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have been reached by Rosenfeld and collabor- 
a t m  after perfusion of calf adrenals with 
ACTH and with growth hormone (5). Recent 
in vivo studies have indicated the probability 
that the main stimulus of aldosterone secre- 
tion is directly or indirectly related to certain 
changes of sodium, potassium, and water 
metabolism. Although the results presented 
here show that alteration of the Na/K ratio 
of the incubztion media is accompanied by an 
increase in aldosterone secretion, the physio- 
logical significance of these experiments seerns 
to be limited by the following considerations: 
1 )  They do not disclose whether alteration 
of Na or I( concentrations or both is the effec- 
tive stimulus for the observed increase of al- 
dosterone secretion. 2 )  This increase is not 
very striking, leaving open the possibility that 
the alteration of Na and K concentrations in 
vivo may exert major effects by an indirect 
action which would not be demonstrable by 
the study of isolated glands. 

Conclusion. Rat adrenal glands incubated 
in zlitro released a sodium-retaining substance 
with the properties of aldosterone. Purified 
growth hormone does not seem to increase se- 

cretion of sodium-retaining activity. Two 
ACTH preparations caused a slight but sig- 
nifican t ‘increase of aldosterone production in 
vitro. Alteration of the Na/K ratio of the 
incubation media, by lowering the Na and 
increasing the K concentration, produces a 
moderate enhancement of aldosterone secre- 
tion. 
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The behavior of strontium in the animal 
body has become of particular interest in rela- 
tion to possible hazards from atomic fission 
debris. Contamination of the food chain by 
fallout material may create a situation in 
which the calcium of the dietary becomes as- 
sociated with essentially carrier-free radio- 
strontium. The body burden of radiostron- 
tium, in terms of body calcium, attained after 
ingestion over long periods of time will be 
governed by the Sr*/Ca of the intake and by 
the over-all differentiation between strontium 
and calcium that may take place in such proc- 
esses as primary absorption from the tract; 
incorporation into new bone; incorporation 

into pre-existing bone; renal excretion; en- 
dogenous excretion into the gastrointestinal 
tract; and reabsorption from the tract. 

Comar, Whitney, and Lengemann ( 1 ) 
showed that growing rats utilized dietary cal- 
cium in a commercial ration for bone growth 
by a factor of 3.6 over carrier-free Sr 90 that 
had been incorporated into the feed, i.e., the 
Sr 90,Xa ratio of the diet divided by the 
Sr 90/Ca ratio of the bones equaled 3.6. 
These rats had been r a i d  for one or 2 gen- 
erations on a diet in which the Sr 90 to cal- 
cium ratio was maintained at  a constant level 
so that their bones were formed entirely from 
the Ca-Sr 90 of the “spiked” diet. This find- 
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ing was confirmed by Alexander. Susbaum. 
and MacDonald ( 2 )  who estimated stable 
strontium-calcium ratios in the bones and 
diets of experimental animals. 

The present paper is concerned with ( a )  
development of shorter methods for compari- 
son of calcium and strontium metabolism by 
the use of double tracer techniques; ( b )  dem- 
onstration of the effect of normal types of 
diets on the relative metabolism of calcium 
and strontium; and ( c )  estimation of the ex- 
tent to which the individual processes in the 
body differentiate between strontium and cal- 
cium. 

Methods. Previous work( 1 ) had shown 
that Ca 45 incorporated into the diet was 
utilized to the same extent as the dietary cal- 
cium. Therefore, it was considered that the 
behavior of Ca 45 and Sr 89 administered in 
the diet for a matter of weeks would give a 
true picture of the behavior of dietary calcium 
and incorporated radiostrontium. This would 
avoid the long feeding period necessary to ob- 
tain animals whose bones had been entirely 
formed from the b'spiked" diet. Three groups 
of rats were raised on diets as follows: M i l k  
-evapora ted  milk was supplemented to con- 
tain 8.5 mg JInC12 * 4H20. 4.2 mg CuSO,. 27 
mg FeSO, 7H,,O. 14 mg KI and 4 g yeast 
extract (Difco) per liter of reconstituted milk; 
,%?ilk and Corn-in addition to the milk sup- 
plemented as above, each animal received 1 g 
of ground yellow corn per day: Corntvwrcial- 
Rockland rat pellets. The animals on the 
.'3lilk" and .*Commercial" diets were on 
experiment between 30 and 50 days of age, 
whereas the other group was studied between 
21 and 81 days of age (Table I ) .  The  ani- 
mals on the "Commercial" diet received the 
Ca 45 and Sr 89 (in constant ratio) in their 
drinking water: the other groups received the 
tracers in the milk. The radioactivity dosage 
amounted to about 0.4 pc of Ca 45 and 0.2 
pc of Sr 89 per animal per day; relatively high 
specific activity preparations were used. Dur- 
ing the latter part of the experiment, the ani- 
mals were placed in metabolism cages for 
quantitative collections of feces and urine. 
A t  termination, representative animals were 
killed to provide samples of blood and bone 

(entire femurs). The 2 radioisotopes were 
measured by the usual methods for radioassay 
of mixtures based on differential absorption 
(3 .4 ) .  Twelve to 15 rats had been started 
on each diet. However, the analytical results 
were in sufficient agreement that only 3 to 4 
animals were used and the remainder were 
carried for another study. 

In  the original paper on this 
subject ( 1 ) ,  the results were discussed in terms 
of preferential utilization of calcium over 
strontium as already mentioned. Alexander 
ct d.( 2 )  then proposed the term "bone reten- 
tion factor". which is essentially the reciprocal 
of the preferential calcium utilization. To 
denote the individual tissues, excretions, or 
physiological processes involved, it is neces- 
sary to have broader terminology. We are 
therefore proposing the term .'Strontium-Cal- 
cium Observed Ratio" ( O R )  to denote the 
actual differentiation in tissues or excreta and 
defined as follows: 

Exprcssion. 

8r/C'a of snn1ple 
(1; 

This observed ratio (OR)  does not imply 
that the tissue in question has exerted any 
action in causing the discrimination. 

T o  denote the discrimination that is pro- 
duced by a given physiological process, we are 
proposing the term .'Strontium-Calcium Dis- 
crimination Factor" ( D F ) .  By definition: 

Thus, for example. the symbol DF,l,i,,,,,y is 
used to designate the contribution to the over- 
all discrimination in the body that resulted 
from differential handling of the two elements 
by the kidney. 

I t  is noted that OR and DF as defined here 
are the conceptual inverse of the preferential 
calcium utilization, and describe strontium be- 
havior in terms of calcium. They are thus 
similar to the retention factor; when OR or 
DF is less than 1 ,  this means that the stron- 
tium is discriminated against in favor of cal- 
cium. 

Data and Calculations: Table I presents 
data for (a )  OR values as measured for bone, 
blood, feces, and urine in double tracer experi- 
ments under conditions of daily intake; (b)  

- OR .,i r i i 1 )  I <,-pi iii . v r  - 
Sr/Ca of precursor 

OR = ( IW,  (Ul',) (DF,) . . . (DF,,'] (2) 
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TABLE I. Strontiuni-Calciuin Observed Ratios 
and Percentage Excretion in the Rat. (Values rep- 

resent mean -+. stand. error of mean.) 

Milk and Com- 
Diet Milk corn mercial 

S o .  of animals 4 3 4 
Age a t  start  aiid 30-50 21-81 30-50 

end of study, days 
O R b o n e - d l r t *  . 5 7 2  .02 . 4 5 2  .01 2 7 2  .01 
OR re  t a Inei1-d i r t  t .57 .56 .30 
O R b l 0 o d - d  I e t .A62 .04 .43+ .08 .21+ .04 
O R u r i n e -  7, 1 . 9 9 2  .01 1 . 4 7 2  .03 1.1 2 .03 
ORfeces- 77 1 . 4 1 k  .(IS 1 . 3 3 k  .05 1 .27k .03 
% excretioii t 

Ca45iiiuriiic 1.5 k1.1 5.7 +- .G 1.8 k .3 
Sr 89 ” ” 8.7 21.9 8.4 2 .B 1.9 k .2 
Ca45iiifcws 44 t S  50 2 3  7 1  k 6  
Sr89  ” ” (2 2 4  67 .+-2 90 2 8  

Sr*/Ca* in bone 

Sr*/Ca* in d i e t ’  
* ORimlr-,i i ,. t =x 

t Calculated by diff ercnce from excretion values. 
Exrretioii tluriiig last 4 d:ips of exy. 

Intake tluriiig last 4 days of exp. 
x 100. ’ 

OR for the entire body as calculated by differ- 
ence from excretion values; and (c) percent- 
age excretion of Ca 45 and Sr 89 under condi- 
tions of daily intake. 

As will be discussed later, there appear to 
be only 2 major discriminatory processes in 
the rat: absorptive and urinary. Under these 
conditions, and with the assumption that the 
urinary excretion of each element is propor- 
tional to the amount absorbed, the following 
equations are easily derived for calculation of 
the Strontium-Calcium Discrimination Fac- 
tors: 

100 - % Sr 89 in feces 

100 - r/o Ca 45 in feces (3) 

(4) 

Table I1 presents the D F  values as calcu- 
lated in this way as well as the comparison of 
blood and urine values to indicate the relative 
renal clearances of calcium and strontium. 
I t  will be recognized that the D F  values as 
estimated in this way represent the over-all 
contribution to the discrimination, and do not 
take into account such matters as the change 
in Sr/Ca ratio as the food passes through the 
gastro-intestinal tract. 

- 1 )~7 ,11 ,s tB  I p t  I \ f. - 

IJ~’ur in . i r>  - 
OR r e t u 1 n e  d-d 1 e t 

UFntpaorpt  1ve 

-- 

ORbone-d ie t  value of 0.27 reported for the com- 
mercial diet in Table I is in excellent agree- 
*merit with previous values of 0.28(1) and 
0.27 ( 2 )  determined by other methods. Thus, 
any of the following methods should be valid 
for prediction of naturally occurring Sr/Ca 
ratios or Sr*/Ca ratios when the intake is 
known: (a) analysis and radioassay of bone 
formed entirely from feed with constant ratio 
of added Sr* to naturally occurring calcium 
(1) ; (b)  analysis of natural strontium-cal- 
cium ratios in a given diet and bones formed 
from this diet( 2) ; and (c) radioassay of tis- 
sues or excretions from animals on a daily 
intake of Sr* and Ca* for a matter of weeks. 
The last method will usually be the most con- 
venient from the experimental standpoint. 

The ORretninrd-diet values as calculated from 
the balance results are in fair agreement with 
the ORbone.-diet  values, Differences are prob- 
ably due to inaccuracies in collection of ex- 
creta and analysis or less likely to the bone 
not having a Sr*/Ca* ratio representative of 
the entire body. The higher ORbone-d ie t  values 
of 0.59 and 0.42 for the animals on the milk- 
containing diets were anticipated and agree 
with the findings of Wasserman et al. ( 3 ) ,  who 
showed that substances such as lactose and 
l-lysine that increased calcium absorption as 
does milk, were even more effective in pro- 
moting Sr 89 absorption than Ca 45 absorp- 
tion. This emphasizes that the nature of the 
diet is important in governing not only the 
extent of alkaline-earth absorption, but also 
the discrimination that occurs. 

Processes with minor discrimination: I t  is 
convenient first to consider those physiological 
processes by which little or no differentiation 
occurs. Any discrimination in movement of 
calcium and strontium from blood to skeleton 

TABLE 11. Stroiitiuin-Calciuni Discri1ninatio:l 
Factors in the Rat. 

Milk Com- 
Diet Milk and corn mercial 

Discussion. I t  is first noted that the . . .  
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can be estimated by comparison of ORblood-diet  

and ORbone-diet  values. Table I shows that 
the strontium rather than being discriminated 
against was, if  anything, preferentially utilized 
by bone (0.02 < p < 0.05). This may be of 
interest in connection with early observations 
on strontium retention that led to strontium 
therapy for osteoporosis( 5 ) .  For purposes 
of calculation of over-all discrimination, how- 
ever, it can be assumed that movement from 
blood to skeleton does not contribute signifi- 
cantly. This conclusion was also reached by 
Bauer et a L ( 6 ) .  The relatively large uncer- 
tainties in the ORl,1,,,,,i-,li,t values resulted from 
the low levels of radioactivity present in the 
blood in these studies: these low levels led to 
counting difficulties. 

I t  also appears that excretion of calcium 
and strontium from the blood into the gastro- 
intestinal tract via the bile, pancreatic juices, 
and secretions of intestinal mucosa would not 
contribute in a major way to the over-all dis- 
crimination. Greenberg and Troescher ( 7 )  
found little difference in the biliary excretion 
and total fecal excretion following intraperi- 
toneal injection of Ca 45 and Sr 89 into rats. 
From short term experiments with dogs, 
Singer et aZ.':' found about twice as much Sr* 
was secreted in the bile as Ca*: the total 
excretion of Sr* into the gastrointestinal tract, 
however, exceeded that of Ca* by only about 
2070. Also, the percentage of parenterally 
administered Sr* and Ca* that reaches the 
intestinal tract is relatively small, 7 to 20%. 
In the present paper. no attempt is made to 
distinguish between endogenous and unab- 
sorbed Sr* and Ca* in the fecal escretion 
Val u es . 

Processes wi th  major discrimination: The 
renal clearance of strontium was 3 to 5 times 
that of calcium as indicated by the ratios of 
ORurinr-dipt  and OR\, \ , , , , ( l - ( l i , . t  values in Table IT. 
This general behavior has also been observed 
in man, dog, and bovine(8.9.10). I t  is also 
apparent, however, from Table I1 that the 
differential absorption contributed more to the 
over-all discrimination than did the differen- 
tial urinary excretion. This was more pro- 

* Singer, L., Maqsood, M., Mcdlen, A. B., and 
\ - I  - - I  1 Comar, C. L., unpublishcd results. ~~ _.___ ~~ ~ .._. ~~ 

nounced in the rats on the commercial diet 
( DFubsc.,.l ,tirc. = 0.34 : D F u r i n a r y  = 0.86). The 
contribution of the urinary discrimination was 
essentially the same in all 3 groups. The 
DFilbrorpti\t,,  however, was about 0.67 for the 
milk-containing diet. These differences are of 
the same order as reported for the effects of 
lactose on relative strontium and calcium 
absorption. 

As an independent confirmation of the 
( D F ' , l r i ~ ~ i ~ r y )  value, an experiment was done in 
which rats on a commercial diet were injected 
intraperitoneally with Ca 45 and Sr 89 and 
the excretions studied. C'nder these condi- 
tions ORrpt:lillc,l = 0.85, D F ~ ~ r i l ~ ~ 1 r y  = 0.89 and 
DFfc,cnl ,.hcrc.tio,l = 0.96. The discrimination 
factor due to fecal excretion resulted both 
from differential endogenous excretion and 
differential reabsorption from the gastrointes- 
tinal tract. As expected the contribution from 
both of these processes was small. I t  is of 
interest to note the agreement between the 
D F u r i ~ l n r y  value as obtained in this experi- 
ment, and that in Table I1 from the continu- 
ous feeding study. 

Comparison of discrimination among species 
is somewhat difficult because of the variables 
involved, such as age and dietary intake. 
Harrison ct  al. (8) however, reported that 
adult man receiving a somewhat higher stable 
strontium intake than normal, absorbed cal- 
cium about twice as much as strontium. For 
cattle, it appears that absorptive discrimina- 
tion is small( 10). Values of ORbone-diet  for 
laboratory animals on commercial diets were 
reported as follows: mice, 0.35; 'rats, 0.27; 
and guinea p i p ,  0.22. The ratios for Nevada 
desert animals were jack-rabbits, 0.20; cotton- 
tail rabbits, 0.22: and kangaroo rats, 0.16(2). 

The principles as presented here can also 
be used in studies where lactation or deposi- 
tion in the fetus provide additional discrimina- 
tory processes. 

S u m n a r y .  The term bbStrontium-Calcium 
Observed Ratio" (OR) is proposed and de- 
fined to designate the overdall discrimination 
that occurs in movement of the 2 elements 
from one phase to another in a biological sys- 
tem. The term "Strontium-Calcium Discrimi- 
nation Factor" (DF) is DroDosed and defined 
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to characterize the contribution of individual 
processes to the over-lall discrimination. 
Double tracer studies of Ca* and Sr* inges- 
tion over a 20-day period gave the same OR 
values as methods based on lifetime feeding. 
Absorption from the tract and urinary excre- 
tion were the major processes by means of 
which the rat discriminated against dietary 
strontium in favor of calcium. There is evi- 
dence of slight strontium preference in move- 
ment of the two elements from blood to 
bone. Excretion into the gastrointestinal 
tract did not contribute significantly to the 
over-all discrimination. Rats on a nonmilk 
diet (0RbonP-dic.t = 0.2 7 )  discriminated more 
against strontium than did those on a milk 
diet (ORbonp-dirt = 0.57). This behavior was 
related to the absorptive process. 
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Non-toxic doses of cardiac glycosides have 
been reported to increase cardiac glycogen 
(1,2,3). On the other hand, the data of 
Bomskov and Kaulla(4) and Liebig(5) in- 
dicate non-toxic doses decreased the glycogen 
level of the heart, while the results of Kimura 
(6) showed digotoxin to be without effect. 
Toxic doses of the cardiac glycosides have 
been reported 'to cause increased glycogen in 
the heart of the pigeon(7) and in the rat 
doses of 3.4 mg of digitoxin per kilo body 
weight resulted in an 'increase of the cardiac 
glycogen (4). Nevertheless, depletion of 
cardiac glycogen in animals manifesting signs 
of cardiac glycoside poisoning has been re- 
ported by Cherkes( 2 )  and Haendel and Mu- 
nilla (8). 

The recent report of Bloom, Lewis, Schum- 

*This study was supported by a grant from the 
American Heart Associa tion. 

pert, and Shen(9) that the glycogen of tissues 
can be divided into acid soluble and acid in- 
soluble fractions which maintain a reasonably 
constant ratio to each other and the report Olf 
Russell and Bloom( 10) that most physiologi- 
cal changes in the tissue glycogen take place 
in the acid soluble (labile) fraction while the 
acid insoluble (protein bound) remains rela- 
tively constant suggested that some of the 
e q u k x a l  results of the digitalis studies could 
be resalved by a considera'tion of the effecb 
of cardiac glycosides on each of the two gly- 
cogen fractions. 

Female rats, of various ages, 
were injected subcutanmudy with 0.2 mg/ 
kg of digoxin suspended in distilled water. 
With the exception of the newborn animals, 
the rats were injected daily for 5 days and sac- 
rificed 5 hours after the last injection on the 
5th day. The newborn animals received one 

Methods. 




