
Anemic Stress as a Trigger of Myelogenous Leukemia in 
Rats Rendered Leukemia-Prone by X-ray 

Abstract. All of the 128 Sprague-Dawley fermale rats bled two-thirds of the 
blood volume at 1, 2, or 3 months after irradiation (50, 170, or 350 roentgens) 
succumbed to leukemia by 16 months after bleeding. Some nonbled irradiated rats 
developed leukemia possibly as a result of triggering by a radiation-induced 
anemia. The threshold leukemogenic x-ray dose is probably below 25 roentgens. 
Elevated levels of basophils, neutrophils containing the "pseudo-Pelger" type 
nuclear anomaly, and myeloblasts exhibiting Auer rods seen in these animals were 
generally not found in earlier models of rat myelogenous leukemia. 

A latent marrow injury in the rat, 
lasting at least 14 months lafter an acute 
total body exposure to 170 r of x-ray, has 
been reported (1). The injury was mani- 
fested as a subnormal increase in mar- 
row nucleated red blood cells following 
acute anemia induced by bleedings of 
one-third or two-thirds of the circulat- 
ing blood. The absolute increases dur- 
ing 48 hours after bleeding ranged from 
0.30 to 1.66, and 1.77 to 5.62 X 109 
cells per kilogram of body weight for 
the irradiated and the nonirradiated 
rats, respectively, when studied during 
the first 3 months after irradiation. The 
increase in total nucleated marrow cells 
was similar in both irradiated and unir- 
radiated groups (2). The marrow defect 
is interpreted as an inability to divert 
pluripotential stem cells from the mye- 
loid to the erythroid line of develop- 
ment. These observations suggested that 
prolonged anemic stress in irradiated 
animals could result in abnormally 
severe and uncontrolled granulocytosis, 
essentially a myelogenous leukemia 
(ML). This report describes experiments 
which verify that hypothesis. 

Two groups of female Sprague-Daw- 
ley rats were used. Group A consisted 
of rats which, at age 24 weeks, were 
exposed to 0, 25, 50, 110, 260, or 350 
r. Animals in group B were irradiated 
with doses of 0, 50, 170, or 350 r at 
age 12 weeks; some of these were then 
bled 1, 2, or 3 months ,after irradiation. 
The irradiation technique was similar 
to that described earlier (1). Bleeding, 
when done, consisted of an acute re- 
moval of one-third of the total blood 
volume (considered equal to 6.4 percent 
of body weight) twice in 24 hours, via 
the jugular vein, that is, a total of two- 
thirds of the blood volume. 

All rats survived the acute effects of 
the radiation and the venesection. By 8 
months after irradiation (that is, 5 to 7 
months after bleeding), 6 percent of the 
nonbled irradiated and 87 percent of 
the bled irradiated rats had died. Within 
days before death, all animals showed 
labored breathing, weight loss (15 to 30 
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percent), epistaxes, conjunctival hemor- 
rhages, ecchymoses of the regions of 
the paws and ears, and unkempt ap- 
pearance, while some also showed 
blood-stained genital regions and ulcer- 
ations of the skin. Leukocytosis (3) land 
moderate to severe anemia (hematocrits 
of 15 to 30 percent) were also seen. 
Death in all cases was attributed to 
complications generally associated with 
the terminal phase of ML (that is, 
pneumonia, anemia, and inanition). The 
low mortality of the nonbled irradiated 
animals was related to the low leukemic 
incidence (17 percent) in these animals. 
All unirradiated animals survived the 
study period. Only the bled irradiated 
rats were followed until they expired. 
All other animals were killed by the 
tenth month of the study. Figure 1 
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shows that survival time of the bled 
irradiated rats was a complex function 
of the x-ray dose and time when they 
were bled after irradiation. 

Myelogenous leukemia was diagnosed 
on the basis of at least one of the fol- 
lowing: (i) circulating basophil level, at 
least 3.5 percent of white blood cells, 
(ii) marrow basophils, at least 3.5 per- 
cent of total nucleated cells, (iii) mar- 
row myeloblasts, at least 3.5 percent of 
total nucleated cells, and (iv) chloroma 
tumor (4, 5). Approximately one-fifth 
of the leukemic rats had myeloblasts ex- 
hibiting Auer rods and a similar frac- 
tion showed neutrophilic polymorphs 
containing the "pseudo-Pelger" type nu- 
clear anomaly (6) (see Fig. 2). Table 1 
shows that while all bled irradiated rats 
developed ML, none among the bled 
unirradiated groups did. Thus, x-irradi- 
ation followed by bleeding was 100 per- 
cent effective in the production of ML. 
However, Table 1 also shows that even 
without phlebotomy, some irradiated 
rats developed ML. The incidence was 
directly proportional to the x-ray dose 
between 25 and 170 r (Fig. 3). Above 
170 r, the ML incidence decreased with 
increased dose. [A similar type of dose- 
response curve for ML incidence in the 
RF mouse had been reported (7).] The 
presence of ML among the nonbled ir- 

Fig. 1. The effect of x-ray 
dose and time of bleeding 
on cumulative mortality (per- 
cent). In all cases, two-thirds 
of the blood volume was re- 
moved. The number of rats 
used for each curve is 
shown in Table 1. Note that 
times for 50 percent cumula- 
tive mortality (CM50) were 
5.0, 7.5, and 29 weeks for 
rats given 50, 170, and 350 
r, respectively, when all were 
bled 1 month after irradia- 
tion. The study of the 170-r 
animals bled 3 months after 
irradiation was discontinued 
39 weeks after bleeding. All 
rats had ML. x-x, Bled 
1 month after x-irradiation; 
0 *, bled 2 months 
after x-irradiation; 0--O, 
bled 3 months after x-irradi- 
ation. 

Time post phlebotomy (weeks) 
833 



Fig. 2. (Top left and bottom left) Myelo- 
blasts with Auer rods. (Top right) Neu- 
trophilic polymorph with "pseudo-Pelger" 
type nuclear anomaly. (Bottom right) 
Three basophils. 

radiated animals need not indicate a 
development of ML in the absence of 
anemia. Radiation-induced anemia hav- 

ing a severity roughly proportional to 
the x-ray dose occurs within 1 month 
after irradiation (8). If the anemia were 

very near the severity required for ML 
induction, the increased incidence of 
ML seen as the x-ray dose is raised 
could reflect the greater probability of 
individual rats becoming sufficiently 

anemic to result in their developing the 
disease. (The explanation for the de- 
clining portion of the curve is consid- 
ered below.) 

These findings suggest that leukemo- 
genesis involved a two-step process; 
first, the x-ray rendered the leukemia- 
prone condition, and second, the anemia 
triggered the actual disease. The two- 
step concept of leukemogenesis is not 
new (9) but in the present model a 
leukemia-prone animal is specifically 
defined as one which will invariably de- 
velop ML when triggered by an ade- 
quate anemia. Further, leukemia is con- 
sidered present as soon as trigger is 
completed. 

Conspicuous shifting of the mortality 
curves along the time axis in Fig. 1 
is seen with different combinations of 
bleeding time and x-ray dose which, by 
definition, are factors involved with the 
leukemia-prone state. Since all rats were 
bled a similar amount, these fluctua- 
tions must reflect changes in the level 
of leukemia-proneness, suggesting that 
the severity of the biological damage 
which constitutes the leukemia-prone 
state must also determine the severity 
of the ML state. Thus, high proneness 
must be directly related to early deaths, 
that is, short survival duration. Survival 
durations based on the time of 50 per- 
cent cumulative mortality (CM50) sug- 
gest that at 1 month after irradiation, 
the level of proneness was relatively 
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Fig. 3. Incidence of myelogenous leukemia 
as a function of the x-ray dose in the non- 
bled irradiated groups. Findings in groups 
A and B were combined. The number of 
leukemic rats found per number of rats 
examined were as follows: 0 r, 0/79; 25 r, 
2/35; 50 r, 6/48; 110 r, 8/32; 170 r, 8/18; 
260 r, 10/28; and 350 r, 10/38. 

higher in the animals that received 50 
and 170 r than in those that received 
350 r (CM50's were 5, 7.5, and 29 
weeks, respectively). In subsequent 
months, the proneness to leukemia of 
the animals that received a low dose 
decreased, while that of the animals that 
received a high dose increased. 

The levels of leukemia-proneness 
present at 1 month after irradiation 
could explain the declining ML inci- 
dence seen with doses higher than 170 
r (Fig. 3). X-ray-induced anemia oc- 
curred at the time (1 month after ir- 
radiation) when proneness was relatively 
high in the low dose animals. This 
would fit the notion that below 170 r 

Table 1. Circulating white blood cells (WBC), basophils in blood (percent of white blood cells), basophils and myeloblasts in marrow (percent 
of total nucleated cells), number of rats with chloroma, and number of leukemic rats (L) found per number of rats studied (E) (13). 

WBC (X 10-) Blood basophils* Marrow basophils* Marrow myeloblasts* Rats 
\Dose - Rats with L/E 

(r) Range Median X ? SE. Rat X ? S.E. as X S.E. t chloroma (N) (N) (N) chloroma 

Rats bled I month after exposure 
0 11 to 25 16 0.9 ?0.2 12 1.3 - 0.4 11 0.7 ? 0.1 11 0 0/12 

a 50 18 to 80 43 12.8 ? 2.6 12 7.9 ? 2.0 8 W.2 ?0.7 8 2 15/15 
170 2 to 52 37 9.2 ? 0.6 12 7.0 ? 1.3 14 9.0 ? 0.9 14 2 18/18 
350 13 to 48 38 8.7 ? 0.6 13 8.0 ? 1.1 10 6.6 ? 0.5 10 3 17/17 

Rats bled 2 months after exposure 
0 8 to 33 15 1.3 ?0.2 10 1.8 ? 0.3 10 0.8 ? 1.0 10 0 0/10 

50 15 to 65 37 13.9? 0.4 10 7.0 ? 0.2 6 7.4? 1.0 6 1 13/13 
170 3 to 53 35 8.8 ? 1.1 10 7.3 ? 1.0 6 10.2 ? 0.1 6 5 14/14 
350 5 to 70 38 11.6 ? 1.0 11 11.0 ? 1.9 7 12.0 ? 1.8 7 4 16/16 

Rats bled 3 months after exposure 
0 8 to 26 10 0.7 ? 0.3 9 0 0/9 

50 24 to 57 40 11.4 ?1.4 11 7.0 ? 0.5 6 6.3 - 0.6 6 3 13/13 
170 25 to 52 31 7.8 ? 0.8 10 6.3 ? 0.9 7 13.2 ? 0.2 7 4 12/12 
350 4 to 29 9 10.4 1.8 7 11.0 ? 1.8 6 12.5 2.1 6 3 10/10 

Nonbled groups 
0 0.9 0.1 79 1.3 ? 0.1 30 0.9 0.1 30 0 0/79 

25 to 350t 1.2 0.1 155 1.1 0.1 155 0 0/155 
25 to 350t 8.0 ? 0.4 44 4.8 ? 0.2 44 5.2 ? 0.2 44 9 44/44 

Not included are 21 rats with myeloblast values exceeding 25 percent (the median value of this group was 34 percent). No basophil values ex- 
ceeded 25 percent. t Doses used were 25, 50, 110, 170, 260, and 350 r. (The numbers of leukemic rats found per number of rats examined, for 
individual doses, are plotted in Fig. 3.) All nonbled irradiated animals found leukemic were grouped together for average values of basophils and 
myeloblasts. 
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ML incidence was limited by the rela- 
tively mild induced anemia rather than 
by low proneness. However, in the high 
dose animals leukemia-proneness would 
be relatively low at this time. The de- 
clining ML incidence at doses above 
170 r could then reflect the decreased 
probability that proneness present was 
of a sufficient level that the disease 
could be triggered, in spite of the in- 
creased severity of the anemia resulting 
from the higher x-ray doses used. Thus, 
the limiting factor in ML incidence at 
the higher dose range was the inade- 
quacy of the leukemia-proneness. 

In sum, x-rays (25 to 350 r) can ren- 
der all rats leukemia-prone (10). Myelo- 
genous leukemia develops only in the 

presence of an adequate triggering ane- 
mia. Threshold anemic severity for trig- 
gering is inversely related to leukemia- 
proneness. Proneness to leukemia varies 
according to dose and time after irradi- 
ation (up to at least 3 months). Ane- 
mia resulting from the removal of two- 
thirds of the blood volume was adequate 
to trigger ML in 100 percent of the rats 

exposed, from 50 to 350 r. Because the 
5.7 percent ML incidence among the 
nonbled animals that received 25 r was 

probably only a fraction of the rats 
rendered leukemia-prone, the threshold 

x-ray dose for leukemogensis, that is, 
for leukemia-proneness, must be con- 

siderably lower than 25 r. 
The applicability of this two-step 

model of leukemogenesis in other spe- 
cies remains to be established. How- 
ever, the close resemblance of ML seen 
in rats (11, 12) and the RF mouse (13, 
14) to the forms of the disease found 
in humans has been noted. In addition, 
the leukemogenic effect of ionizing ra- 
diation in both man and animals is well 
established (15). 

Finally, should the present two-step 
leukemogenic mechanism prove valid 
for other species as well, two additional 
observations may be made. First, the 
relative persistence of the radiation-in- 
duced leukemia-proneness would sug- 
gest the possibility that the leukemo- 
genic effect of ionizing radiation is 
additive. This would be of concern for 
those interested in radiological health 
standards, particularly since this study 
indicates that the leukemogenic thresh- 
old dose is probably below 25 r. Sec- 
ond, the number of leukemia-prone in- 
dividuals in a given population must far 
exceed the number showing frank ML. 
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tracted the material with 80 percent 
methanol, concentrated the extract, 
washed the concentrate with ether, and 
finally extracted the active material 
from the aqueous phase with chloro- 
form. He did not, however, comment 
on the chemical nature of the factor. 
In the abstract of their paper on the 
mode of action of the diapause hor- 
mone, Hasegawa and Yamashita (4) 
mentioned that this factor might be "a 
kind of lipid." No further report on the 
chemical properties of the factor has 
appeared. 
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Silkworm Bombyx mori L.: Nature of Diapause Factor 

Abstract. The diapause factor which is responsible for the induction of embry- 
onic diapause in the silkworm (Bombyx mori L.) was isolated from the heads 
of female moths. It was extracted with 80 percent ethanol or 80 percent methanol 
and was heat-stable and not dialyzable. Since the active material was precipitated 
with ammonium sulfate and lost when incubated with proteolytic enzymes, it is 
highly probable that the diapause factor is a protein or a complex molecule con- 
taining peptide bonds. Molecular sieve techniques revealed two species of the 
diapause factor. The molecular weight of the smaller species lies between 5,000 
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