Tumor INDUCTION WITH RADIOACTIVE THYMIDINE

lin. In common duct stone additional activ-
ity in the albumin fraction was a consistent
finding. In early pregnancy the electro-
phoretic pattern of LAP was similar to that
observed in normal serum, whereas during the
third trimester LAP activity was demon-
strable only in the as-globulin.
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We have reported(1) preliminary results of
an experiment on induction of tumors in mice
with radioactive thymidine. It was shown
that tumors could be induced in mice with
a single injection of tritiated thymidine at a
dose level of 1.0 uc/g of body weight. These
studies have been continued and the earlier
results confirmed and extended. We wish to
summarize here all of the presently available
data, including observations on mice injected
with thymidine labeled with carbon-14 and
other data not mentioned earlier.

Four aspects of tumor induction and life
shortening by radioactive thymidine were
studied as follows (Table I): 1. Effect of
tritium labeled thymidine as a function of
age of the animal at the time of injection
(Groups 1-3); 2. Effect of tritium labeled
thymidine as a function of dose and dose-
fractionation (Groups 5-8); 3. Effect of car-
bon-14 labeled thymidine as a function of
dose and dose-fractionation (Groups 11-14);
4. Effect in offspring of mice injected with
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tritium labeled thymidine during pregnancy
(Group 10).

Methods. F, hybrids of C and A mice,
whose lines have been maintained at North-
western University for more than 5 years,
were housed in plastic cages, in air-condi-
tioned quarters, and fed Rockland Mouse
Diet and water. The H3-thymidine (New
England Nuclear Co., Boston, Mass.) had a
specific activity of 360 mc/mM, while the
thymidine-2-C1* (New England Nuclear Co.)
had a specific activity of 3.0 mc/mM. Non-
radioactive thymidine, M.W. 242.2, was ob-
tained from the California Corp. for Bio-
chemical Research, Los Angeles. The re-
quired amount of thymidine injected was dis-
solved in 0.1 ml of sterile water per mouse.
Adult mice were injected intraperitoneally,
and newborn mice subcutaneously in the
suboccipital region, at the dose-levels of thy-
midine indicated in Table I. An additional
group of mice consisted of the offspring of
pregnant mice injected with 250 uc of H3-
thymidine between the 15th and 17th day of
pregnancy. All animals received a single in-
jection of radioactive thymidine, with the
exception of Groups 8 and 14, which received
thymidine in 6 fractionated doses spread over
a period of 8 days. Control mice were in-
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TABLE I. Number of C X A F, Mice in Eaeh Ex-
perimental Gronp, Treatment and Age at Time of

Treatment.

Group No. of Treatment Ageat time
No. mice (ue/g body wt) of treatment
1 100 H#*thymidine 1.0 12-14 mo
2 99 ” 1.0 6"
3 100 ” 1.0 2"
4 100 Controls* —
5 85 I1*thymidine .1 newhorn
6 101 »” 1.0 ”
7 85 ” 10.0 ”
8 113 " 10.01 7
9 383 Controls* —
10 176 H3thymidine 1.0} cmbryod
11 65 CH-thymidine .02 newhorn
12 63 ” 2 ”
13 74 ” 2.0 ”
14 75 ” 2.0t ”
15 464 Controls* —

* Inj. either with saline or with non-radioactive
thymidine,

t Tn 6 injections over a period of 8 days.

3 Estimated.

§ Offspring of pregnant mice inj. with 250 ue of
H-thymidine during pregnaney.

jected either with saline or with non-radio-
active thymidine. No difference was noted
between the 2 control groups and they are
therefore combined in the results.

The animals were allowed to live out their
life span. They were weighed once weekly
and examined for the presence of tumors. At
autopsy, tissue samples were taken of all rele-
vant lesions, especially of the tumors. All
final diagnoses were based on histologic ex-
amination,

TABLE IT. Number of Surviving C X A F, )

RabioacTive THYMIDINE

Results. Tt was not feasible to begin all
phases of this work at the same time. This
accounts for the difference in the length of
observation periods for the various groups as
seen in Tables II-I1I. The tables give the
number of surviving mice and tumor inci-
dences in the various groups at various inter-
vals from the beginning of experiment. In
calculating the tumor incidence only malig-
nant tumors were considered. There were no
appreciable differences in mortality rate or
in incidence of tumors between males and fe-
males.

Table ITI shows that the 3 groups of ex-
perimental animals injected with H3-thymi-
dine as adults have a higher incidence of tu-
mors than control animals. The differences,
at 27 months of age, were statistically signifi-
cant at the 1% level for each experimental
group. Furthermore, mice that were 2
months old at time of injection have a higher
incidence of tumors than animals injected
when 6 or 12 months old. Tables IT and
111 show that mice injected as newborn with
1.0 and 10.0 pc of H3-thymidine per gram of
body weight have, at 24 months of age, a
higher mortality rate and a higher incidence
of tumors than control mice. The differences
between each experimental group and the
control group are statistically significant at
the 1% level. A dose-level of 10.0 uc is more
effective in reducing the life span or increas-
ing the incidence of tumors than a dose level

fice at Various Intervals after Beginning of

Experiment.

Giroup  No. of Suarvivors at age (in mo)
No. mice 2 4 6 4 12 15 18 21 24 27
100 100 95 89 76 38

2 99 99 49 98 96 92 78 55 35
3 100 100 100 100 97 95 91 76 61 38
4* 100 100 100 100 100 98 94 77 59 29
5 85 85 85 85 N4 83 79 77 67 49
6 101 100 99 99 o6 95 91 87 80 46
7 85 82 82 82 82 80 78 70 53 36
8 113 110 110 108 106 105 98 74 52 47
9* 383 382 382 381 380 376 367 354 300 220

10 176 176 175 175 174 167 162 155 133

11 65 63 63 63 63 63 59 49

12 63 62 62 61 61 59 59 52

13 74 7 74 74 74 74 72 63

14 75 ] 3 75 T2 71 67 63

15* 464 463 463 462 460 455 442 421

* Controls.
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TABLE III. Number of C X A F, Mice with Tumors at Various Intervals after Beginning of
Experiment (Cumulative Incidence).

Group  No. of

No. of animals with tumors at age (in mo)

No. mice 2 4 6 9 12 15 18 21 24 27
1 100 0 2 4 12 38
2 99 0 0 0 0 5 11 22 35
3 100 0 0 0 0 1 3 13 25 44
4* 100 0 0 0 0 0 0 5 10 20
5 85 0 0 0 0 0 0 0 4 10
6 101 0 0 0 1 2 2 2 6 28
7 85 0 0 0 0 1 2 5 13 19
8 113 0 0 0 3 3 3 10 21 29
9* 383 0 0 0 1 2 2 3 20 50

10 176 0 0 0 2 5 6 9 18
11 65 0 0 0 0 0 0 1

12 63 0 0 0 0 0 0 2
13 74 0 0 0 0 0 2 3
14 75 0 0 0 2 3 3 4
15% 464 0 0 0 1 2 3 6
* Controls.

of 1.0 pc. Moreover, 10.0 uc is more effec- cutaneous sarcomas. Among the experimental

tive when given in 6 doses over a period of 8
days than when given as a single dose. The
animals injected with a dose of 0.1 uc of H3-
thymidine per g of body weight have so far
failed to show an increased mortality rate or
tumor incidence,

Tables IT and IIT show that mice injected
as newborn with 0.2 or 2.0 pc of C-thymi-
dine per gram of body weight have, at 18
months of age, a higher mortality rate and
higher incidence of tumors than control mice.
The differences are statistically significant at
the 19 level. A dose-level of 0.02 uc of C!4-
thymidine per g of body weight has, thus far,
failed to increase the incidence of tumors
above the level observed in control mice, al-
though the death rate has been noticeably
high. In the fourth part of the experiment,
(Group 10), there were 176 male and female
mice, the offspring of pregnant mice injected
with 250 uc of H3-thymidine between the
15th and 17th day of pregnancy. Of these
animals 24.5% are dead at 21 months and
tumor incidence is 10%. This is significantly
higher than the tumor incidence of control
mice at the corresponding age.

The tumors in the control animals were
almost entirely lung tumors, and a few dis-
seminated non-thymic lymphomas. For ex-
ample, of the 50 tumors in the controls of
Group 9, 31 were lung tumors, 16 non-thymic
lymphomas, 1 thymic lymphoma and 2 sub-

animals, a greater variety of tumors was ob-
served. For example, among the 76 tumors
in Groups 6-8, 41 were lung tumors, 19 non-
thymic lymphomas, 4 thymic lymphomas, and
12 other tumors including sarcomas of the
subcutaneous tissue, carcinomas of the sali-
vary glands, of the skin and of the liver. The
present data give evidence that administra-
tion of radioactive thymidine has not only
accelerated the appearance of tumors occur-
ring spontaneously in this strain of animals,
but has, in fact, induced some types of tumor
de novo.

Discussion. The data can be summarized
by stating that: both thymidine labeled with
tritium and with carbon-14 have been found
to shorten the lifespan and to produce tu-
mors in mice; incidence of tumors is greater
in animals injected as young adults than in
animals injected later in life; incidence of tu-
mors increases with dose; and finally, that
labeling of embryos iz utero with tritiated
thymidine likewise increases the incidence of
tumors.

It was pointed out earlier(1) that the aim
of our study has been to explore the possi-
bility of inducing tumors in mice with a
mode of irradiation that affects primarily the
cell nucleus (tritiated thymidine) or whole
cells (carbon-14 labeled thymidine). It has
now been demonstrated that both materials
are effective in doing this under a variety of
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experimental conditions.

Thymidine, as a precursor of DNA, is ex-
clusively incorporated into the nucleus of
cells synthesizing DNA prior to mitosis(2).
At least 509 of the injected thymidine is in-
corporated into new DNA of proliferating
cells, while the remainder is promptly cata-
bolized to tritiated water and other non-vola-
tile compounds(3). The biological half-life
of the tritiated water in mice is from 24 to 36
hours(4), while the thymidine incorporated
into DNA remains there until the death of
the cell or its descendants. Because of the
short range of the tritium beta particles (in
tissues, an average of 1 p and a maximum of
6 ) 90% of the energy of the beta particles
from H?-thymidine is dissipated within the
nucleus. On the other hand, beta particles
from C' have a longer range (in tissues, an
average of 10 p and a maximum of 60 u)
and most of their energy will be dissipated
within the volume of a cell. TUnless the car-
cinogenic action of radioactive thymidine is
ascribed to one of its catabolites that are
eliminated from the body in a few days, it
would seem that radiation dissipated within

CREATINURIA AFTER SPINAL CorD TRANSECTION

the volume of a cell and perhaps even in the
nucleus of a cell is sufficient to induce tumors.

Summary. Thymidine labeled with tritium
or with carbon-14, when incorporated into
DNA of proliferating cells, produces a selec-
tive mode of irradiation of cells and cell nu-
clei. Single and multiple injections of radio-
active thymidine have been found to shorten
the life span and to produce an increased in-
cidence of tumors in CaF1 mice. The inci-
dence of tumors increased with dose and it
was greater in animals injected as young
adults than in animals injected later in life.
Labeling of embryos in utero with tritiated
thymidine likewise increased the incidence of
malignant tumors.
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In our studies on the metabolic changes
following spinal cord transection in dogs, it
was observed that creatine was excreted in
large amounts for periods of from 2 to 3
weeks after the cervical cord had been tran-
sected(1). This was in marked contrast to
the slight creatinuria which occurred for a
short period only in animals immobilized by
removal of femurs and humeri or by cutting
muscle tendons. Creatinine excretion was not
altered immediately following cord transec-
tion, but fell slowly over a period of a month
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as the muscles affected by the cord transec-
tion atrophied. The high creatinuria set in
before creatinine excretion showed any re-
duction. One of the many questions raised
in connection with these studies was whether
the creatine in the urine came from the mus-
cles affected by the cord transection or
whether it was newly synthesized creatine
which the affected muscles could no longer
use. To answer this question, labeled crea-
tine was fed to a dog a few days before cervi-
cal cord transection and excretion of creatine
and creatinine followed over a period of 6
weeks. Since the classical studies of Bloch





