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flushing followed injection into a patient with
septal venous-arterial shunt of a dose of 5-HT
unable to cause such effect in normal subjects.
4. It is postulated that injected 5-HT is quick-
ly removed from the circulation, perhaps by
platelets or by other cellular elements retained
in capillary beds and released slowly at a later
time.
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This investigation was undertaken for the
purpose of studying development of lymphoid,
myeloid, and other types of leukemia in mice
exposed to fast neutrons, as compared to X
rays. Most cases of radiation-induced leu-
kemia in human beings have resulted from ex-
posure to gamma or X rays(1): however, in
Japanese atomic bomb survivors the possible
importance of neutron irradiation in the pro-
duction of leukemia has been cited(2). Be-
cause neutrons have been observed to be, in
general, relatively more effective than X or
gamma rays in causing delayed radiation in-
juries in mice(3,4) and in man(5), determi-
nation of the relative biological effectiveness
(RBE) of neutrons for leukemia induction is
of practical, as well as fundamental impor-
tance.

Materials and methods. Male and female
mice of the RF strain 8-16 weeks of age were
exposed to fast neutrons in the 86-inch cyclo-
tron of the Oak Ridge National Laboratory
or to X rays. The neutrons, produced by the
bombardment of an internal beryllium target
with 22-Mev protons, had an average effective
energy of approximately 1 Mev. The factors
of X radiation were as follows: 250 kvp, 30
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ma, TSD 93.7 cm, filtration 3 mm of Al (plus
beryllium window), hvl 0.4 mm of Cu. Neu-
trons and X rays were administered to the
whole body at an intensity of 65-115 rad min
in a single exposure or in two equal treatments
separated by an interval of 2-8 days. Further
details of the dosimetry and methods of ex-
posure have been reported(6.7). After ir-
radiation the mice were caged in groups of
8-10 in air-conditioned quarters. with Purina
fox chow and drinking water available ad libi-
tum. The animals were observed until natural
death or were sacrificed in extremis. Post-
mortem examinations were performed on all
mice.

Results. For a given dose of radiation the
30-day mortality was greater in neutron-ex-
posed than in X-irradiated mice; in females
the LD;,/30 days for a single exposure was
approximately 335 rad of neutrons or 490 rad
of X rays (RBE = 490335 = 1.47)(7).
With fractionation of the dose into two equal
exposures, the LD3,/30 days for X rays and
neutrons increased with the interval between
treatments, being approximately 640, 710,
815, and 870 rad of X rays for intervals of 2,
4, 5, and 8 days, respectively(8). The acute
injuries produced by neutron irradiation were
indistinguishable from those caused by X rays
except for acceleration of the 30-day mortali-
ty (the peak death rate occurred on the 5th
day after single median-lethal neutron irradi-
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ation and on the 9th day after exposure to X
rays). After the first 30 days postirradiation,
the death rate dropped nearly to control
levels; 4 or 5 months later the survivors be-
gan to die of leukemia. Two major types of
leukemia were induced, myeloid leukemia and
thymic lymphoma. Most deaths from thymic
lymphoma occurred in mice 6-15 months of
age (mean 10 months); the incidence and
rapidity of development increased with the
dose of radiation. Thymic lymphoma was
consistently more common in females than in
males (Table I). Myeloid leukemia devel-
oped slightly later in life, the peak mortality
from this disease occurring in mice 10-14
months old (mean 12 months); as with thym-
ic lymphoma, its incidence and rapidity of de-
velopment increased with the dose of radia-
tion. Myeloid leukemia was more common
in males than in females and was induced by
relatively low doses of radiation (110 rad of
neutrons or 119 rad of X rays). Thymic
lymphomas were significantly more numerous
in X-irradiated than in neutron-exposed mice,
but the two types of radiations appeared, in
general, to be of approximately equivalent
over-all leukemogenic potency when compared
at dose levels comparable in 30-day lethality
(Table I). On fractionation of either neu-
tron or X irradiation, the incidence of thymic
lymphoid tumors was noticably elevated when
the interval between exposures was prolonged
to 5-8 days; however, the induction of mye-
loid leukemia was not correspondingly en-
hanced by fractionation. The length of the
life span of the mice in the various treatment
groups appeared to be correlated more closely
with leukemia incidence than with dose or
type of radiation or 30 day lethality.

Discussion. The induction of lymphoid and
myeloid leukemia by radiation has been re-
ported in RF mice exposed to X rays(9) and
to thermal neutrons(10). The enhanced
thymic lymphoma formation noted on frac-
tionation of the irradiation at intervals of 5-8
days confirms that observed in C57 BL mice
(11). Tt is noteworthy that the induction of
myeloid leukemia was not also increased by
fractionation of the dose.

A comparison of neutron- and X-irradiated
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mice showed a consistently lower incidence of
thymic lyvmphoma, along with an equal or
greater frequency of myeloid leukemia, in the
neutron-irradiated mice. A lower induction
rate of lymphomas in CF; mice exposed to re-
actor fast neutrons, in comparison to the rate
in mice treated with comparable doses of y
rays (27-32% in the neutron-irradiated vs
60% or more in the y-irradiated mice) has
also been noted by Henshaw et al.(3). These
observations suggest that the RBE of fast
neutrons for leukemia induction may vary
with the type of leukemia induced: this effect
deserves further investigation, since it may
shed light on differences in the mechanisms
of myeloid and lvmphoid leukemia induction.
Further studies may disclose a correlation be-
tween the earlier mortality of the neutron-
exposed mice dying within 30 days postir-
radiation. which has been attributed to rela-
tively more severe intestinal injury and less
severe marrow damage(7). and the lower rate
of induction of lvmphomas by neutrons. as
compared to X rays.

The relative over-all leukemia-inducing ef-
fectiveness of fast neutrons was not greatly
different from their RBE for 30-day lethality
if allowance is made for slight variation with
different hematologic types of leukemia. This
is in agreement with the observations of Hen-
shaw et al.(3). who noted that on acute ir-
radiation the RBE of reactor neutrons for 30-
day lethality approximated that for reduction
of longevity. It is also consistent with similar
observations on the constancy of the RBE of
thermal neutrons for acute lethality, leukemo-
genesis, and most other delaved effects in
mice(10.12). Since, however. the RBE of
neutrons for some types of delayved injury in-
creased significantly with prolongation of the
period of exposure(3-5), the RBE for leu-
kemia induction may under conditions of pro-
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tracted irradiation greatly exceed the value
noted in the present experiment.

Summary. 1. Leukemias induced in mice
of the RF strain by acute fast neutron irradia-
tion in the cyclotron resembled in frequency
and hematologic type those induced by X
irradiation. 2. Neutrons and X rays appeared
to have an over-all leukemia-inducing effec-
tiveness comparable to their 30-day lethality
effectiveness, although thymic lymphomas
were significantly less frequent in neutron-ex-
posed than in X-irradiated mice. 3. The in-
duction of thymic lymphomas appeared to be
enhanced by fractionation of either neutron or
X irradiation at intervals of 3-8 days.
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