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produced an adrenal response in intact ani- 
mals nolt subjected to other exogenous stress 
as great as that in animals subjected 401 emg- 
mous stress prior or subsequent to injection 
of virus. 

1. KOSS, E. H., Finland, M., Advances in Internal 

2. Friedman, S. B., Glasgow, L. A., Ped. Clin. N. 

3. Solomon, G. F., Calif. Med., in press. 
4. Coriell, L. L., Siegel, A. C., Cook, C. D., 

Murphy, L., Stokes, J., Jr. J.A.M.A., 1950, v142, 
1279. 

5. Klemdn, E., Slomer, P., Nod.  Med., 18958, v56, 
1128. 

6. Evans, A. S., Nelson, R. S., Sprinz, H., Cantrell, 
F. P., Am. J. Med., 1955, ~ 1 9 ,  '183. 

7. Kilbourne, E. D., Horsfall, F. L., Proc. Sroc. 
Exp. Biol. 81 Med., 1951, v73, 135. 

8. Friedman, S. B., Ader, R., Glasgow, L. A., 
Psychosom., Med., 1965, v27, 361. 

9. Boring, W. D., Angevine, D. M., Walker, D. L., 
J. Exp. M d . ,  1955, v102, 753. 

10. Soave, 0. A., J. Infect. Dis., 1962, ~ 1 ~ 1 0 ,  129. 
11. - , Am. J. Vet. Res., 1964, v25, 268. 
12. Yamad'a, A., Jensen, M. M., Rasmussen, A. 

F., Jr., Proc. SOC. Exp. Biol. & Med., 1964, v116, 
667. 

13. Rasmussen, A. F., Jr., Spencer, E. S., Marsh, 
J. T., ibid., 1957, v96, 183. 

14. Jensen, M. M., Rasmussen, A. F., Jr., J. 
Immunol., 1963, v90, 21. 

15. Marsh, J. T., Lavender, J. F., Chang, S. S., 
Rasmussen, A. F., Jr., Science, 1963, v140, 1414. 

Medicine Year Book .Publishers, Inc., 1958, v9. 

Am., 1966, ~13 ,315 .  

16. Greenfield, N. S., Rloessler, R., Crosley, A. P., 

17. Imboden, J. B., Carter, A., Leighton, E. C., 

18. Kilbourne, E. D., Smart, K. H., Pokorny, B. 

19. Reinicke, V., Acta Path., 1963, v60, 528. 
20. - , NIH Inf. Exchange Group No. 6, 

21. De Maeyer, E., De Maeyer, J., Nature, 1963, 
v197, 724. 

22. Mendelson, J., Glasgow, L. A., J. Immunol, 
1966, ~96,345.  

23. RyteI, M. W., Kilbourne, E. F., J. Exp. Med., 
1966, ~ 1 2 3 ,  767. 

24. Postic, B., De Angelis, C., Breinig, M. K., Ho. 
M., Presented in pant at Annual Meeting of Am. 
Assn. Immunologists, Atlantic City, April 1966. 

25. Mendelson, J., Finland, M., Proc. SOC. Exp. 
Biol. Med., 1966, v123, 98. 

26. Chang, S. S., Rasmussen, A. F., Jr., Nature, 
1965, v205, 625. 

27. Jensen, M., Rasmussen, A. F., Jr., NIH In- 
Sormalion Exchange (Group No. 6, Scientific Memo 
231, Aug. 24, 1966. 

28. Tokumum, T., J. Immunol., in press. 
29. Glick, D., Redlich, D., Levine, S., Endocrino- 

logy, 1964, v74, 653. 
30. Davidson, J. M., Jones, L. E., Levine, S., 

Fed. Proc., 1965, v24, 191. 
31. Raffel, S., Immunity. New York: Appleton- 

Cen'tury-Crof ts, 196 1. 
32. Henlin, R. I., Knigge, K. M., Acta Endocrinol., 

(SuppI.), 1960, v51, 39. 

Jr., J. Nerv. Mmt. Dis., 1966, v128, 125. 

Arch. Int. Med., 1961, vl08, 115. 

A., Nature, 1961, v190, 6150. 

Memo 63, April 21, 1965. 

Received April 25, 1967. P.S.E.B.M., 1967, v126. 

Kinetics of Strontium and Calcium Skeletal Metabolism in the Rat.* (32371) 

S. H. COHN AND E. A. GUSMANO ('Introduced by V. P. Bond) 
Medical Research Center, Brookhaven National Laboratory, Upton, L .  I. ,  N .  Y .  

While the preferential absorption of Ca as 
compared to Sr across the gastro-intestinal 
tract and in renal excretion is well estab- 
lished( 1 ) , differential handling of Str and Ca 
by the skdeta~l system, in vivo, has not been 
clearly demonstrated, although it is suspected 
that it exists, on the basis of the differing 
properties of these two elements. In  a study 
employing peritoneal lavage in nephrecto- 

*Research supported by U. S. Atomic Energy 
Gommission. 

mized rats, the differential removal of 85Sr 
and 45Ca from the rat was shown to be 
due mainly to renal function and not to dif- 
ferential handling of the two elements by the 
skeleton ( la) .  In two studies employing com- 
partmental analysis of data derived from 
double tracer studies in elderly human sub- 
jects, slight differences were found in a num- 
ber of parameters of skeletal metabolism 
calculated from s5Sr data when compared to 
those derived from 47Ca data ( 1 b,2). Because 
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of the variability of the data in these elderly 
subjects, and also the statistical uncertainty 
of the individual measurements, there exists 
a question of the validity of the small dif- 
ferences observed between Sr and Ca kinetics. 
The statistical validity 06 the smaltl differ- 
ences observed in the turnover rate of bone- 
fixed 85Sr and 47Ca as measured with a whole- 
body counter over a 30-day period is also 
questionable. It is, therefore, of interest to 
investigate possible discrimination against the 
uptake of Sr by the skeletal system. The out- 
come of such a study can be used to evaluate 
the reliability of Sr as a tracer for Ca in 
metabolic studies of the skeleton. 

In  the present experiment, the skeletal u p  
take and turnover of Sr were compared with 
those of Ca, using the most precise tracer 
techniques available. A uniform population 
was obtained, and the data analyzed by 
means of a computerized program. For this 
purpose, the Berman SAAM-23 computer pro- 
gram was used to fit both 85Sr and 47Ca 
tracer kinetic data of adult rats to a com- 
partmental model. In  addition, the com- 
parative turnover of skeletally-fixed 85Sr and 
47Ca was measured in a specially designed 
rat whole-body counter. With these two tech- 
niques, it is possible to measure subtle dif- 
ferences in the kinetics of Sr and Ca with 
considerable precision and accuracy. 

Method. Ten Sprague-Dawley male rats, 
155 days of age (497 g )  were divided into 
2 groups and injected intraperitoneally with 
either 2 0  pc of 47CaC12 (>ZOO mc/g) or 
85SrC12 (carrier-free). The rats were kept in 
individual metabolism cages for 72 hours for 
collection of the 24-hour urine and feces out- 
puts. Ten serial plasma samples (125-350 A) 
were taken from the tail of each rat over 
intervals from 0.5 to 72 hours. The rats were 
also counted a t  frequent intervals in a spe- 
cially designed whole-body counter for 41 
days following administration of the tracers. 
All counting was performed using NaI(T1) 
detectors connected to a 400-channel pulse 
height analyzer. The details of the isotope 
technique employed and the counting instru- 
mentation have been presented (3,4). 

A previously formulated and tested com- 
partmental model was used as the basis for 
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FIG. 1. Compartmental model of calcium kine- 

tics. Compartments are designated as follows: 1, phyf- 
iological pool of calcium in isotopic equilibrium withm 
1 hr (plasma-extracellular-intracellular) ; 2.,. yhy- 
siological pool of calcium in isotopic equihbrium 
within 3 days (exchangeable bone); 3, calcium in 
“deep bone” or very slowly exchanging bone. The 
transfer constants, p, are designated as follows: ~ I O  

= calcium intake rate, pra = Ca flow rate into com- 
partment 1 from exchangeable bone, pn = Ca flow 
rate into exchangeable bone from comprtment 1, pls 
= rate of resorption and slow exchange from bone, 
psl = rate d accretion into bone, pff = urinary 
calcium excretion rate, p a  = fecal calcium excretion 
rate. 

this comparative study. The compartmental 
model delineated in Fig. 1 has been shown 
to fit equally well both Sr and Ca kinetic 
data from studies in man(2,3) and rats(4). 
The Berman SAAM program (modified for 
the CDC 6600 computer) was used to fit 
the above mathematical model to the data 
(5-7). The program, by an iterative sys- 
tem, obtains the best coefficients for a given 
set of differential equations describing the 
model. This set of coefficients is then used 
to determine the desired parameters of the 
system. These calculated parameter values 
with their computation errors provide a quan- 
titative comparison of the fits of buth the 
47Ca and the 85Sr tracer data. 

Results. The parameters (compartment 
sizes and transfer rates) of skeletal metabo- 
lism as calculated from both the 47Ca and 
s5Sr data are presented in Table I. It can be 
seen that the mean values for all the parame- 
ters, for the 47Ca data, except urinary excre- 
tion rate do not differ grossly from 
those derived from the s5Sr data. The urinary 
excretion (p l )  calculated from the 86Sr data 
gave a value of 12.3 times higher than that 
calculated from the 471Ca data. 
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The retention of 47Ca and s5Sr as meas- 
ured by the whole-body counter over 41 days 
is presented in Fig. 2. The ratio of s5Sr/47Ca 
is also plotted in the lower curve. The slope 
and intercept of each curve was obtained 
(Table II), with B computer used to obtain 
a linear least fit to the straight line or final 
exponential component. The biological half 
time for 86Sr is 113.7 days, or slightly less 
than that of 47Ca, 128.3 days. The slope of 
85Sr/47Ca from 13 to 41 days is described 
by a. half-time of 354.9 days with a correla- 
tion coefficient of 0.603. 

Discussion. On the basis of the compart- 
mental analysis of the short-term kisnetic 
data, most of the parameters calculated from 
the '*7Ca and s5Sr data did not differ signifi- 
cantly. The major exception is the urinary 
excrletim rate while the size of the com- 
partment 1 and the inter-compartmental flux 
(pl,:! ~ 2 , ~ )  appears to be slightly smaller for 
the Ca data. The preferential renal excre- 
tion of Sr explains the difference in p41, but 

the reason for the other differences is not 
apparent. The significance of the slightly 
larger size for compartment 1 when calculated 
from the Sr data is questionable. In  past 
studies ( lb,2) ? far example, the compartment 
sizes derived from s5Sr data have generally 
been smaller than those from Ca data. There 
is no question that the most significant pa- 
rameter of bone metabolism, the accretion 
rate (p31) shows no significant difference 
whether calculated from Ca or from Sr data. 

The potential errors in the previous studies 
in man were minimized in the present study 
by the use of one tracer per animal, larger 
concentrations of tracers used, and a uniform 
population. In addition, the objective hand- 
ling of the kinetic data further acts to mini- 
mize any bias in the calculated parameters. 
The advantage of this digital computer analy- 
sis over previous analyses is that i t  affords 
a quantitative measure of the accuracy of 
the calculated parameters as well as a greater 
objectivity and reproducibility . 

TABLE I. Parameters of Skeletal Metabolism Calculated from 47Ca and =Sr Tracer Data. 

Transfer rates (mg/hr/kg) 
Compartments 

Body w t  ( mg/kg) Urine Feces Accretion Flux 
Rat No. (g) Cl c* P4l Pm P= Pm 21 

47Ca 
1. 

2. 

3. 

4. 

X 
- 

U 

=Sr 
1. 

2. 

3. 

4. 

5. 

x 
U 

500 

449 

49 7 

497 

486 

453 

513 

439 

46 7 

450 

464 

41.02 
22.74" 
43.51 

22 .81  

38.21 
k2.65 

37.81 
22 .51  

40.14 
22 .77 t  

46.21 
24.030 
47.09 

2 4 . 2 1  
45.05 

+3.60 
46.52 

23.92 
48.84 

k 4 . 1 1  

46.74 
+1.63 

99.28 
2 7 - 1 2  
104.94 
27.58 
104.20 
27.52 

102.87 
27.24 
102.82 
52.75 

99.76 
210.23 
107.62 

211.21 

100.52 
k9 .30  
113.03 

k10.14 

102.99 
511.14 

104.78 
k 5 . 7 1  

.200 
2.0088 

.261 
k.0116 

.179 
2.0129 

.205 
2.0092 

.211 
2 .041 

2.59 
2 .14  

2.38 
2 .14  
2.44 

k . 1 3  
3.15 

2.17 
2.40 

2 .13  

2.59 
2 .33  

1.01 
2.044 
1.98 

+.085 

1.77 
21.13 

1.23 
2.054 

1.5.0 
2.47 

1.37 
k .082 
1.87 

+.Or8 
1.14 

2.062 
1.56 

k.090 

1.15 
k.0'69 

1.30 
2.099 

4.22 
k .046 

3.75 
2.087 
3.28 

2.113 
4.36 

k.056 

3.910 
5 . 5 2  

3.73 
2 . 1 7  
3.98 

2.16 
3.31 

2 . 1 4  
3.89 

2.18 
3.69 

t . 1 5  

3.72 
2 . 2 9  

8.74 
k . 8 2  
8.67 

k . 7 8  

9.67 
t . 8 4  
8.56 

2 .72  
8.91 
2 .54 

6.76 
2 .84  
6.65 

+.76 
6.84 

2 . 7 1  
7.51 

2 .83  
6.15 

k . 7 1  
6.78 
2 .58 

* Standard deviation of calculated value. t Standard deviation of group. 
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FIG. 2. Turnover of &Sr and "Ca in rats. 

The average error of the calculated parame- 
ters, as indicated in Table I, is somewhat 
higher for Sr than for Ca, but this probably 
reflects only the larger error in the fit of 
the Sr urine data. By contrast, the standard 
deviation (a) of most parameters, particu- 
larly the accretion rate values (pS1)  for the 
group of Sr rats, is lower than those of the 
Ca data. 

In a previous compartmental analysis, 
Bronner(8) concluded that only the fecal 
excretion rate and the bone accretion rate 
were the same for Sr and Ca. The authors 
stressed an important assumption inherent in 
the use of Sr as a tracer for Ca. Sr spe- 
dfic activity is generally expreswd in 
terms of calcium or a circulating plasma 
volume, and not in t e r n  of stable Slr as is 
tihe case for Ca tracer. Since the present d- 
culated parameter values were based on the 
plasma volume (which is taken as a relatively 

absolute 
absolute 
tionali ty 
absolute 

concentration of Ca), to obtain the 
Sr concentration a different propor- 
constant could be used to determine 
levels of Sr based on the concen- 

tration of stable Sr in the plasma. However, 
since it has not been demonstrated that the 
amount of stable Sr in plasma is constant, 
it is more desirable to continue to express 
Sr in terms of plasma volume because of 
the homeostatically controlled constancy of 
the plasma Ca level. 

In a previous study(2) using the quanti- 
tative methods employed here, the parame- 
ter values derived from Sr data for human 
subjects were, with few exceptions, lower 
than those dmived from Ca data, although 
the correlation between the two was very 
high. The Sr values, however, were lower 
than the Ca values by a b u t  the same percent 
as the statistical uncertainty in the individual 
measurements. The variability in these pre- 

TABLE IT. Constants for Whole-Body Turnover of =Sr and 47Ca. 
Per cent retention R = Ae-kt 

Biological 
Period of X o .  of co- A (.intercept x days-I half -time Correl. 

Isotope study (days) ordinates % injected dose) (slope) (days) coefficient 

"Ca 1 3 4 1  19 58.40 2 .49* .0054 e .0003* 128.3 -t 7.2" .828 
=Sr 17-41 16 34.22 2 .068 .0061 & .0007 113.7 & 1.2 .988 
Th-/"Ca 13-41 18 .609 +_ .0027 .000195+ .00016 354.9 2 2 9 . 3  .603 

* Standard error. 
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vious studies was due (to the lower levels of 
tracer employed (of necessity), the error in- 
herent in double tracer studies, geometry 
errors present in all whole-body counting of 
humans, and the variability present in an 
older puplation. 

The long-term (41-day) turnover data in- 
dicated that the biological half-ltime of Sr 
is only slightly shorter ( 5 % )  than that of 
Ca. Again, the potential errors in this tech- 
nique were minimized here (by the use of 
higher tracer concentrations administered, in- 
dividual administration of tracers, and, of 
greatest importance, by the more reproduc- 
ible counting geometry for the rats compared 
to that for the human subjects. In  addition, 
the larger amount of data and the computer 
fitting gave a more objective and accurate 
evaluation of the turnover rate. Unfmtu- 
nately, the only gamma emitting isotope of 
Ca, 47Ca, has too short a half-life to permit 
these studies to be pursued longer than 41 
days, without a significant loss of accuracy. 

The 85Sr/47Ca ratio od the whole body as 
a function of time revealed essentially the 
same pattern as previously noted in man ( 2 ) .  
As in previous studies, the rapid initial fall 
in the value of the ratio was followed by a 
relatively slowly changing ratio. In  the past 
this ratio was considered to reach an asymp- 
tote after 2 weeks. In the present study, with 
its greater precision and accuracy, the ratio 
appears to develop rit vary low negative slolpe 
after 12  days. The very low rate of fall of 
the SrJCa ratio, (A = 0.00195Jd), in the 
face of the preferential renal excretion of Sr, 
does not in itself indicate whether Sr is leav- 
ing compartment 3  PI,^), at the same rate 
as Ca. 

Conclusion. The present study demon- 
strates that the absolute values for the com- 
puter derived parameters of skeletal metabo- 
lism obtained with Sr tracer data do not differ 
significantly from those obtained with Ca. 
Further, the whole-body iturnover of bone- 
fixed Sr is not significantly different from that 
of Ca as measured by whole-body counting. 
The evidence here supports the common as- 
sumption that Sr is a reliable tracer of cab 
cium in skeletal metabolism, a t  least over a 
40-day period. 
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