when the autochthonous tumors
became approximately 10 mm in diameter. The
mice were lightly anesthetized with Nembutal
(Abbott Laboratories, North Chicago, IL), and
the tumor on their thigh was locally irradiated with
250 kVp X-rays at a dose rate of 3.3 Gy/min
generated by a Maxitron 300 (General Electric
Co., Milwaukee, WT), and filtered through a 2 mm
Cu filter with collimation of 25 % 20 mm?. The dose
rate was measured with an ionization chamber
(Ionex, type 2500/3; Nuclear Enterprises, Edin-
burgh, UK) and a Fricke dosimeter.
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Hyperthermia Immediately after irradiation, the
mouse thigh with the tumor was immersed in a
circulating water bath at 43.0° for 30 min. The
temperature at the center of the tumors was con-
firmed to be about 43.0° by measurement with a
thermocouple (Baily Instrument Co., NI,

Tumor Measurement The size of tumors was
measured with a slide caliper at least three times a
week, and the tumor volume was calculated as
ab’/2, where a and b are the lengths of the long and
short axes of the tumor. Relative tumor volumes,
calculated as the volume of tumor afier treatment
as a percentage of the original tumor volume
before treatment, were plotted against the time
after treatment. The tumor growth time (TGT),
i.e.,, the time required for the tumor volume to
reach 5 times that before treatment, was estimated
from the growth curve for each tumor. Mice that
showed complete tumor regression after treatment
and survived more than 120 days without local
recurrence or metastasis were considered to be
cured, Mice were autopsied and their lungs were
carefully examined macroscopically for metastases.

REsSULTS

Tumor Induction Tumeors developed in all
C3H/He mice 70-120 days after subcuta-
neous injection of MCA into their thigh. This
induction rate was much higher than that in
ICR mice (88%) reported previously.” The
average TGT was 15.2 days, as estimated
from the tumor growth curves (Fig. 1). The
volume doubling time of untreated tumors
after reaching 10 mm in diameter was 4.2 days,
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Tumor Response to Hyperthermia The tem-
perature at the center of the tumor, monitored
by a thermocouple, reached 43.0° within 10
min. The central temperature is expected to be
close to the peripheral tumor temperature
(within 0.2°) in the anesthetized state.” The
growth curves of the autochthonous tumors
after a single hyperthermic treatment (43.0°,
30 min) are shown in Fig. 1. Hyperthermia
alone seemed to have no effect on tumor
growth, but to prolong the survival period of
mice after treatment slightly, although not
significantly (Table I).

Tumor Response to Radiation The tumor
responses to single X-irradiation (20, 40, or 60
Gy) are shown in Fig. 2. The survival periods,
TGT and rates of complete response of the
treated tumors correlated well with the radia-
tion doses (Table I}. The incidence of com-
plete regression of autochthonous tumors was
dose-dependent; i.e., complete regression was
observed in 0 of 7 mice irradiated at 20 Gy, 3
of 10 mice irradiated at 40 Gy, and 11 of 14
mice irradiated at 60 Gy. However, all the
mice showed tumor recurrence, except one
that died without recurrence within 120 days
after irradiation. Therefore, no cure was ob-
tained in the groups treated by radiation
alone.

Tumor Response to Combined Treatment The
tumor responses to radiation plus hyper-
thermia are shown in Fig. 2. Hyperthermia
did not have a synergistic effect on the initial
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Fig. 1. Growth kinetics of MCA-induced autochthonous tumors in C3H/He mice. Control (left);
treated by hyperthermia only (HT) for 43.0° at 30 min (right).
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Table I. Summary of Responses and Cures of Autochthonous Tumors to Radiation, Hyper-
thermia, and Their Combination in C3H/He Mice

Survival period Tumor growth time

No. of mice showing

Treatment No. of after treatment ({TGT)
reatmen mice (mean £8D) (mean =8D) ComplFte Cure Lung
(days) (days) regression metastases
Control 10 2810 153 0 0 0
HT alone 6 3410 15+6 0 0 0
20 Gy 7 4010 25+4 0 0 0
20 Gy +HT 5 45+9 297 0 0 0
40 Gy 10 7213 45+9 3 0 1
40 Gy+HT 12 6522 47+26 5 0 1
60 Gy 14 8128 70+29 11 0 0
60 Gy +HT 16 90124 71128 13 2 1
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Fig. 2. Gorwth kinetics of MCA-induced autochthonous tumors in C3H/He mice, treated by 20 Gy
X-irradiation, 20 Gy--hyperthermia (HT, 43.0°, 30 min), 40 Gy, 40 Gy+HT, 60 Gy, and 60 Gy-+HT.
Shaded parts in the graph show non-palpable tumor size. Deaths of mice are indicated by O. Cures of mice,
i.e., complete regression of autochthonous tumors for more than 120 days after treatment, are indicated
by ®.
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responses of autochthonous tumors to radia-
tion, but after the combined treatment no
tumor recurred within 120 days in 2 of 16
mice; i.e., they showed complete cure (Fig. 2).
Metastasis and Damage to Normal Tissue
Lung metastases were found in 3 mice with
recurrent tumors {Table I). However, these
metastases were not the cause of death and
did not interfere with observation of the orig-
inal tumers. Mild or moderate damage to
normal tissue, local burns, hair loss and short-
ening of treated feet, were seen in groups
treated with high doses of radiation. Hyper-
thermia enhanced the usual tissue damage
caused by radiation, i.e., local burns, desqua-
mation of skin, and loss of toes. However,
this treatment did not result in severe damage
such as loss of a foot.

Discussion

There are only a few reports on the effect
of hyperthermia on spontaneous or autoch-
thonous tumors in experimental animals.>®
Because of the technical difficulties in con-
centrating heat on autochthonous tumors
without heating the whole body, most experi-
ments have been carried out on transplantable
tumors inoculated into the feet of mice, which
can be relatively easily heated without killing
the mice by overheating them. However,
transplanted tumors are abnormally suscepti-
ble to various treatments and so have given
over-optimistic results on the effects of
therapy.

The effectiveness of hyperthermia com-
bined with X-irradiation on autochthonous
tumors was demonstrated in a randomized
study on spontaneous tumors in cats and dogs
by Dewhirst er al.'>'? In their experiments,
some spontaneous tumors showed no response
to heat alone, but in combination with radia-
tion, hyperthermia increased the response rate
of tumors, and even with large tumors, some
complete remissions were observed. Spontane-
ous tumors in pet animals are considered to be
similar to human tumors with respect to
tumor response to hyperthermia alone. How-
ever, with spontaneous tumors in pet animals,
variations in tumor sizes, sites of origin, and
histological types, and in the temperature in
the heated tumor irradiated with radio-fre-
quency waves were technically inevitable. The
use of MCA-induced mouse autochthonous
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tumors is a feasible methad for avoiding these
variations.

Autochthonous tumors in mice induced by
MCA are reported to be resistant to radia-
tion,” chemotherapy'*' and immunother-
apy.' '™ Furthermore, the tumors that re-
curred after irradiation treatment of MCA-
induced tumors were shown to be true recur-
rent tumors, not newly initiated tumors, by
studies on marker enzymes in primary and
recurrent tumors in mosaic mice.'” In these
mosaic mice tumor recurrence was observed
even after treatment with a well-collimated
X-ray beam generated from a 6 MeV thera-
peutic linear accelerator.'” The reason for the
high resistance of autochthonous tumors is
unknown. But, attempts to develop a thera-
peutic treatment to obtain complete cure of
autochthonous tumors in experimental ani-
mals are clearly very important.

In the present study, we observed many
cases of complete regression of autochthonous
tumors after radiation or combined treatment
with hyperthermia, as has been seen with
transplanted tumors. It was difficult to pre-
vent recurrence of autochthonous tumors,
i.e., to obtain complete cure, but by combined
treatment with radiation and hyperthermia,
we obtained a small, but significant number of
complete cures. We hope to find a more
efficient method for increasing the cure rate of
autochthonous tumors. True cure of tumors,
in a strict sense, should be achieved by this
approach.
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