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HE importance of better understanding the possible cumulative genetic effects 
of irradiation exposure over many generations has been pointed out repeated- 

ly (UNITED NATIONS 1958,1962; SCOTT and EVANS 1959; MCGREGOR and NEW- 
COMBE 1962; NEWCOMBE and MCGREGOR 1965). In  1957 a program was initiated 
to investigate some of the possible nonspecific effects of X irradiation of male 
mouse progenitors on consecutive generations ( SPALDING, BROOKS and Mc- 
WILLIAMS 1964; SPALDING and BROOKS 1965). These and other studies (SPALD- 
ING 1963a,b; HENSLEY, OAKLEY and HOWES 1964) indicated that control and 
irradiated lines do not differ in life expectancy but do show significant differences 
in certain litter characteristics, resistance to gamma- and X-ray exposure at low 
dose rates, and voluntary activity levels. To gain more information concerning 
other possible genetic differences between irradiated and control line mice, we 
have made comparative studies on selected fat deposition, organ weights, blood 
constituents, and activity levels of enzymes in the two lines, and the results of 
these investigations are the subject of this communication. 

MATERIALS A N D  METHODS 

The two lines of mice used to produce experimental subjects for this study originated from 
one sib pair of inbred mice of the RFM strain. In one line (the irradiated), 26 ? 2-day-old mice 
in each consecutive generation were exposed to 200 rads of whole-body X rays and mated soon 
thereafter to their sisters to produce each succeeding generation. In propagating the first five 
generations, each line was expanded from one sib pair to 25 sib pairs. At this point expansion to 
75 sib pairs was permitted, and this number has remained constant through the 40th generation. 
This method of propagation allows for development of a number of sublines, each being treated 
in like manner. As far as possible within the generation time limit dictated primarily by the 
control group, each subline contributed to each succeeding generation. Sib matings were used to 
increase the frequency of homozygotes for recessive nonlethal mutations in  the irradiated line. 
This mating scheme, however, has the disadvantage of eliminating deleterious recessive and 
semidominant lethal mutations from a population at a more rapid rate. This aspect is being con- 
sidered by other investigators (GREEN and LES 1964). 

Productive breedings have occurred as early as 25 days after irradiation; however, most con- 
ceptive breedings occurred 34 to 58 days after exposure. Since the fertile life of spermatozoa in  
the male tract is about 14 days (ASDELL 194.6) and the duration of spermatogenesis is about 34 
days (OAKBERG 1956), most conceptions were assumed to be from irradiated spermatogonia; 
however, irradiated post spermatogonial stages were probably involved to some extent. When 
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876 R. R. J. CHAFFEE et al. 
mice were taken from the irradiated line for comparative litter characteristics studies, life span, 
etc., only second litters were used to eliminate the possibility of the direct effects of post sperma- 
togonial irradiation from the preceding generation. 

The second line (control) was propagated with the same inbreeding as the irradiated line 
but was not exposed to X-irradiation. 

Mice used in the experiments reported in  this communication were females (2% to 8 months 
of age) and were random samples of the generations designated. The only data obtained on the 
75- and 90-day-old mice were body weights. The 6- to 8-month-old irradiated and control mice 
were used in making all comparisons reported. No differences within each of the two lines among 
the F,,, F,,, and F,, were found; thus the three generations were pooled and considered as a 
single group for each of the two lines in question. 

Blood studies were performed according to the orbital bleeding method of RILEY (1960). 
Erythrocyte (RBC) percent volume was obtained using the standard hematocrit centrifuge tech- 
nique. Blood carbon dioxide content was assayed by the method of NATELSON (1951), as was 
blood oxygen (NATELSON and MENNING 1955). White blood cell (WBC) counts were made in 
a hemocytometer. For differential leucocyte determinations, the classical methods of SCHILLING 
(1913) were used. RBC counts were made using a modified Coulter counter according to methods 
described elsewhere (VAN DILLA, BASMANS and FULWYLER 1964). 

Hemoglobin content was assayed using the method of CANNAN (1955). For extraction and 
crystallization of hemoglobin and its amino acid analysis, the methods outlined by HILL et al. 
(1963) were used. The amino acid analys-s were conducted using a Beckman Spinco amino acid 
analyzer. Electrophoretic mobility patterns of the crystallized hemoglobin from the two mouse 
lines were obtained using the methods of KUNKEL and WALLENIUS (1955). 

Body weights were taken just previous to bleeding, and the heart, kidneys, spleen, liver, 
interscapular brown fat pad, and combined omental and uterine associated white fat pads were 
weighed quickly after the animals were decapitated. 

Enzymatic assays were done on whole homogenates of heart, kidney. liver, and brown fat 
according to methods described elsewhere (HANNON 1958; CHAFFEE et al. 1961; CHAFFEE et d. 
1964; CHAFFEE, PENGELLEY, ALLEN and SMITH 1966; CHAFFEE, SMITH, HORVATH, ALLEN, 
BREWER and MASON 1962). 

RESULTS AND DISCUSSION 

The most striking difference in the two lines was in the white fat content in 
the combined omental and uterine associated fat pads (Table 1). The 6- to 
8-month-old experimental animals showed decreased white fat and body weight. 
The decreased body weight is the reverse of what NEWCOMBE and MCGREGOR 
(1965) found in black-hooded rats after a similar irradiation program using a 
gonadal dose of 600 rads, but they gave no data concerning fat deposition. They 
hypothesized that the irradiated line rats became larger as a consequence of the 
smaller litter size and presumably greater intrauterine nutrient per sibling. 
However, despite a larger litter size ( SPALDING, BROOKS and MCWILLIAMS 1964), 
the adult control mice became heavier than irradiated line mice. Further studies 
on the correlation of body weight and age on a much larger mouse population 
are in progress. 

In  the above-mentioned rat studies (NEWCOMBE and MCGREGOR 1965) body 
weights were different at 90 days of age, but in these two mouse lines at 75 or 
90 days of age body weights were the same (Table 1 ) . In chickens, there are 
differences in rate of maturation of irradiated and control lines (ABPLANALP 
et al. 1964), and thus dissimilar maturation rates may be responsible for the 
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TABLE 1 

Body and organ weights of irradiated and control line mice 

877 

Body weights ( g )  
2% months 
3 months 
6 to 8 months 

Organ weights ( m g )  
Heart 
Kidneys (pair) 
Liver 
Spleen 
Brown fat pad 
White fat$ 

Irradiated line Control line P values 

2 4 . 8 * t  0.24 (15) t  
25.6 +_ 0.18 (78) 
26.9 t 0.32 (30) 

26.0 5 0.83 (15) 
25.5 & 0.20 (81) 
28.5 * 0.29 (30) 

169 t 7.9 
329 t 4.4 

1094 t 4.6 
97 * 3.6 
54 * 2.5 

509 * 35.5 

164 * 6.7 
308 t 4.1 

1206 t 19.9 
88.7 t 2.5 
56.1 t 3.8 
916 * 62.6 

NSD 
NSD 

5 0.05 

NSD 
I 0.05 

NSD 
NSD 
NSD 

5 0.05 

* Meanzkstandard e m r .  
i. Numbers in parentheses indicate number of animals 
1: Combined omental and uterine mesenteric fat. 
NSD = no significant difference between the means. 

weight differences observed in the 90-day-old rats. Our female mice at 3 months 
of age are actually nearer to full weight then are female hooded rats. Thus it 
would be of interest, for comparison, to obtain weights of control and irradiated 
line rats at 6 months of age or older. 

The decreased fat in the irradiated line mice is in accord with their higher 
level of voluntary activity (HENSLEY, OAKLEY and HOWES 1964). Also in accord 
with their elevated activity is the increased kidney size of the irradiated line; 
rodents which are forced to increase their metabolic output by exposure to cold 
have a similar striking induction of renal growth (KNIGGE 1957; BELKNAP 1958; 
CHAFFEE et al. 1963). Unlike the cold-induced activity, the increased activity 
in the irradiated line is not accompanied by increased liver, heart, nor scapular 
brown fat pad weight (BELKNAP 1958; CHAFFEE et al. 1964). 

Since irradiated line mice showed more voluntary activity, the enzymes assayed 
are those along major metabolic pathways which increase in rodents forced to 
become more active by exposure to cold (You and SELLERS 1951; HANNON 1958; 
SMITH and HOIJER 1962; CHAFFEE et al. 1964). There were no differences in the 
levels of activity of the oxidative enzymes investigated (Table 2).  It would seem 
that, if major shifts occur in activity in any enzymes which contribute to the 
maintenance of normal levels of intermediates, it would alter the activity or rate 
of production of associated enzymes such as were assayed in these experiments. 
However, in spite of the striking change in fat deposition which presumably 
should involve many enzymatic changes, ,&hydroxybutyric acid oxidase was 
equal in all the tissues assayed. Perhaps further study of the enzymes associated 
with fat metabolism will reveal discrete enzymatic differences in the two lines. 

A discrete protein which, in our preliminary studies, has shown differences in 
electrophoretic migration patterns in the two lines is hemoglobin. However, in 
detailed studies of the amino acid content of the hemoglobins which are accurate 
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TABLE 2 

Enzymatic actiuity' of homogemtes of uarious tissues from irradiated and control line mice+ 

Tissue and enzyme Irradiated line Control line 

Liuer 
Succinoxidase (SO) 
Glutamate oxidase (GO) 
P-Hydroxybutyrate oxidase (POHO) 

Succinoxidase (SO) 
Glutamate oxidase (GO) 
P-Hydroxybutyrate oxidase (POHO) 

Succinoxidase (SO) 
Glutamate oxidase (GO) 
P-Hydroxybutyrate oxidase (POHO) 

a-Glycerophosphate dehydrogenase 

Kidneys 

Heart 

Brown fat 

31.4$+ 0.6 
19.4 t 0.4 
3.28 t 0.2 

36.5 & 0.7 
13.1 f 0.1 
2.3 f 0.1 

41.4 i. 0.8 
29.6 i. 0.9 
1.56 k 0.1 

16 t 0.7 

31.1 k 0.7 
19.0 t 0.4 
3.41 f 0.1 

34.5 f 0.9 
14.3 t 0.1 
2.1 k 0.1 

43.2 f 0.8 
30.6 k 0.9 
1.46 f 0.1 

16.5 f 0.7 

pl O,/mg-hr. 
-t There were no significant differences. 
1 Meankstandard error. 

to f e%, no significant differences have been found (Table 3) .  Thus the migra- 
tion difference may indicate a difference in tertiary or conformational protein 
structure. The amount of hemoglobin per cell in the two lines was the same 
(Table 4),  and RBC counts were also equal. Therefore, hemoglobin per blood 

TABLE 3 

Amino acid analyses* of hemoglobin of irradiated and control line mice (in percent) 

Amino acid+ Irridated line Control line 

Lysine 8.0 7.8 
Histidine 6.8 6.7 
Arginine 2.2 2.2 
Aspartic acid 10.2 10.4 
Threonine 4.5 4.7 
Serine 6.4 7.1 
Glutamate 5.1 5.0 
Proline 3.6 3.7 
Glycine 8.5 8.4 
Alanine 14.6 14.6 
Half cystine 0.8 0.8 
Valine 7.2 6.6 
Isoleucine 1.7 1.5 
Leucine 12.5 12.3 

Phenylalanine 5.0 5.1 
Tyrosine 2.0 2.1 

Methionine-methyl sulfoxide 0.9 0.9 

* Hemoglobin for analyses was pooled from about 100 mice h m  each group. t Tryptophan analyses not included because the method gave results which were too variable to use. 
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RADIATION EFFECTS O N  T H E  MOUSE 

TABLE 4 

Blood cell counts, hematocrits, red blood cell (RBC) mean cell volume (MCV) ,  and 
hemoglobin content of irradiated and control line mice 

879 

Irradiated line Control line P values 
____ 
White blood cell count/mm3 7727*t 641 10,404 +- 694 5 0.05 
Percent lymphocytes of total 

Percent polymorphonucleoc ytes 

MCV of RBC (p3)  49.4 t1.7 46.9 k 0.8 I 0.05 
Hemoglobin/RBC (g/lOO cmz) 19.1 10.7 19.9 k 0.5 NSD 
Hematocrit value (percent) 52.9 .+- 0.9 49.9 f 0.7 2 0.05 
RBC count/mm3 108.25 x 105 106.4 x 105 NSD 

leucocyte count 81.1 f 1.2 86.5 i- 1.0 I 0.05 

of total leucocyte count 17.8 * 1.2 12.8 C 1.0 I 0.05 

t 2.8 x 105 i- 1.5 x 1 0 5  

* Meanestandard error. 
NSD=no significant difference. 

TABLE 5 

Blood oxygen and carbon dioxide content in irradiated and control line mice ( in volume percent) 

Gas Irradiated line Control line P values 

Oxygen 27.2* t 0.8 24.1 t 0.9 I 0.05 
Carbon dioxide 20.5 t 1.1 26.6 -+ 1.4 I 0.05 

' Meanestandard error. 

volume was the same. However, the volume percent of oxygen was higher and 
of carbon dioxide lower in the blood of the irradiated line (Table 5 ) .  Since it is 
well known that most of the oxygen and some of the CO, carried in the blood is 
complexed with hemoglobin, the differences might be due to altered 0, and CO, 
affinities of the hemoglobin in the two lines. However, other possibilities could 
also account for these differences. For example, it might be that there is a greater 
rate of pulmonary gaseous exchange in the more active irradiated line, or perhaps 
blood conditions in the irradiated line prevent rapid formation of hemoglobin 
carbamino groups but are more favorable for oxygenation of hemoglobin. Thus 
the explanation of the causes for these blood differences in the two lines awaits 
more definitive investigation. Nevertheless, the observed differences may be quite 
significant for use as quantifiable phenotypic traits in studies of the extent of 
genetic alteration caused by successive progenitor irradiation. NEWCOMBE and 
MCGREGOR (1965) pointed out the scarcity of and need for information concern- 
ing such quantifiable phenotypic traits. 

Another striking difference in the two lines was in the leucocyte count (Table 
4). There apparently were more total white blood cells, a higher percent of which 
were lymphocytes, in the control line than in the irradiated line. On the other 
hand, the percent polymorphonucleocytes was greater in the irradiated line to 
the extent that the polymorphonucleocyte content per cubic millimeter was equal 
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880 R. R.  J. CHAFFEE et al. 

TABLE 6 

Blood glucose and sodium levels in irradiated and control line mice ( i n  mg/iOO ml) 
~ ~~~~~ 

Irradiated line Control lme P values 

Glucose 115.1*+ 4.5 120.5 2 4.8 NSD 
Sodium 203.2 f 0.5 206.4 -+ 1.1 5 0.05 

* Meankstandafd error. 
NSD=no significant difference. 

in the two lines. Thus the lymphocyte seems to be the blood cell type which is 
most affected by the ancestral irradiation regimen. The possible relationship 
between the reduction in lymphocytes and the fact that irradiated line mice have 
lowered resistance to irradiation ( SPALDING 1963b) remains to be studied. 

In spite of the elevated voluntary activity of the irradiated line, the glucose 
content (Table 6) was apparently maintained at control levels. The lower blood 
sodium of the irradiated line may be associated with the lowered blood content 
of CO, (Table 5 ) .  Since the supply of carbonic acid in the proximal kidney tubule 
is related to blood CO, content, the recovery exchange reaction of sodium from 
tubular filtrate for protons (PITTS 1948; LOTSPEICH 1959) would be affected, The 
lowered blood sodium levels, if due to renal inadequacy, may be compensated 
for to some extent by the enhanced renal growth in the irradiated line. However, 
the slightly enhanced sodium loss could be due to other factors. Thus such differ- 
ences cannot yet be incorporated into a formal hypothesis until much more 
research has been done but, nevertheless, may be useful because they are pheno- 
typic traits which presumably originate as a result of successive ancestral 
irradiation. 

In conclusion then, we have found a number of changes which may be caused 
by irradiation of progenitor males, but these are not of a nature which causes 
any great loss of the animal’s ability to function and to maintain a high level of 
bodily activity. Since so many generations are involved and the irradiation has 
been so intensive (SPALDING, BROOKS and MCWILLIAMS 1964), it is rather sur- 
prising that so little damage, if the changes seen actually represent damage, has 
taken place. The data are perhaps most useful in indicating where some definable 
and transmissible changes may be taking place and thus introduce possible studies 
which would add to the understanding of genetic susceptibility to mutagenic 
irradiation. 

We gratefully acknowledge the technical assistance of CAMILLE BIDWELL and GLENDA OAK- 
LEY in the studies of blood constituents, and of ROBERT 0. EIKLEBERRY for his work in the hemo- 
globin amino acid analysis. We also wish to thank DR. GEORGE R. SHEPHERD for his helpful 
suggestions concerning the electrophoretic techniques used in the hemoglobin studies. This work 
was performed under the auspices of the United States Atomic Energy Commission. 

SUMMARY 

Six- to eight-month-old offspring of white mice whose male ancestors received 
whole-body X-ray exposures of 200 rads over 25 to 37 successive generations had 
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RADIATION EFFECTS O N  THE MOUSE 88 1 

lower body weights, less omental and uterine associated fat, but higher kidney 
weights than controls. There were no differences in the weights of the heart, 
liver, spleen or scapular brown fat pads. There were no differences in the mean 
weights for  the two mouse lines at age 75 or 90 days; only body weights were 
measured on mice of this age. There were no differences in the oxidative enzyme 
systems assayed in adults. 

The irradiated line mice had a lower total white blood cell count which was 
primarily due to fewer lymphocytes. There was a somewhat higher erythrocyte 
mean cell volume in the irradiated line. but erythrocyte counts were not different. 
The amino acid composition of the hemoglobin in the two lines of mice was 
indistinguishable, but preliminary studies indicated that the electrophoretic 
migration patterns of the hemoglobins in the two lines may be quite different. 
Blood oxygen and CO, levels were different in the two lines, as was blood sodium, 
but blood glucose levels were the same. The results of these experiments should 
be useful in indicating where some definable and transmissible changes take place 
for future studies on mutagenic effects of irradiation. 
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