


X-irradiation. A General Electric Maxitron 250 was the
source of radiation. The desired dose was delivered at the rate
of 40 R/min at 230 kV, 25 ma, with a filter of 0.25-mm Cu
and 1.00-mm Al. The distance from the source to the target
was 77 cm. Animals were confined singly in plastic, perforated
tubes sealed with corks and were placed 16 at a time on a
rotating circular Lucite holder. The radiation dose was
measured in air before each irradiation treatment.

Treatment. There were 10 treated groups and 1 set of
nontreated controls. Individual litters were allocated at
random to various experimental groups. Group 1 served as the
nontreated control. The other 10 groups received either 1 or
both carcinogenic treatments, as indicated in Table 1. Urethan,
0.5 mg/g body weight, was delivered by means of a Hamilton
microsyringe to infant mice or by a tuberculin syringe to
adults. The compound was delivered i.p. on the 3rd, 6th, and
12th days of life to infants, and on the 42nd, 45th, and 51st
days of age to adults. Fractionated irradiation was delivered at
weekly intervals on Days 0, 7, 14, and 21 to infants and on
Days 42, 49, 56, and 63 to adults. Single irradiation exposures
were also given to mice at 42 days of age. Groups 2 and 3
received urethan as infants or adults, respectively. Groups 4
and 5 were exposed only to irradiation; a total exposure of
480 R (120 R, 4 times) was given to infants and adults. Group
6 mice were given urethan during infancy and were exposed to
120 R 4 times as adults. Group 7 mice received similar
treatments, in reverse order. Groups 8 and 9 were exposed to a
single irradiation dose of 320 R, as adults. In addition, Group
9 animals received urethan during infancy. Groups 10 and 11
were exposed to 80 R 4 times, as adults. In Group 11, this
treatment was preceded by the administration of urethan
during infancy.

RESULTS

The experimental results relating to development of
malignant lymphoma or leukemia of lymphocytic type (11)
are presented in Table 1, as observed by the 56th week of
experiment, at which age all survivors were sacrificed.

Exposure of infants to urethan (Group 2) resulted in
development of leukemia in 6.1% of the animals, while the
young adults treated identically (Group 3) were unresponsive.
The x? test of the homogeneity of Groups 4 through 7
revealed an additive leukemogenic effect between urethan
treatment and X-irradiation. X-irradiation was administered to
these groups in 4 treatments of 120 R each, delivered at
weekly intervals. Such an irradiation schedule resulted in
leukemia development in 26.9% (Group 4) and 40.8% (Group
5), depending on whether such treatments were initiated at
infant (Group 4) or young adult (Group 5) age, respectively.
The observed variation in the incidence of leukemia, however,
does not represent a statistically significant difference. The
average age at which tumors developed was significantly earlier
in the case of infants exposed to irradiation (Group 4) than it
was when treatment was administered to adults (Group §;
p < 0.05; single-tailed z-test). This difference is not surprising,
because Group 4 (infants) was irradiated 6 weeks earlier than
was Group 5, the young adult mice. Thus, latent periods, as
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measured from the time of the first exposure to irradiation,
were not significantly different for the 2 experimental groups,
suggesting that the inception of leukemogenesis took place at
the time of irradiation (Groups 4 and 5) or of urethan
administration (Group 2). Exposure of adults to X-irradiation
(Group 5) led to development of leukemia in 40.8%.
Pretreatment with urethan (Group 6) significantly augmented
leukemogenesis (66.7%; p < 0.02).

Groups 6 and 7 present the incidence of malignant
lymphomas when urethan was applied in addition to
irradiation either at infancy, before irradiation (Group 6), or
at the young adult age following irradiation (Group 7).
Pretreatment with urethan resulted in a significantly higher
incidence of malignant lymphoma (66.7%) than did urethan
treatment which followed irradiation (38.0%; p < 0.01). This
difference may be attributed to lower susceptibility of animals
at these age periods to the leukemogens. However, Group 7
did not show a significantly higher incidence of leukemia,
compared with Group 4, which received only neonatal
X-irradiation.

In Group 8, which was given 320 R once at 42 days, 2.5%
of the mice developed leukemia. Pretreatment with urethan
(Group 9) gave rise to 22.6% of malignant lymphomas,
p <0.02. Similarly, 4 exposures to 80 R at weekly intervals
(Group 10) resulted in a 1.9% incidence of leukemia; urethan
pretreatment (Group 11) raised this incidence to 22.2%,
p<0.0l1. It is apparent that in these 2 paired groups of
experiments the pretreatment with urethan increased tumor
incidence significantly above the level resulting solely from the
X-irradiation. The degree of leukemogenesis in the former
experiments (Groups 9 and 11) was also significantly higher
than that observed in a group exposed to urethan only at
infancy (Group 2; p < 0.05).

The average age at which leukemia developed in the various
groups was consistent with the idea that the inception of the
process took place at the 1st treatment, regardless of whether
the urethan or the X-irradiation had been the exogenously
introduced factor.

The variation in radiation dose delivered to young adults
(120 or 80 R, administered 4 times at 7-day intervals) had
differential effect. The higher dose resulted in an incidence of
40.8% of malignant lymphomas (Group S), while the lower
dose induced leukemia in only 1.9% (Group 10), p < 0.001.
Pretreatment with urethan at infancy raised these incidences
to 66.7 and 22.2%, respectively (Groups 6 and 11), p <0.001.
Regardless of irradiation dose, 21 of 102 irradiated young
adult animals developed leukemia (20.58%; Groups 5 and 10
combined) while, in similarly irradiated groups receiving
urethan at infancy, 48 of 108 mice developed leukemia
(44.44%; Groups 6 and 11 combined). Thus, on the average,
pretreatment with urethan raised the leukemia incidence by
approximately 24%. It is obvious therefore that radiation
leukemogenesis is dose dependent and additive to a constant,
urethan-triggered leukemogenesis.

Table 2 lists relative frequencies of malignant lymphomas
for non- and X-irradiated (80 R and 120 R) groups that either
were pretreated with urethan or were not. Such a factorial
arrangement of data permits an easier statistical analysis of the
effects pertaining to X-irradiation, either alone or in

223



Vesselinovitch, Simmons, Mihailovich, Lombard, Rao

Table 1

The effect of infant exposure to urethan on the development of malignant lymphoma by
X-irradiation of C57BL X C3H F, female mice as young adults

Urethan was delivered as a 10% water solution, 0.005 ml/g body weight, given i.p. Primary
treatment was administered at 3, 6, and 12 days of age, and secondary treatment was
administered at 42, 45, and 51 days of age. A single irradiation treatment (320 R) was
administered to 42-day-old mice. Fractionated treatments were administered either at 0, 7, 14,

and 21 days (primary) or at 42, 49, 56, and 63 days (secondary) of age.

Treatment Malignant lymphoma response
Incidence
Effective Primary Secondary Av. age *
Group no. of mice (infants) (adults) No. % S.E. (wk)
1 56 None None 1 1.8 (33)
2 49 Urethan None 3 6.1 316+ 11.7
3 58 None Urethan 0
4 52 120 R, 4 times None 14 269 293+ 28
5 49 None 120 R, 4 times 20 40.8 370+ 1.9
6 54 Urethan 120 R, 4 times 36 66.7 31.7+ 1.8
7 50 120 R, 4 times Urethan 19 380 30.2+ 2.1
8 40 None 320 R, once 1 2.5 (28)
9 53 Urethan 320 R, once 12 22.6 280+ 3.0
10 53 None 80 R, 4 times 1 1.9 37
11 54 Urethan 80 R, 4 times 12 22.2 336+ 5.7
Table 2 following 4 exposures to 90 R at S-day intervals. Kaplan (7)

Factorial arrangement of data for statistical analysis
Body of table gives frequencies of malignant lymphomas for various
experimental groups. Numerator designates number of tumor-bearing
animals, and the effective number of animals is listed as denominator.

X-irradiation dose

Pretreatment
with 80 R, 120 R,
urethan? None 4 times 4 times Total %
None 1/56 1/53 20/49 22/158 13.9
Yes 3/49 12/54 36/54 51/157 32.5
Total 4/105 13/107 56/103 73/315
% 3.8 12.1 54.4 23.2

@ Urethan effect: 22/158 versus S1/157, p < 0.001; radiation effect:
4/10S versus 13/107 versus 56/103, p < 0.001.

conjunction with urethan treatment. It is obvious that both
factors were significantly effective.

DISCUSSION

The results demonstrated that, due to existing susceptibility
of infant mice to leukemogenesis by urethan (3-S5, 7, 9-11,
13), pretreatment with subliminal amount of this agent during
that age strikingly augmented X-irradiation leukemogenesis.
This enhanced leukemogenesis represents a summation of
individual effects of the 2 leukemogens. This observation is at
variance with the negative effect of urethan pretreatment in
adult animals (2).

Berenblum and Trainin (2) observed that urethan
augmented leukemogenesis when it was given to adult mice
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indicated that leukemogenesis in mice takes place only when
there is a synchrony of 3 conditions: thymic immaturity, bone
marrow damage, and viral release. Urethan alone apparently
fails to have such an effect in adult animals under most
experimental conditions. X-irradiation, in contrast, is capable
of those effects by rekindling neonatal thymic morphology
and affecting bone marrow. Thus induced ‘“neonatal” state
becomes readily prone to leukemogenic effect of urethan
manifested as “promotion.” A similar situation arises when
both factors are applied concurrently, as demonstrated by
Kawamoto et al. (8). Limited and intermittent administrations
of urethan to adult animals are leukemogenically ineffective
and consequently are incapable of augmenting leukemogenesis
by subsequent exposure to X-irradiation. It is obvious that
conditions at the time of administration of the exogenous
carcinogen have to be right for efficacy of each specific factor,
in order to lead to neoplastic manifestation. For these reasons,
a slight methodological modification may lead to different
neoplastic expression. Thus, Berenblum etz al. (1), using a
single exposure to irradiation (resulting in a threshold
leukemogenic response), observed a higher, although
statistically not significant, incidence of leukemia in groups in
which urethan treatment followed irradiation than occurred
when this sequence was reversed. Foley and Cole (6), who
exposed adult mice to repeated doses of irradiation and a
single exposure to urethan, did not observe at 24 weeks any
significant difference in the degree of leukemogenesis related
to variations in exposure sequence. These studies suggest that
the dose of each agent and the time lapse (11) between their
actions may modify tumor response sufficiently to obscure the
additivity of “sequence” phenomenon. Thus it is obvious that
the “coleukemogenicity,” “promotion,” and “induction” of
leukemia by urethan have only a relatively narrow descriptive
meaning, pertaining to specific experimental design.
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