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Induction by Radiation of Leukaemias and
Other Malignant Diseases of Haematopoietic Cells

in Experimental Animals
R. H. MOLE 1

This paper presents a consideration ofsome generalproblems ofinterpretation connected
with leukaemia and allied diseases in irradiated mice. An important point to be noted when
attempting to extrapolate from animal experiments to man is that, whereas the levels of
leukaemia incidence open to experimental investigation lie between 5 % and 100 %, the
mechanisms important to man are those concerned with levels of incidence of 1 :1000 or
1: 10 000. Moreover, since the human and murine diseases are not identical, the relevance
of experimental work to the human problem depends on the definition of leukaemia.

Experimental work suggests that the incidence of radiation-induced leukaemia depends
as much on the particular conditions of irradiation as on the total radiation dose received.

When a disease occurs naturally (spontaneously),
as " leukaemia " does in experimental animals, and
when its incidence can be increased by exposure to
some toxic agent, such as radiation, it is sometimes
postulated that the toxic agent has merely altered the
age-distribution of the disease without really
"causing " it. Naturally it is always possible to
claim that if the controls had lived longer, then the
disease incidence in them would have been as high
as in the treated group. However, this argument is
semantic, not scientific, since it depends in principle
on something which is not accessible to observation:
control animals cannot be made to live indefinitely
long. Therefore in all that follows a statistically
significant increase in incidence of leukaemia in an
irradiated group as compared with its experimental
controls will be taken as " induction" in the sense
that radiation has caused events to happen which
would otherwise not have occurred.

Nevertheless this does not dispose of a real
scientific problem in interpretation. Any carcino-
genic disease must develop to a certain minimum
physical bulk before it can be recognized, though
naturally this critical minimal amount of disease will
depend on the kind of diagnostic procedures and how
intensively they are applied. Thus there must be
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an interval of time, the development time, between
the actual start or moment of induction (whether this
occurs in a single cell, a group of cells or in many
foci simultaneously) and the moment of recognition.
In the laboratory mouse, the most intensively
studied experimental species, the development time
for malignant neoplastic diseases of haematopoietic
cells may often be of the same order as the natural
life-span. In an experiment, therefore, the observed
incidence in irradiated and control groups alike can
depend critically on all those non-quantitative
factors which determine the length of life of the mice
in the particular laboratory where the experiment
is being carried out.
The way to avoid this problem is to use age-

specific mortality rates, not over-all incidence, as the
measure of the frequency of disease. In human
epidemiology, for example, the crude over-all
incidence figures would never be considered to have
any meaning at all. However, in order that a morta-
lity rate should be meaningful, the population must
be numerous enough for the fraction " frequency of
disease . number at risk = mortality rate" to
have numerical significance. This is difficult to
achieve in experimental work because there is inevi-
tably a limit to the numbers of animals in any
particular experimental group, and the numbers
decrease with increasing age.

1125 - 613



R. H. MOLE

The relatively small number in an experimental
group, say between 20 and 100 individuals, has
another important consequence: the levels of leuk-
aemia incidence which are open to experimental
investigation lie between 5% and 100%. Experi-
mental demonstration of mechanisms of induction is
therefore confined to a relatively high incidence of
disease, and it is not possible to deny, on experi-
mental grounds, that some other mechanism is the
important one at levels of incidence of, say, 1: 1000
or 1: 10 000, the levels which are of general human
concern. This is a very important point to consider
when attempting to extrapolate from animal experi-
ments to man. In fact all the questions dealt with
in this introduction are questions of logic and
scientific method and apply to all leukaemogenic
agents, not merely to radiation, and indeed to aU
forms of cancer, not merely to leukaemia.

THE NATURE OF THE DISEASES INDUCED BY RADIATION

AND GENERALLY CALLED LEUKAEMIA

Laboratory mice of all strains are generally sus-

ceptible to leukaemia induction by radiation and
nearly all the reported experimental work has been
carried out on this species. The same kinds of leuk-
aemia can be produced in rats.
One investigation has been made with irradiated

guinea-pigs. Personal experience shows that the
Chinese hamster is strikingly more resistant to
leukaemogenesis by radiation than the mouse.

Leukaemia in irradiated beagles and monkels has
been described but the significance of the irradiations
was not established.
The classical experimental murine leukaemia is the

thymoma or mediastinal lymphosarcoma of the
6-18-month-old mouse, a solid tumour mass which
produces dyspnoea because it is a space-filling lesion
in the chest. The blood count is often said to be
unaltered. It is so unlike human leukaemia in its
symptoms, in its morbid anatomy, and perhaps in
its haematology that many human haematologists
have been tempted to dismiss all experimental work
with this disease as irrelevant to human leukaemia.
In fact this particular clinico-pathological picture
raises in an unusually pointed way the general
question of how similar an experimental model must
be to a human disease in order for the experimental
study to be considered as illuminating the human
problem. In the particular case of leukaemia the
answer must depend on the definition chosen for the
human disease.

The mediastinal mass may be associated with
general enlargement of lymph-nodes and spleen,
infiltration of liver, kidneys and bone marrow, and
a grossly abnormal blood count, and indeed in
some cases the mediastinum may be involved to a
far smaller degree than all these other structures.

In older mice more localized reticulosarcomata
occur, sometimes limited to the mediastinal lymph-
node, sometimes affecting one region of the body;
but sometimes also the reticulosarcoma is generalized
so that all reticular and haematopoietic tissues are
grossly affected including the bone marrow, with or
without involvement of the peripheral 'blood.
Chronic lymphocytic leukaemia occurs also with a
slow clinical course, large discrete lymph-nodes and
a white blood cell count of up to 500 000 per mm3
and more. A specific murine disease of variable
cytology but sometimes called "histiocytoma"
appears sometimes to be largely confined to liver
and vagina, as in the CBA strain, the liver being so
grossly involved that ascites occurs.
The inbred, genetically distinct strains of mouse

which are almost universally used nowadays for
experimental work on leukaemia, both control and
irradiated, often show real differences in frequency
of these different morbid anatomical pictures.
Sufficient irradiation is followed by a high incidence
(80 %-100 %) of the mediastinal variety (with or
without extension outside the chest) in any strain
whatever the level of the control incidence (Kaplan
& Brown, 1952; Mole, 1958). Irradiation may also
modify the morbid anatomy: the vagina may be
free from histiocytoma which now invades the bone
marrow regularly. In other experiments nonthymic
leukaemia was reduced in incidence while thymic
leukaemia was increased in incidence (Upton et al.,
1960). Depending on the basis of one's classification
this finding could mean either that irradiation altered
the morbid anatomy of a single disease category or
that irradiation altered the frequency of two different
disease categories in opposite directions. (There is
clear evidence that under some experimental circum-
stances radiation can reduce the incidence of leu-
kaemia).
There are also differences between inbred lines

in the frequencies of different cytological types.
Cytological classification of murine leukaemia has
nearly always attempted to fix the categories by
reference to leukaemia and other malignant neo-
plastic diseases of haematopoietic cells of man
(Dunn, 1954), not by starting to consider murine
cells ab initio. Further it seems to be generally true
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of murine neoplasms that differentiation of primitive
cells in more than one direction is much more
common than in human neoplasms so that it is less
easy to use successfully the explicit basis for human
nomenclature-that primitive cells can be named
according to what they differentiate into. For this
or other reasons it is common to find myeloid cells
in varying proportions in non-myeloid but primarily
monocytoid diseases. Leukaemoid reactions also
occur.

It is characteristic of many cases of murine
leukaemia that the majority of the cell nuclei in a

simple air-dried blood film are burst or degenerate
(although in a wet fixed film they are clearly intact).
Chronic lymphocytic leukaemia, however, usually
gives good air-dried preparations which can be
stained by familiar Romanowsky techniques. In
view of all these difficulties in cytological classifi-
cation it is perhaps not surprising that cytological
details are rarely mentioned or illustrated in pub-
lished papers and that the great majority of experi-
menters base their conclusions either on morbid
anatomy alone or on morbid anatomy supplemented
by tissue sections. Nevertheless it is true that
myeloid leukosis is relatively uncommon in mice
apart from specialized strains such as the RF.

It would seem sensible to include in the broad
group of mouse leukaemia all cases of involvement
of the bone marrow by neoplastic cells whether or not
there is any abnormality of the peripheral blood and
whatever the cell type. In general, tumours of the
mouse metastasize relatively far less than human
tumours and there are likely to be few mistakes due
to colonization of the marrow by malignant cells
which do not arise from the haematopoietic tissues.
It is certainly wrong to use, as some experimenters
have done, the presence or absence of abnormal cells
in the peripheral blood as the sole criterion of the
existence of " leukaemia " in the mouse.

THE PATHOGENESIS OF RADIATION-INDUCED

LEUKAEMIA IN THE MOUSE

A variety of possible mechanisms need considera-
tion (Furth, 1959); they are by no means mutually
exclusive so that experimental demonstration of one
does not thereby negative the existence of any
others:

1. Radiation acts directly on cells and leukaemia
stems from the affected cells.

(a) Radiation produces a direct effect on the
genetic mechanism of a cell. Thus all the viable

daughters of this cell are affected by an inheritable
change. The change may be a point mutation, a
deletion of part of a chromosome or a more complex
kind of chromosomal mutation.

(b) Radiation produces a direct genetic or non-
genetic effect on a cell, making it more susceptible
to infection by a transmissible agent.

2. Radiation acts indirectly to increase the proba-
bility of occurrence of an event which has some
chance of occurring all the time. Leukaemia does
not originate in irradiated cells specifically.

(a) If there is a natural instability in the process,
say, of cell multiplication, so that there is a certain
natural probability at any one cell division of the
initiation of leukaemia (whatever the cellular
mechanism may be), then an increase in leukaemia
would be expected to follow exposure to radiation
simply because radiation kills haematopoietic cells
and the natural physiological response to this loss
of cells is an increase in the rate of cell multiplication.

(b) Radiation may make mammals more suscept-
ible to infection by transmissible agents by inter-
fering with immune reactions or in other ways.
Over the past few years intensive efforts have been

made to reveal a transmissible cell-free agent in
radiation-induced murine leukaemia. Some limited
success has been reported (Gross, 1961). The fact
that a repeatedly passaged agent may have its viru-
lence enhanced so that it becomes almost 100%
effective has no bearing on the question whether
radiation-induced leukaemia is always due to such
an agent.
One striking difference between the virus leuk-

aemias and the radiation-induced leukaemias of
the mouse is that radiation acts very similarly in
many strains of mouse with differing genetic con-
stitutions, whereas the successful demonstration of
a transmissible cell-free agent depends on the use
of one of a small number of mouse strains covering
a very narrow range of genetic background.
There seems to be no report of success in trans-

mitting leukaemia simply by means of natural
contact in a mouse cage between an irradiated
mouse, in which leukaemia is going to develop,
and a non-irradiated mouse of the same genetic
constitution.
That the thymus plays an important part in

radiation-induced murine leukaemia is suggested
by the frequent occurrence ofthymic lymphosarcoma.
Thymectomy before irradiation markedly diminishes
leukaemia incidence. Grafting of a normal thymus
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into a thymectomized and irradiated host leads to
a partial restoration of the leukaemic response. Two
important points are outstanding. There does not
seem to have been an experimental check on whether
the graft must be thymus or whether any lymphoid
tissue will do. Also thymectomy in early life ad-
versely affects the duration of life and there remains
the possibility that the reduction in leukaemia is due
to some general effect on the host (see Miller, 1960).
Some of the leukaemias which occur arise from

unirradiated cells of the graft, as proved by observa-
tions on chromosomal markers and on transplant-
ability (Kaplan, 1954; Barnes et al., 1959). Thus
an indirect mechanism for radiation leukaemogenesis
is'proved. Nevertheless this kind ofexperiment seems

to be successful only in mice of particular genetic
constitutions.

Clones of cells with the same abnormal set of
chromosomes (abnormal in morphology and/or in
number) undoubtedly exist in some cases of murine
leukaemia (Ford, Hamerton & Mole, 1958). Con-
troversy may exist over how regularly such abnor-
malities are to be found; on the one hand, inade-
quate technique may prevent the abnormalities
being found; on the other, the chromosomes of the
mouse are not well suited to microscopy and it must
be accepted that real abnormalities may well be
invisible by present techniques. The invariable
occurrence of the abnormalities, however, would not
prove that chromosomal mutations are the necessary

and sufficient " cause " of the leukaemic behaviour of
the cells. It is characteristic of murine leukaemia
that the chromosomal abnormality is not fixed
but slowly evolves with continued cell multiplication
(either in the original host or on transplantation) so

that new clones make an unpredictable appearance

from time to time. It is possible that the leukaemic
nature of the cell is primary and entails, as a corollary,
a limited instability of the chromosomes, which leads
to the regular appearance of clones with abnormal
chromosomal constitutions by the time the physical
bulk of the leukaemic cells in the host is sufficiently
large for the diagnosis of leukaemia to be made.
There is no difference between the chromosomal
abnormalities to be found in irradiated and in
unirradiated mice with leukaemia.

QUANTITATIVE FEATURES OF THE DOSE-RESPONSE CURVE

External irradiation by penetrating X- or gamma-
radiation has been the usual method of exposure to
radiation, though fast neutrons have also been used.

It has been repeatedly demonstrated that single
doses of radiation are leukaemogenic, although it
is rarely if ever possible to raise the leukaemia
incidence beyond about 30%. The usual result is
the induction of thymic lymphosarcoma, but in a
few special strains myeloid leukaemia has occurred.
The effect of the irradiation is to increase the fre-
quency of occurrence of kinds of leukaemia which
occur spontaneously in the particular strain of mouse
used. The frequency of leukaemia often increases
with dose up to a certain level of dose and then
decreases with further increase in dose. The mecha-
nism of this decrease is not established but life
shortening by non-leukaemic disease processes
induced by radiation may well play some part.
Mouse strains with a high natural incidence of

leukaemia (80%) do not have the incidence raised but
may die with leukaemia at a younger age.
Mice shortly after the time of weaning are said

to be the most susceptible (Kaplan, 1954). Newborn
mice are less easily made leukaemic by whole-body
irradiation.
With multiple doses of irradiation the dose-

response curves may be quite complex. In appro-
priate circumstances virtually every mouse can
become leukaemic. There is a sharply sigmoid
dose-response curve with constant daily doses of
X-rays or gamma-rays. With a given rhythm of
fractionation the incidence of leukaemia appeared
to depend on the dose-rate of the exposures (Table 1).

TABLE I

LEUKAEMIA IN FEMALE MICE AFTER A FOUR-WEEK
EXPOSURE TO "'Co GAMMA-RADIATION

AT DIFFERENT DOSE RATES a

Leukaemia
15 months after

Dail Dose- Total start of bIrradiation daily ae os
irradiationb

schedule r) (r/ (r)r)hour) Comn-
CBA C57B1| bined

5 days/week 50 81 1 000 12/30 11/29 39

5 days/week 50 21 1 000 8/30 13/30 35

5 nights/week 50 3.3 1 000 7/25 3/29 19

Continuously 32 1.3 900 2/30 1/25 5

Controls nil nil nil 0/30 1/28 2

a Reproduced, by permission, from Mole (1959).
b No. of mice with leukaemia/No. In group at start of experi-

ment.
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TABLE 2
PERCENTAGE MORTALITY a IN FEMALE CBA MICE 12
MONTHS AFTER THE START OF A FOUR-WEEK EXPOSURE
TO '°Co GAMMA-RADIATION AT A FIXED DOSE-RATE OF

16-20 r/HOUR b

No. of IInterval Total dose
fractions abetweenfatosIfractions 500 r 1 000 r 2 000r

672 1 hour - 4 44

112 6 hours nil 8 29

20 c 1day 4 16d 21

14 2 days nil 28 29

7 4 days nil 36 -

4 7 days nil 10 18

Controls _ nil nil nil

a go90 of the deaths are due to leukaemia but microscopical
confirmation is so far incomplete. Approximately 25 mice in
each group.

b Unpublished experiments of Mole, Thomas & Williamson.
c Irradiation five days per week, with Saturday and Sunday

free.
d Repeat experiments carried out two years apart (one is

second line in Table 1).

Further experimentation (Table 2) is showing that
fractionation may be quantitatively just as impor-
tant as dose rate, although the optimum fractiona-
tion for leukaemia production appears to be very
different for different total doses (age of the mice
and over-all duration of exposure kept constant).
No simple explanation offers itself but surely the
complexity of the results indicates that cellular
interactions are of critical importance for murine
leukaemogenesis in this kind of experiment.

NOTES ON THE INTERPRETATION OF EXPERIMENTS IN

RADIATION LEUKAEMOGENESIS

1. When animals are exposed to continuous
irradiation until death, the diagnosis of leukaemia

RtS

Consid6rant la radio-induction experimentale des
leucamies et autres maladies neoplasiques malignes des
cellules h6matopoletiques chez les animaux, dans ses
rapports avec les leucemies chez l'homme, l'auteur
souligne les differences, et les conditions dont il faut tenir
compte lorsque l'on veut etendre a l'homme les constata-
tions faites sur l'animal: dur6e de l'evolution morbide
par rapport A la duree de vie, le nombre relativement peu
elevd des animaux qui constituent un groupe experimental
(20-100) et la frdquence elevee (5-100%) des manifesta-

may be markedly affected by radiation effects on the
leukaemic cells and by other radiation effects such
as bone-marrow aplasia. Diagnosis is more satis-
factory if the animals are exposed for a limited
period and then allowed to live out their lives in an
ordinary environment, so that the leukaemic pro-
cess may develop unhindered.

2. These features, the effect of continuous irra-
diation, the effect of dose rate and the effect of
fractionation, may have a bearing on the paucity of
reports on the induction of leukaemia by internal
irradiation by radioactive isotopes. In one experi-
ment mice given strontium-90 appeared to die with
leukaemia a little earlier than the controls (Finkel,
1959), but it is not a straightforward matter to
interpret such a finding as an acceleration by radia-
tion of the development of the leukaemia.

3. When leukaemia itself is to be investigated and
radiation is chosen as a convenient means of inducing
a given frequency of leukaemia, it is not sufficient
to use just one particular kind of radiation exposure
and to score the effects of experimental procedures
in terms of the incidence of leukaemia. The sharply
sigmoid dose-response may mean that a small
change in the efficiency of a given radiation exposure
results in a large change in leukaemia incidence.
Experimental procedures which cause large changes
in leukaemia incidence may really be doing no
more than modifying leukaemogenesis in a minor
degree.

4. The possible modification of the clinical picture,
morbid anatomy or both of murine leukaemia by
exposure to radiation makes it important not to
confine the reporting of results to one particular
form of leukaemia or to terminate an experiment
at some arbitrary time after the radiation.

UMI

tions leucemiques, contre 1/1000 ou 1/10 000 chez
l'homme. Ces questions de methodologie s'appliquent
du reste a tous les agents leucemigenes et a toutes les
formes de cancers.
La leucemie experimentale radio-induite provoqu6e

chez les murins differe a un tel point de la leucemie
humaine par ses symptomes, son anatomo-pathologie, et
peut-etre son h6matologie, que de nombreux specialistes
sont tent6s de renoncer a tout rapprochement entre les
deux affections. Ce cas particulier pose du reste la ques-
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tion g6n6rale du degr6 de similitude qui doit exister entre
le modele exp6rimental et la maladie humaine pour que
1'exp6rimentation soit consider6e comme valable. Cela
est d'autant plus discutable que l'on observe des diff-
rences du tableau anatomo-pathologique dans les souches
de souris consanguines gen6tiquement distinctes utilis6es
pour les exp6riences sur la Ieucemie, et des differences
de frequence des divers types cytologiques.
Le role des virus et celui des modifications chromoso-

miques n'est pas encore 6lucid6, mais il est certain cepen-

dant que le rayonnement peut susciter la leuc6mie dans
des cellules non irradi6es.

Si l'on veut tirer des conclusions valables des recherches
experimentales sur les m6canismes de la leuc6migenese
par irradiation, il faut tenir compte du fait que le rapport
entre la dose de rayonnement et la frequence de la leu-
cemie est complexe, et que le resultat peut d6pendre
autant des conditions particulieres de l'irradiation que
de la dose totale de rayonnement.
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