Hepatomas in Mice: Incidence Increased after

Gamma Irradiation at Low Dose Rates

Abstract. Irradiation of LAf, mice with gamma-rays (total doses of 618 to 1335
rad) at a rate of 1.45 rad per hour markedly increased the incidence of hepatomas
and ovarian adenomas, compared with incidence of these tumors in mice irradiated
with x-rays at 30 rad per minute. This was somewhat unexpected, since chromo-
some aberrations in the liver cells were less frequent after irradiation at the low
dose rate. Other types of tumors were not increased by irradiation with gamma-
rays at the low dose rate. It is suggested that indirect hormonal mechanisms may
contribute to the production of the hepatomas as well as of the ovarian adenomas.

The fact that ionizing radiations
clicit chromosome aberrations and also
induce ncoplasms has stimulated inter-
est in a possible causal rclation be-
tween these two effects of radiation.
Recently, we observed that liver cells
with chromosome aberrations were less
frequent in mice irradiated with y-rays
at low dose rates than in mice irradi-
ated with x-rays at high dose rates (/).
We have therefore investigated the
subsequent incidence of hepatomas in
such mice exposed to y-radiation at
low dose rates.

We observed the frequency of liver
tumors and other ncoplasms in a group
of 50 femalc LLAf, mice irradiated at
2 to 3 months of age with y-rays from
a Co®% source at a rate of 1.45 rad/hr,
the total doses being 618, 964, 965,
1335, or 2408 rad (I). The mice were
killed or examined at decath between
20 and 28 months of age; complete
autopsies were performed.

The incidence of hepatomas (32
percent), ovarian adenomas (80 per-
cent), and lymphomas (24 percent) is
given in Table 1. In addition, among
the 50 irradiated mice, onc renal
adenoma and threc hyperplastic le-
sions of the gastrointestinal tract
were found. No carcinomas or sar-
comas were observed, and no instances
of nephrosclerosis or hepatic abscess
were noted. Although several of the
hepatomas and ovarian adenomas be-

came very large, they were histologi-
cally similar to thosc previously re-
ported in irradiated LAf; micc (2), and
in no case was there definite evidence of
malignant transformation. As in our
previous studies with LAf, mice, the
lymphomas were generally nonthymic
in origin.

With respect to hepatomas and ovar-
ian adenomas, the data in Table 1
stand in marked contrast with previous
observations on comparable groups of
LAf, mice receiving single doses of +-
or x-rays at high dose rates over the
whole body. In previous studics (2-5),
in which a total of 403 mice received
x-ray doses ranging from 260 rad to
1100 rad delivered at rates of 28 to
30 rad/min (hematopoietic cells being
replaced or the marrow protected by
lead-shielding of the femur at the
higher dose levels), overall incidence
of hepatomas was only 2 percent; of
ovarian adenomas, 35 percent. In un-
irradiated control mice, the compara-
blec figures were: hepatomas, 6 per-
cent; and ovarian adenomas, 6 per-
cent (3). In the study of Upton et al.
(6) on large groups of LAf, mice ex-
posed in the field to ionizing radia-
tions (chiefly y-rays) from an atomic
bomb explosion, the incidence of hep-
atomas ranged from 11 percent for
the lowest total dose (223 rad) to 4
percent for the highest dose (687 rad);
incidence in unirradiated controls was

Table 1. Incidence of tumors in micc irradiated with v-rays at low dose rates. Eighty percent

of the mice were killed; the others died.

: Total Age at Tumors
No. of dos I
mice ( r?lzle) ( n(llgizﬁs) Ovarian
> Hepatomas adenomas Lymphomas
5 618 21-28 3 4 1
15 964 24-28 4 11 3
15 965 21-27 4 13 4
13 1335 20-23 4 11 4
2 2408 20,26 1 1 0
Totals
50 16 (32%) 40 (80%) 12 (24%)
96

4 percent. Ovarian adenomas were
present in 35 percent of the irradiated
mice and in only 2 percent of the
controls. Thus, the present incidence
of 32 percent for hepatomas in mice
irradiated with y-rays at low dose rates
is markedly greater than any previ-
ously reported incidence of such tu-
mors after comparable radiation de-
livered at high dose rates. This find-
ing also extends that in another study
(7) where, under certain circumstances,
continuous exposure to y-irradiation
slightly increased the incidence of vari-
ous tumors, including hepatomas, in
mice.

Since chromosome damage in the
liver is greater in mice irradiated at
high dose rates than in mice irradiated
at low dose rates (I, 8), it is evident
that the amount of chromosome dam-
age induced by radiation is not a
valid quantitative indicator of subse-
quent tumor development. This does
not preclude the possibility that the
hepatomas in this study resulted from
the direct action of low-dose-rate radi-
ation on the genetic material of the
liver cells, but implies that if such an
effect did occur it was apparently at
a submicroscopic level. It may well be
that for neoplasia induction the rela-
tion between the dose of radiation and
the response depends on two distinct
effects of radiation at the cellular
level: (i) mutagenic damage or altera-
tion of genetic materials at the sub-
chromosomal level; and (ii) destruc-
tion of proliferative capacity, or cell
sterilization, perhaps associated with
visible chromosome aberrations (see 9).
Irradiation with y-rays at the low dose
rate may dissociate these two effects
—that is, permit intracellular recovery
from damage to the proliferative ca-
pacity of the cells (10) without per-
mitting the corresponding recovery
from the radiation-induced increased
risk of mutation. Therefore, after ir-
radiation with y-rays at the low dose
rate (with total doses of 618 to 1335
rad), there would exist a relatively
large population of liver cells bearing
radiation-induced  genetic  stigmata
(necessary for tumor initiation), and
these cells would still be able to
proliferate in response to physiological
stimuli (for example, growth hormone)
or other stimuli which would promote
the production of hepatomas (2).

That the incidence of lymphomas in
mice irradiated with y-rays at the low
dose rates was not reduced below
“background” (unirradiated) level is
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also consistent with our hypothesis.
X-rays or y-rays, delivered at high dose
rates in total doses above 600 rad,
produce a “therapeutic” effect on the
incidence of lymphomas in LAf; mice
(4, 6), the incidence falling consider-
ably below the 20- to 30-percent inci-
dence in unirradiated controls. There-
fore, with total doses of 618 to 1335
rad, lymphomas were more frequent
after vy-irradiation at low dose rates
than after x-irradiation at high dose
rates, despite the fact that, as with
the liver, chromosome aberrations in
the hematopoietic tissues were more
frequent after x-irradiation at the high
dose rate (I, 11).

Even if such an explanation- of the
carcinogenic effects of irradiating mice
at low dose rates is accepted, there
remains the question of why only
hepatomas and ovarian adenomas
were increased in frequency in this
study; gastrointestinal tumors, renal
tumors, and miscellaneous malignan-
cies, though uncommon in both groups,
appeared to be even less frequent than
in earlier experiments in which high
dose rates were used (2-5). The fact
that induction of ovarian adenomas
by radiation involves an indirect mech-
anism, hormonal imbalance (/2), may
be significant. Since the incidence of
hepatomas in unirradiated mice is
markedly influenced by hypophysec-
tomy (/3) and by castration in males
(14), it is conceivable that hormonal
imbalance was also a factor in devel-
opment of the hepatomas in this study.
Perhaps irradiation at low dose rates
is more effective in producing such
imbalance than are comparable total
doses delivered at high dose rates;
this possibility remains to be investi-
gated.
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Coxsackie A9 Virus: Mutation
from Drug Dependence to
Drug Independence

Abstract. During the multiplication
of Coxsackie A9 virus dependent on
2 - (a - hydroxybenzyl) - benzimidazole
there arise some drug-independent vi-
rus particles, which are either drug-
resistant or drug-sensitive. We studied
the properties of such revertant par-
ticles under conditions which did not
favor the selection of resistant over
sensitive virus particles, These parti-
cles exhibited a wide range of re-
sponses to 2-(a-hydroxybenzyl)-benzim-
idazole, from high sensitivity to high
resistance. Subclones showed the same
degree of sensitivity or resistance as
the respective parent clones.

Mutants of Coxsackie A9 virus
which require 2-(a-hydroxybenzyl)-
benzimidazole (HBB) for multiplica-
tion give rise among their progeny
to some HBB-resistant or HBB-sensitive
virus particles (7). We have now de-
termined the proportions of the drug-
resistant and drug-sensitive revertant
particles and their degree of resistance
or sensitivity. Previous work provided
only an estimate of the relative propor-
tions of resistant and sensitive revert-
ant particles, and HBB may have se-
lectively favored the multiplication of
drug-resistant particles by inhibiting
the multiplication of drug-sensitive re-
vertants. This difficulty can be over-
come since unsubstituted benzimida-
zole permits optimal multiplication of
HBB-dependent Coxsackie A9 virus at
concentrations which do not inhibit
the reproduction of sensitive particles
).

The HBB-dependent Coxsackie A9
virus was plated in the presence of
1 mM unsubstituted benzimidazole in

the overlay medium (Fig. 1) on mono-
layer cultures of monkey kidney cells
(2). The infectivity titer was 2.6 X
108 plaque-forming units (PFU) per
milliliter as compared to a titer of
1.7 X 10% PFU per milliliter with
0.1 mM HBB in the overlay. Three
plaques that developed in the presence
of unsubstituted benzimidazole and at
a high dilution of virus were picked
and suspended individually in 1 ml of
phosphate-buffered saline (pH 7.2).
The plaques contained 0.9 X 106,
1.3 X 10% and 1.1 X 10% PFU of
HBB-dependent virus and 2.8 X 103,
29 X 103, and 5.7 X 103 PFU of
HBB-independent virus, respectively,
as determined by titration in the pres-
ence or absence of 0.1 mM HBB.
These results indicate a high probabili-
ty that each plaque had been initiated
by a single HBB-dependent virus par-
ticle. To isolate HBB-independent re-
vertants, virus from plaques 1, 2, and
3 was plated in the absence of the
compound. The developing plaques,
now initiated by drug-independent vi-
rus particles, were picked at random
and subjected to one passage in mon-
key kindey tube cultures in the ab-
sence of the compound to eliminate
residual HBB-dependent virus which
might have contaminated the drug-in-
dependent clones. A total of 79 clones
of drug-independent virus, derived
from the HBB-dependent virus con-
tained in plaques 1, 2, and 3, were
thus prepared.

The HBB sensitivity of the drug-in-
dependent clones was determined by
plaque titrations without and with
0.1 mM HBB in the agar over-
lay. Sénsitivity to HBB was expressed
as the ratio of the number of plaques
formed in the absence of the com-
pound to the number formed in its
presence. Under the experimental con-
ditions, clones of HBB-sensitive Cox-
sackie A9 stock virus gave ratios in
the range from 1 X 103 to 8 X 103
The virus resistant to 0.1 mM HBB
gives a ratio of 1. The procedure,
though adequate, has limitations in
that only plaque number, and not
plaque size, is taken into account, and
testing is confined to one concentra-
tion of HBB.

Tests of the 79 drug-independent
clones revealed many degrees of sensi-
tivity to HBB. At one extreme, the
most sensitive clone showed a ratio
as high as 1.7 X 105, whereas at the
other extreme, some clones were com-
pletely resistant to 0.1 mM HBB.
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