
48 7 

Effect of Protein Depletion upon Susceptibility of Rats to Total Body 
Irradiation. (17478) 

F. LAMONT JENNINGS* (Introduced by Paul R. Cannon) 
From the Department of Pathology, University of Chicago. 

Although there have been many studies of 
the effects of penetrating radiation on normal 
animals of various species, there has been 
little investigation of the effects of radiation 
upon abnormal animals. Some components of 
diet, particularly the vitamin B series1 and 
some of the amino acids: have been reported 
to alter thle response to radiation but the 
broader problems of protein, fat, or carbohy- 
drate nutrition have not, to our knowledge, 
been investigated to any $great extent. Since 
widsespread tissue necrosis is a prominent fea- 
ture of radiation damage, it appeared that in- 
vestigation of the effect of protein, par- 
ticularly a deficiency o'f protein, on the re- 
sponse to radimt enlergy miight prove in- 
structive. Therefore a series of experiments, 
of which this is thIe first report, was under- 
taken to try to evaluate the rolle of protein 
in radiation damlage. 

Procedure. This experiment was planned 
to determine the effect af moderately severe 
deplet'ion of the protein reserves on the sus- 
ceptibility to radiatioa. Since young adult 
rats showing 25y0 reduction in weilght while 
on a protein-poor diet are known to have 
but ltittle reserve proltein,3 th'is type of  animal 
was selected for this study. TZlere is con- 
sidmablle confusion regarding the effect of 
age 'and weight on susceptibility to radia- 
tion. For this reason two types of control 
animals were used, one group having the 
same weight as the test animals, the other 
being the same age. A toltal of 141 rats was 
almost equally divided into1 the 3 groups in 
this experiment. Protein-dlepletion, as i t  is 
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produc'ed by the method developed by Can- 
non and his group, consists of placing the rats 
on. a low protein dtiet that is adequate in 
calories, vitamins, and minerals. The diets 
and methods used in obtaining protein-de- 
pleted rats have bleen described elsewhere by 
Cannon4 and W~issler.~ In this experiment 
male albino rats of the Sprague-Dawley 
strain were used. Rats with an initial weight 
of (about 200 g were placed on a diet (3E) 
containing 1.9% protein. The animals were 
kept in large, wire-bottom cages with h rats 
to a cage. The rats were continued on the 
depletion diet until they had lost 25% of 
theisr starting weight. Such a weight loss 
occurred in about 10 weeks. The animals were 
then given total boldy irradiation. 

Total body irraldiation of all of the animals 
was accomplished by x-ray. The radiation was 
done at 200 kv and 15 ma with 0.5 mm 
copper and 3 mm bakelite filters. The half- 
value layer of the Fadiation was 1.2 mm oC 
copper. The target to animals distance was 
71 cm land the diose rate in all cases was 
17-18 r per minute. The dosage rate was 
measured before land after each exposure with 
a Victoreen electrometer. The anlirnals were 
placed in inidividual perforated alum' 1 num 
cages and radiated in a hodzoatlal beam. The 
cages were regrouped and turned several times 
diuring the exposure to give the animals uni- 
form distribution in the beam. 

The two groups oif control rats were main- 
tained on a diet (3iC) identical with the 
protein-dleficient ration except that it con- 
tained 2270 protein supplied by casein. The 
age control rats were placed on this diet 
after they had reached a starting weight of 
about 200 grams. The animals were con- 
tinued on this program until they had been 
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on the 22YG protein diet foc a period of time 
equal to the period of depletion for the pro- 
tein-depleted rats. At time of radiation these 
animals were 20 weeks old and weighed about 
280 g. For the second control group, rats 
with an initial weight of about 100 g were fed 
the 22% protein raticn at  a rate of 15 per 
rat per diay until they had reached a weight 
of approximately 150 g. These rats were 
then about 8 weeks old and were given total 
body irradiation. Three groups of these 
rats were radiated before they had reached 
a weight of 150 g. The results show that this 
did not lessen their value as control animals. 

During the 30-day observation period fol- 
lc'wing rad,iation all of the animals were con- 
tinued on the same diets they had been 
receiving prior to radiation. -411 of the rats 
were weighed at 2-day intervals through 
this observation period. 

These experiments were performed over a 
9-months period. For  the most part cor- 
responding groups of depleted and age con- 
trol animals were radiated at  the same time 
and these groilps were under observation at 
the same time with simil'ar animal colony 
conditions. I t  was not feasible to radiate 
weight control animals at  the same time as 
the other groups. Xevertheless groups of all 
3 types of rats were scattered thlrough the 
9-months period in an attempt to keep the 
conditions in each series as nearly comparable 
as possible. 

ResuEts. The results of this experiment 
are shown in Table I. Here it is apparent 
that the mortality in the protein-depleted 
animals was considerably greater at any 
given dosage than in the two control groups. 
Most of the dieaths in the protein-depleted 
groups of (rats occulrred bmeluw 625 r while 
there were few deaths in tbe control groups 
below this dose. 

I n  ord'er to plot definite dosage-mortality 
relationships, the dmata were treated in the 
manner developed by The regres- 
sion lines derived from this procedulre are 
shown in Fig. 1. This treatment of the data 
demonstrates clearly that the protein-de- 
~- ______.__ - __ 

6 Bliss, C. I., Ann. Ap,pZied Biol., 1933, 22, 134. 
7 Ibid., 1935, 22, 307. 

TA4BLE I. 
Mortality in Rats Following Total Body 

Irradiation. 

DOSL' KO. animals Avg wt, g Died 

300r 
4.50 
5 2 3 
323 

3'73 
600 
62.3 
685 
i 3 0  

- - -  
3 I c) 

585r 
575 
695 
650 
6'13 
i 0 0  

i 3 0  

800 

7 6 3  - 1-3 

--- 
I 1 3  

5001- 
600 
600 
650 
700 
700 

Depleted rats 
4 158 
6 160 
6 162 
3 154 
(5 14.6 
3 155 
6 156 
3 150 
3 161 
6 157 

Age controls 
3 286 
6 293 
3 304 
3 297 
9 268 
3 299 
9 269 
3 299 
9 269 
I 291 6> 

W t c on t r 01s 
5 155 
3 153 

10  128 
10 128 

5 156 
10 128 

1 
0 
1 
2 
2 
3 
6 
2 
3 
5 

0 
0 
0 
1 
6 
1 
6 
2 
8 
2 

0 
2 
1 
3 
4 
4 

pletsd rats were considerably more suscepti- 
ble to total-body irradiation than were either 
animals of the samie age or of the same weight 
when fed adequate protein in their diet. 

The equation for the regression line for the 
protein-depleted animals is: Y = 5.3460 + 
8.9179 (X - 2.7463) where Y equals the 
probit valuie of the mortality and X is the 
logarithm of the observed dose. The stand- 
ard deviation fo'r this line is .1121. The 
regression line of the animals of the same 
'age is: Y = 5.1545 + 21.01772 (X - 2.8476) 
unith a standard deviation of .0474. Rats of 
the same weight give: Y = 4.7268 + 15.0372 
(X - 2.8135) land a standard deviation 04 
.0665. The fiducial ranges) or confidence 
limits of the dosage, with a probability of 
.05 for the regwssion lines iat the lethal dose 
for 50% of the animals in 30 days (LD 
50/30) were calculated according to Bliss8 

SBliss, C. I., Quart. J .  and Yearbook Pharmacy, 
1938, 11) 192. 
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FIG. 1. 
Thirty-day dosage-mortality regression lines in 

rats following total body irradiation. 

and are indicated by corlresponding arrows 
in Fig. 1.  As can be seen, there is a wide 
zone separating the limits of variation of the 
protein-depleted animals from the limits of 
the controls. 

In this experiment the weights of the 
pro tein-depletled mdilated rats that survived 
the 30-day observaiion period closely paral- 
leled the weight loss in nion-radiated depleted 
anim'als except for some adlditional weight 
loss in the period imm~diately following 
rzdiation. Both the age contbrol anid the 
weight control rtats also showed weight loss 
in the first few days following raditation when 
diet consumption was poor. Thlis loss was 
quickly recovered when these animals regained' 
their appetite and they continued to gain) 
weight through the remainder of the ob- 
servation period. I t  is important to note that 
a period of 100 days on th'e protein-d'dcient 
diet, as was the case with these depleted1 
animals, causes no mortality in non-radiated, 
rats. Rats have been kept on a proitein-de- 
ficient diet for as long as 6 months in this 
laboratory with little spontaneous mortality, 
providing care is taken to prevent any infec- 
tious diseases of rats. Thus it is not likely 
that any of the increased mortality observed 
in the protein-depleted rats was due to spon- 
taneous mortality. 

In all groups oif radiated animals, as is 
the case in most radiation mortality studies, 

death usually occurred before the fifteenth 
post-irradiation day. Autopsies were done on 
most of the rats that died and no differences 
were noted betmeen the lesions in the con- 
trol and depleted rats. Most of the animals 
that died in the first few days following 
radiation showed widespread inters ti tial 
hemorrhages. ,%me of the rats that died 
later showed pneumonia. Blood cultures were 
done on. 12 of 'the protein-d8epleted rats that 
dfied after exposure od lfess than 65Or. Two 
organisms were found consistently in the 10 
animals that diedl before the fiftebenth post- 
irradiatiion day. One organism was a gram- 
negative rod (probably Bacillus dysenteriae) 
and the other 'a micrococcus. The 2 depleted 
animals that died laftier the fifteenth day 
both had sterile blood cultures. 

Discussion. The present experiment shows 
that the prot,ein-depleted sat is materially 
more susceptible to the physical injury of 
penetrating radiation thm is the animal on an 
'adequate protein diet. The LD 50/30 for 
the protein-depleted rat is approximately 
52Olr while the LD 50/30 for the control rats 
in this series proved to be in th'e region of 
700r. Thus at  the LD 50/30 there is a great 
difference in the dosage betw'een depleted 
'2nd control rats. This increased suscepti- 
bility of the protein-depleted rat becomes 
wen more apparent when one realizes that 
the dose of total body irradiation 'that killed 
50% of the protein-depleted rats klilled less 
than two per cent oif the control rats. The 
slope of the regression line for the protein- 
depleted animals indicates that these animals 
are proportionately somewhat more suscepti- 
ble to lower doses of radiation than the con- 
trols. 

The fiducial range for each of the regres- 
sion lines, as shown in Fig. 1: shows a wide 
zone separating these ranges at  the LD 50/30. 
Calculation of (the diifferences at  the LD 
50/30 indicates that the P value for the 
dalta at this point is somewhat less than 
.W1. Therefore the observed increase in 
mortality from radiation in the prottein-de- 
pleted rat is hlighly significant. 

Since thlere is confusion about the in- 
fluence olf weight and age on radiation suscepti- 
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bility, control rats for both of these factors 
were used. Quastlerg founid that in mice, 
with dosles in the range of the LD 50, the 
survival time was proportional to body weight 
and age. Hagen anid Sacherlo and Hagen 
and co-workersll reported that in a series of 
mortality studies on rabbits the animals 
weighing more than 2 kg were less sensi- 
tive to x-ray than rabbits weighing less than 
2 kg. Naimad2 recently reported that older, 
and thlerefore header, rats could sustain 
larger doses of radiation than small rats. 
In  conltrast to these conclusions Hagen and 
Simmons13 studmied a series of 638 rats of 
the same strain as that used in this experi- 
ment and concluded that "within the range 
tested (median weight 210 g) any age or 
weight effect on radioresistance of rats must 
be small." Boche and Bishop in a study of 
240 rats of the Wistar strain concludied that 
age and sex did not cause significant dif- 
ferences in radiation rn0rta1ity.l~ The co- 
incidence of the two control regression lines 
in this experiment land the corresponding 
fiducial ranges indicate that age and weight 
in the adult rat, in the range of 150 to 280 g ,  
have little effect on susceptibility to radia- 
tion under the cond'itions of this study. 

The LD 50/30 of about 700r for the 2 
groups of control rats in this experiment is 
in close agreement with the LD 50/30 being 
obtained at present for similar animals in 
another labo1ratory.l5 This figure is in some 
disagreement with a LD 50/30 of 600r as 
reported by ProsseP but is in only moderate 
disagreement with a LD 50/30 of 640 t 5r 
for a Wtistair strain of rats as recently re- 
ported by Clark and Uncapher.17 

9 Quastler, H., Am. J. Roentgen., 1945, 54, 457. 
10 Hagen, C., and Sacher: G., MDDC-1253 (CII- 
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15 Patt ,  H. M., personal communication. 
lGProsser, C. L., Radiology, 1947, 49, 299. 

3754), 1946, 

Lear, P., MDDC-999 (CH-2147)) 1944. 
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(CH-3815), 1945. 
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The finding of increased susceptibility to 
radiation damlage in protein-depletion coin- 
cides with findings of increasied susceptibility 
in protein-depleted 'rats to other types of 
injury. The studies of Cannon,4*18 Wis- 
sler".lg and Benditt3 have demonstrated that 
antibody production is seriously impaired by 
severe and prolonged protein-depletion. 
Taliaferro and associatles20 recently demon- 
strated la decreased immlunity to trichinosis 
in the protein-depleted rat. A delay in wound 
healing was noted by Kolbak and associates21 
in protein-depletion. The leukocytic response 
of the bone mlarrm, particularly to repeated 
stimulation, is also markedly impaired by 
d'epletion of plrotein reserves.22 

Protein-depletion, in addition to causing 
some decrease in plasma proteins and hemo- 
globin also causes a decrease in pro- 
duction of several of the enzymes. Tobin 
and co-wo~rkers~~ have shoiwn a reduction in 
hyaluronidase and antihyaluronidlase. Benditt 
and associates25 have demonstrated that 
cytochrome oxidase and' succinoxidasle are 
decreased in liver homogenates in protein- 
depletion. Kidney phosphatlase is also re- 
duced while the total liver phosphatase re- 
mtains constant during the depletion of the 
protein reserves. I t  is known that radiation 
also inhibits several oif the enzymes, par- 
ticularly the sulfhydryl-containlin!g enzymes, 
as shown by the recent work of Barron and 
his group.'e 
~ 
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The manner in which protein-depletion in- 
creases susceptibility to radiation is not known. 
Several methods 'by which radiation may cause 
death have been postulated and1 protein-de- 
pletion affects most o€ these mechanisms. 
Dleath following radiialtion mlay be due to 
infection subsequent tol the break-down of 
the normal imlmunological processes. I t  is 
well known that proteinLldepletioa interferes 
with immunological responses and this in 
combination with tlhe effects of radiation on 
the qilthelial ibarrilers, particularly the in- 
testinal epithelium, may account for the 
increased susceptibility. Also it may be 
more difficult for the depleted animals to 
recover f r m  the leukopenia of radiation so 
that the phagocptic barrier against infection 
is lowered. There is much evidence that the 
degree and duration of leukopila following 
raldistion have great influence on mortality.27 

Since i t  is known that protein-depletion 
and radilation both interfere with enzyme pro- 
duction or action, it may be that there is an 
additive effect that interfmes with enzyme 
activity Ito account for the increased radiation 
susceptibility. 

It may be that death is due to anemia 
follming bone marrow damage. That this 
mechanism accounlts for the increased sus- 
ceptibility idoes not seem likely for protein- 

27 Brues, A. M., and Rietz, L., ANL-4227, 183, 
1948. 

dapletion per se does not cause a marked 
lowerdnig in the erythrocyte or hemoglobin 
levels. Ho,wever it may interfere with the 
recovery of the bonle marrow and with the 
production of both erythrocytes and leuko- 
cytles. 

I t  seems possible thlat (the increased sus- 
ceptibility to r'adiiation observed in these pro- 
tein-depleted animlals might be due to their 
poor immunological and leukocytic responses 
or to their decreased production of some es- 
sential enzyme. This problem is being in- 
vestigated further. 

Conclusions. 1. Protein-depletion in young 
adult male rats, as produced by a weight 
luss of 2570 on a protein-poor diet, materidly 
increases susceptibility to total body irradia- 
tion. 2. Age or weight in normally nourished 
adult rats, in the 150 to 280 g weight range, 
have little eff,ect on susceptibility to raldiation. 
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An Autohemolytic Agent in Fetal Liver Extracts." (17479) 
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I n  the course of studies dealing with 
enzymatimc lactivity during fetal and extra- 
uterine developm'ent it was noted that ex- 
tracts iof fetal liver lysed the red cells of the 
same spmies. It was of interest to determine 
the nature of this phenomenon and to com- 

* This investigation was supported in  part by a 
grant from the National Cancer Institute, U. S. 
Public Health Service. 

pare the activity of adult and fetal extracts. 
Methods. Thirty experiments were per- 

formed, mostly m pregnant guinea pigs and 
their fetuses. A few experiments were made 
with pregnant rats or newborn rats and their 
mothers. The pregnant animals were killed 
by decapitation and the maternal blood was 
collected in oxalated Itulbes. The fetuses were 
then quickly removed and decapitated and 


