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It is well known that increased secretion of 
calcitonin occurs in mammals in response to 
hypercalcemia induced by parathyroid hor- 
mone, vitamin D or calcium salts (1). How- 
ever, it remains to be established whether 
endogenous calcitonin is released in response 
to hypercalcemia induced by other agents. 

Recently, it has been shown that the acute 
administration of lead acetate to rats pro- 
duces an increase in the serum calcium con- 
centration (2, 3). To gain insight into the 
possible response of endogenous calcitonin to 
lead-induced hypercalcemia we further inves- 
tigated the mechanisms responsible for the 
increased serum calcium following the acute 
administration of lead acetate. 

Materials and methods. Animals and lead 
solution. Sprague Dawley albino rats ob- 
tained from commercial suppliers were main- 
tained on Wayne Laboratory Blox (Granville 
Milling Co., Creedmoor, N.C.) and tap water 
ad lib. Young rats (-75 g) were used in the 
dose-response study. Since the hypercalcemic 
response in males and females was not differ- 
ent, the data were pooled. For the time-course 
study and subsequent experiments, relatively 
older male rats (-200 g) were used because 
larger volumes of blood could be collected 
for analyses. Lead solution was prepared by 
dissolving lead acetate in deionized water. To 
obtain a clear solution, 1-2% (v/v) of glacial 
acetic acid was added. The doses are ex- 
pressed in terms of elemental lead. A solution 
of sodium acetate equimolar with the lead 
acetate solution was given to controls. A con- 
stant volume of 0.25 m1/100 g body wt was 
given by iv injection into a tail vein. 

Blood collection and analysis. Blood was 
obtained routinely under ether anesthesia by 
tail bleeding or by cardiac puncture. It was 
allowed to clot, and serum was separated by 
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centrifugation within 1 hr. The collection was 
performed between 10 AM and 12 noon to 
minimize changes due to the known diurnal 
variation of serum calcium (4, 5). The con- 
centration of total serum calcium and dialyz- 
able calcium was determined by automated 
methods (6, 7). Protein bound calcium was 
calculated by subtracting total ultrafilterable 
calcium from total calcium. In several exper- 
iments serial blood samples were collected 
from the tail, and calcium concentration was 
determined by semi-automatic fluorometric 
titration using a Calcette (Precision Systems, 
Inc., Sudbury, MA.) (8). Total plasma pro- 
teins were measured by the biuret reaction 
(9) and plasma albumin by a dye method 
(10). Plasma proteins other than albumin 
were calculated by subtracting albumin from 
total proteins. The serum levels of calcitonin 
were measured by radioimmunoassay as de- 
scribed by Cooper et al. (1 1). For the analysis 
of whole blood pH, blood was drawn from 
the abdominal aorta into heparinized sy- 
ringes, care being taken not to expose the 
samples to air. The samples were analyzed 
within 5-10 min of collection using a Radi- 
ometer capillary blood electrode. 

Statistical analysis. Experimental data were 
subjected to analysis of variance. Standard 
errors were calculated from the residual error 
term of the analysis of variance. The signifi- 
cance of differences between mean values 
was evaluated either by the F ratio or by a 
two-tailed t test. 

Results. The results shown in Fig. 1 illus- 
trate that the hypercalcemic effect observed 
90 minutes after a single iv injection of lead 
was dose-related. At 1.67 and 5 mg/kg the 
serum calcium concentration was not differ- 
ent from controls, but a significant increase 
in the level of serum calcium (P < .001) was 
observed with 15 mg/kg and a further in- 
crease in serum calcium concentration oc- 
curred with 45 mg/kg. Animals receiving 
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FIG. 1 .  Hypercalcemic effect of lead. Rats were bled 
90 min after iv injection of lead acetate. Numbers of rats 
varied from 5-15 per group. The open circle represents 
the mean serum calcium value in control rats. The solid 
circles represent mean serum calcium values from sepa- 
rate groups of rats injected with different doses of lead. 
The vertical lines indicate the SE. 

doses of 15 mg Pb/kg displayed no mortality 
during the period of the experiments despite 
severe hypercalcemia (-20 mg Ca/dl). How- 
ever, one third (4 of 12) of the animals died 
1-2 min after the injection of a dose of 45 

The results presented in Fig. 2 show that 
the hypercalcemia induced in rats by a single 
injection of lead (1 5 mg/kg) was both rapid 
in onset and long lasting. By 30 minutes after 
injection, the serum calcium concentration 
had increased from the level of 11.1-18.1 
mg/dl, and the hypercalcemia was still evi- 
dent at 6 hr. 

Results presented in Fig. 3, Experiment A, 
show that at 30 min following a single iv 
injection of lead (15 mg/kg), the level of 
serum calcium increased significantly (P < 
.OOl). Despite an increment of 3.6 mg/dl in 
serum calcium, no resulting increase in the 
level of circulating calcitonin was apparent. 
In a separate experiment (Fig. 3, Experiment 
B) an even more severe hypercalcemia (>20 
mg Ca/dl) was observed 90 min after iv 
injection of a larger dose of lead (22.5 
mg/kg). Despite an increment of 12.3 mg/dl 
of serum calcium, again no apparent increase 
in the circulating calcitonin was found. These 
findings were in contrast to the results shown 
in Fig. 4 in which hypercalcemia was induced 
by iv administration of calcium (CaC12). In 

mg/kg. 

this experiment a smaller but significant (P 
< .OO 1) increase in the concentration of serum 
calcium was accompanied by a concomitant 
increase in the level of circulating calcitonin 
in each rat. 

The results shown in Table I illustrate that 
rats given a single iv injection of lead (22.5 
mg/kg) 90 min earlier developed a significant 
(P < .OOl) increase in total calcium that was 
due solely to calcium found in the non-di- 
alyzable fraction. In the ultrafilterable frac- 
tion, which includes ionic calcium, there was 
no increase; in fact, a slight but significant (P 
< -01) decrease in calcium concentration was 
observed. Table I1 shows that, in a separate 
experiment, the concentration of total plasma 
proteins was slightly increased (P < .02) and 
blood pH was not altered by lead. 

Discussion. Our study shows that the in- 
creased concentration of calcium in serum 
produced by acute administration of lead 
acetate was prompt and long-lasting (Figs. 1 
and 2). The possibility that lead may interfere 
with the analytic measurement of serum cal- 
cium was excluded because we found that 
addition of lead directly to rat serum at con- 
centrations up to 100 mg/dl did not interfere 
with the analysis. Furthermore, the same 
change in serum calcium concentration after 
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FIG. 2. Onset and duration of hypercalcemia. Rats 
were bled serially at different intervals as indicated on 
the horizontal scale. Lead was given at a dose of 15 
mg/kg. Each point represents the mean value from 10 
rats. The vertical lines indicate the SE. The open circle 
represents the mean serum calcium value before lead 
injection. The solid circles represent mean serum calcium 
values at different intervals after the injection of lead. 
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FIG. 3. Lead-induced hypercalcemia without in- 
crease in circulating calcitonin. Experiment A (Upper 
and lower panels on the left): Rats were bled 30 minutes 
after iv injection of lead (15 mg/kg). There were six rats 
per group. Mean serum calcium values are shown on the 
upper left panel by the height of each bar. The brackets 
show the SE. The individual values for serum calcitonin 
are shown on the lower left panel. The open circle 
represents controls and the solid circles show lead in- 
jected rats. The horizontal line shows the lower limit of 
detectability of the radioimmunoassay for calcitonin. 
Levels below 0.06 ng/ml were not detectable. Experi- 
ment B (Upper and lower panels on the right): Rats were 
bled 90 min after iv injection of lead (22.5 mg/kg). 
Number of rats varied from five to six per group. 

the administration of lead acetate was ob- 
served using fluorometric, colorimetric, and 
atomic absorption flame photometric meth- 
ods, three methods based on entirely different 
physicochemical properties (unpublished 
data). 

The difference in calcitonin response to the 
administration of calcium as opposed to lead 
(Figs. 3 and 4) can not be ascribed to an 
interference between lead and the calcitonin 
assay since concentrations of lead as high as 
100 mg/dl did not interfere with the calci- 
tonin assay (unpublished data). 

Our inability to stimulate calcitonin release 
with lead-induced hypercalcemia prompted 
us to evaluate further the mechanisms in- 
volved in the production of these elevated 
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FIG. 4. CaCbinduced 
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hypercalcemia associated 
with increase in circulating calcitonin. Rats were bled 50 
min after iv injection of 0.1 M CaC12 solution (0.4 ml/ 100 
g bw). There were eight rats per group. The panel on the 
left shows the change in serum calcium in each rat after 
injection of CaC12 and that on the right shows the 
increase in serum calcitonin in each animal. The hori- 
zontal line represents the lower limit of detectability of 
the radioimmunoassay for calcitonin. Levels below 0.12 
ng/ml were not detectable. 

TABLE I. EFFECT OF LEAD ON DIFFERENT FRACTIONS 
OF SERUM CALCIUM.~ 

Control Lead P 
Calcium (mg/dl) 

Total 10.9 f .70 18.4 f .70 <.001 
Ultrafilterable 6.5 f .09 6.0 f .09 c.01 
Nondialyzable 4.4 f .69 12.3 f .69 <.001 

~~ 

a Values are shown as mean f SE. There were six rats 
per group. Blood was collected 90 min after iv injection 
of lead (22.5 mg/kg). 

TABLE 11. EFFECT OF LEAD ON PLASMA CALCIUM 
AND PROTEINS AND ON BLOOD pH." 

Control Lead P 
Total Calcium 9.7 f .30 20.1 f .30 c.001 

Proteins (g/dl) 
(mg/dl) 

Total 4.7 f .10 5.1 f .I0 <.02 
Albumin 2.6 f .06 2.7 & .06 NS 
Other than albumin 2.1 f .12 2.4 k .12 NS 

Blood pH 7.39 f .03 7.44 & .03 NS 

a Values are shown as mean f SE. There were six rats 
per group. Blood was collected 60 min after iv injection 
of lead (15 mg/kg). 
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levels of total serum calcium. Since the cal- 
cium concentration in the ultrafilterable frac- 
tion, which includes the ionic calcium moiety, 
was not increased (Table I), the absence of a 
rise in calcitonin release is not surprising since 
the secretion of calcitonin is known to be 
regulated by the concentration of ionic cal- 
cium in plasma (1). It should be cautioned, 
however, that the lack of an acute effect of 
lead on calcitonin release is distinct from the 
chronic action of lead intoxication on thyroi- 
dal C-cells, since we have found in a separate 
study (12) that hypersecretion of calcitonin 
and C-cell hyperplasia occur in rats chroni- 
cally exposed to lead for one year. Addition- 
ally, the absence of an increase in ultrafilter- 
able calcium provides an explanation for the 
absence of mortality in animals with total 
calcium values around 20 mg/dl. The signif- 
icance of the increase in total plasma proteins 
is not known (Table 11). 

This study also provides an explanation for 
the mechanism underlying lead-induced hy- 
percalcemia. It is known that most calcium 
can be removed from plasma by shaking it 
with lead phosphate (13). Lead acetate has 
minimal solubility in plasma so it is not sur- 
prising that the intravenous administration of 
lead acetate would result in the formation of 
a nondialyzable, calcium-containing mate- 
rial. Furthermore, Talmage and associates 
have observed that the addition of lead ace- 
tate to plasma in vitro is associated with the 
formation of a calcium phosphate complex 
that can be removed by high speed centrifu- 
gation (personal communication). Thus, it is 
reasonable to conclude that the acute effect 
of lead administration on the calcium content 
of serum involves the trapping of calcium in 
a non-dialyzable form in serum as a conse- 
quence of the physico-chemical properties of 
lead in plasma. Another agent, l-hydroxy- 
ethylidene- 1 - 1 -diphosphonic acid (HEDP) 
produces hypercalcemia in dogs apparently 
by the same mechanism as lead, i.e., by ele- 
vation of the nondialyzable plasma calcium 
fraction (14). 
Summary. An acute marked increase in 

total serum calcium was observed after a 
single iv injection of lead. The response was 
prompt, serum calcium rising above 20 mg/dl 

60-90 min after doses 2 15 mg/kg. The hy- 
percalcemia was due entirely to a rise in the 
non-dialyzable calcium fraction. In contrast, 
the ultrafilterable fraction which includes 
ionic calcium was actually diminished. This 
explains the absence of an increase in serum 
calcitonin despite severe hypercalcemia. A 
slight rise in total plasma proteins also was 
observed after lead injection but the signifi- 
cance of this observation remains to be deter- 
mined. These acute effects of lead on calcium 
homeostasis are apparently different from its 
chronic effects since we have found, in a 
separate study, that rats exposed to lead for 
1 year developed hyperplasia of C-cells and 
an increase in the levels of calcitonin in both 
the blood and the thyroid glands. 

We thank Drs. Paul L. Munson and C a y  W. Cooper 
for helpful suggestions and comments during the course 
of this study. The secretarial assistance of Ms. Norma 
Locke is greatly appreciated. 

1. Munson, P. L., in “Handbook of Physiology” (G. D. 
Aurbach, ed.) p. 442. American Physiological Soci- 
ety, Washington, D.C. (1976). 

2. Yamaguchi, N., and Yamamoto, F., Toxicol. Appl. 
Pharmacol. 29,223 (1974). 

3. Kato, Y., Takimoto, S., and Ogura, H., Calcif. Tiss. 
Res. 24,41 (1977). 

4. Perault-Staub, A. M., Staub, J. F., and Milhaud, G., 
Endocrinology 95,480 (1974). 

5. Talmage, R. V., Roycroft, J. H., and Anderson, J. J. 
B., Calcif. Tiss. Res. 17, 91 (1975). 

6. Gitelman, H. J., Anal. Biochem. 18, 521 (1967). 
7. Toffaletti, J., Savory, J., and Gitelman, H. J., Clin. 

Chem. 23, 1258 (1977). 
8. Borle, A. B., and Briggs, F. N., Anal. Chem. 40,339 

(1968). 
9. Meites, S., and Faulkner, W. R., “Manual of Prac- 

tical Micro and General Procedures in Clinical 
Chemistry”, p. 94. Charles C. Thomas, Springfield 
(1962). 

10. Lolekha, P., and Charoenpol, W., Clin. Chem. 20, 
617 (1974). 

11. Cooper, C. W., Obie, J. F., and Hsu, W. H., Proc. 
SOC. Exp. Biol. Med. 151, 183 (1976). 

12. Peng, T.-C., Garner, S. C., Gitelman, H. J., and 
Petrusz, P., Abst. #388 VII Intern. Cong. Pharma- 
col., Paris, France (1978). 

13. Hastings, A. B., and Huggins, C. B., Proc. SOC. Exp. 
Biol. Med. 30,458 (1933). 

14. Gitelman. H. J.. Arch. Int. Med. 126, 793 (1970). 

Received Julv 28, 1978. P.S.E.B.M. 1979, Vol. 160. 


