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The mechanism of hypercalcitoninemia associated with aging was investigated in male rats. To mimic some of the hormonal 
changes with aging, orchidectomized (Orch) and hyperprolactinemic rats were used to mimic the physiological status of aging. 
Orch and haioperidol-induced hyperprolactinemic rats aged 3, 8, and 17 months were infused with CaCI2 and then bled from a 
jugular catheter following the CaCI2 challenge. Rat thyroid gland was incubated with Locke's medium at 37"C for 30 minutes. 
Compared witt., 8- and 3-month-old rats, 17-month-old rats exhibited the lowest levels of plasma testosterone and the highest 
levels of plasma prolactin (PRL) and calcitonin (CT). The release of CT in the thyroid glands in vitro was highest in 17-month-old 
rats. Orchidectomy decreased rat plasma CT and thyroid CT release in vitro. Hyperprolactinemic rats had higher levels of 
plasma PRL and CT compared with control animals. The release of thyroid CT in vitro was greater in hyperprolactinemic rats. 
These results suggest that the hypersecretion of CT in 17-month-old rats may be due in part to hyperprolactinemia. 
Copyright© 2000 by W.B. Saunders Company 

GE-ASSOCIATED or age-specific physiological changes 
in hormone secretion have been investigated in rats. For 

example, the plasma level of prolactin (PRL) is higher in aged 
rats ~ than in young rats. However, plasma testosterone in the rat 
declines with age?- Serum immunoreactive parathyroid hor- 
mone (PTH) is elevated with age in rats. 3-5 

There are also age-related changes in calcitonin (CT) levels 
in rats. 3s Hypercalcitoninemia occurs in aged rats, 3"s and the 
increased secretion of CT is attributed to 13-adrenergic agonist, 4 
an aging-related decline in estrogen secretion) or regulation of 
secretion by calcium. 5 While serum calcium itself does not 
change with age, hormones that regulate calcium metabolism 
change markedly with age. 3'5 However, the mechanisms of 
hypercalcitoninemia regulated by aging are still not clear. 

CT is a powerful inhibitor of osteoclastic bone resorption. It 
has been found to be effective in reducing bone loss in women 
with established postmenopausal osteoporosis. 9 This hormone 
may produce small increases in bone mass, particularly during 
the first few years after menopause, when bone turnover is 
high. 9 Therefore, examining the changes of CT secretion in 
aging rats would be helpful for understanding the mechanism 
for the control of CT secretion in rats. These mechanisms may 
be helpful in the study of osteoporosis prevention. 

Considering the age-related changes in hormone secretion, 
this study was designed to investigate CT secretion regulated by 
hormones that change with aging. It is well known that the 
plasma level of CT is influenced by gonadal steroid hor- 
mones, s.~°-12 Both estradiol and progesterone have been shown 
to cause an increase of in vitro CT release from the thyroid C 
cells of 8-day-old rats. It Administration of progesterone in 
ovariectomized rats results in an increase of basal and calcium- 
induced secretion of plasma CT. t2 Thus, gonadal steroids may 
be an age-related physiological regulator for CT secretion. 

In addition to the changes of gonadal steroid hormones, PRL 
is an age-associated factor in regulating CT secretion in 
experimental animals, n3 Serum levels of CT have also been 
shown to decrease in Buffalo rats beating the MMQ tumor with 
hyperprolactinemic syndrome, n3 The hyperprolactinemia with 
MMQ tumor does not increase plasma levels of CT, so it does 
not explain the hypercalcitoninemia in aged rats. Recently, we 
found that the hypersecretion of CT in old female rats was due 
in part to hyperprolactinemia. 7 Furthermore, hyperprolac- 
tinemia produced in rats by grafts of the anterior pituitary gland 
resulted in increased CT release in vitro by thyroid C cells 
through a cyclic adenosine monophosphate--dependent path- 

way. H Because the major neuroregulator of PRL is dopamine 
and because normal aging has been reported to be associated 
with reductions in hypothalamic dopamine content and effect, n5 
a model of hyperprolactinemia induced by haloperidol (a 
dopamine receptor antagonist) was used to study the effects of 
aging on CT secretion. 

The present study investigated the mechanism of aging 
effects on the secretion of CT both in vivo and in vitro in male 
rats. The models of hyperprolactinemia and hypogonadism 
were used to mimic the hormone changes that occur during 
aging. The role of PRL and testosterone in regulating CT 
secretion both in vivo and in vitro in rats was studied. 

We found that the increase of CT release in vitro and the basal 
and calcium-stimulated increase of plasma CT were correlated 
with age. Basal and calcium-stimulated levels of plasma 
calcium were age-independent. Hypogonadism induced by 
orchidectomy resulted in a decrease of CT release. However, 
haloperidol-induced hyperprolactinemia resulted in an increase 
of CT release both in vivo and in vitro. These results suggest 
that the calcium-independent hypercalcitoninemia in male rats 
during aging is due, at least in part, to a hypersecretion of PRL. 

MATERIALS AND METHODS 

Animals 

Male Sprague-Dawley rats aged 3, 8, and 17 months were housed in a 
temperature-controlled (220- + I°C) environment with 14 hours of 
artificial illumination daily (6 AM to 8 eM) and food and water ad 
libitum.7.n 6-n8 
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To study the above-mentioned age-related effects, 3-month-old rats 
were orchidectomized (Orch) or administered haloperidol to mimick the 
low testosterone and high PRL in aging rats. Orchidectomy was 
performed under ether anesthesia. Two weeks after the procedure, the 
Oreh and sham control rats were studied. Haloperidol (2.5 mg/kg) was 
injected subcutaneously at 42 and 18 hours before the experiments. The 
3-month-old rats that were injected with vehicle (0.2% acetic acid and 
30% ethanol 1 mL/kg) were used as a control. 19 

In Vivo Experiments 

The rats were catheterized via the right jugular vein and left femoral 
vein s J-',2° prior to a challenge of CaCI2 (30 mg/kg body weight) at a rate 
of 1 mL/30 min. 6J2 The infusion was performed with the femoral 
catheter connected to a peristaltic pump. Blood samples (0.6 mL each) 
were collected from the right jugular vein at 0, 30, 60, and 120 minutes 
following the challenge, s,P-.16 Plasma was separated by centrifugation at 
10,000 X g for 1 minute and stored at -20°C for radioimmunoassay 
(RIA) of CT. The plasma calcium concentration was determined by an 
automatic calcium analyzer (Calcette; Precision Systems, Natick, MA). 

In Vitro Experiments 

After decapitation of the rats, blood samples were collected and CT, 
PRL, and testosterone plasma levels were measured by RIA. Rat 
thyroparathyroid glands were excised, bisected, and preincubated with 
Locke's solution containing 10 mmol/L glucose, 0.003% bacitracin, and 
0.05% HEPES at 37°C for 90 minutes. The thyroparathyroid glands 
were then incubated with Locke's medium containing calcium chloride 
( 1.25, 2.5, or 5 mmol/L) for 30 minutes. At the end of the incubation, the 
tissue was weighed and the medium was collected and analyzed for CT 
by RIA. 

RIAs 

C'E The CT concentration in plasma and medium samples was 
measured by the human CT RIA kit purchased from Nichols Institute 
Diagnostics (San Juan Capistrano, CA). The inhibition curves of rat 
thyroid medium and plasma or human plasma were plotted and shown 
parallel to the standard curve of human CT. 8.P- The antisera for CT 
showed virtually no cross-reactivity against bovine PTH-(I-84), human 
PTH-(I-34), insulin, PRL, human growth hormone, thyrotropin, and 
corticotropin. Salmon CT up to 40 n~mL did not cross-react with the 
antisera. The sensitivity was 4 pg/mL. The recovery of human CT from 
human serum pools was 86% to 94%. The intraassay and interassay 
coefficients of variation were 6.7% (n = 10) and 8.3% (n = 10), 
respectively. 

PRL. The concentration of PRL in the plasma samples was 
determined by RIA as described previously. 2° The rat PRL "kit was 
provided by the National Institute of Diabetes and Digestive and Kidney 
Diseases (Bethesda, MD). Rat PRL-I-6 was used for radioiodination 
and rat PRL-RP-3 was the standard. The sensitivity of the rat PRL RIA 
was 3 pg per assay tube. The intraassay and interassay coefficient of 
variation was 3.8% and 3.2%, respectively, for the PRL RIA. 

Testosterone. The testosterone concentration in plasma samples 
w a s  determined by RIA as described previously with antitestosterone 
serum W8.16 The sensitivity of the testosterone RIA was 2 pg per assay 
tube. The intraassay and interassay coefficient of variation was 4.1% 
(n = 6) and 4.7% (n = 10), respectively, for the testosterone RIA. 

Statistical Analysis 

All values are presented as the mean __. SEM. The treatment means 
were tested for homogeneity using an ANOVA, and the difference 
between specific means was tested for significance using Duncan's 
multiple-range test. 21 A difference between 2 means was considered 
statistically significant at a P level less than .05. 

RESULTS 

Plasma Testosterone and PRL in Male Rats of  Different Ages 

The plasma concentration of  testosterone was lower in 
17-month-old rats (272 --- 53 pg/mL) versus 3-month-old rats 
(512 - 73 pg/mL (P < .01). Plasma PRL was higher in 17- 
month-o ld  rats (91 .3- - -21 .8  ng/mL) versus 3-month-o ld  
(31.2 _-. 2.8 ng/mL, P < .01) and 8-month-old rats (22.5 --- 5.2 
ng/mL, P < .05) (Fig I). 

Effects of  Aging on Plasma Calcium and CT in Male Rats 

There was no difference in the basal plasma calcium level 
among  17-month-old  (10.0___0.2 mg/dL) ,  3 -month-o ld  
(10.2 --. 0.4 mg/dL),  and 8-month-old rats (10.4 _ 0.2 mg/dL). 
Basal plasma CT levels were higher (P < .01) in 17-month-old 
(49.4 ± 7.8 pg/mL) and 8-month-old (29.8 --- 2.2 pg/mL) rats 
compared with 3-month-old rats (18.1 ___ 1.3 pg/mL). Basal 
plasma CT gradually increased during aging (correlation coeffi- 
cient = .72, P < .01) (Fig 2). 

Response of CT to CaCI2 Challenge in Male Rats 
of  Different Ages 

The percent change of  plasma calcium and CT levels in 
response to intravenous infusion of  CaCI2 are illustrated in Fig 
3. Post-CaCl2 plasma calcium levels at 60 and 120 minutes were 
lower in 3-month-old rats versus 8- and 17-month-old rats (Fig 
3). At 3.5 hours after termination o f  the CaC12 infusion, rat 
plasma calcium levels exhibited no difference among the 3 
~ o u p s .  

Infusion of  CaCI2 for 30 minutes increased the plasma 
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Fig 1. Plasma testosterone and PRL levels in male rats of different 
ages. * * P  < .01 vyoung rats. 
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Fig 2. Basal plasma calcium and CT levels in male rats of different 
ages, * * P  < .01 vyoung rats, ++P < .01 vadult rats. 

concentration of CT in all rats. After CaCI2 infusion, plasma CT 
was higher (P < .05) in 17- and 8-month-old rats than in 
3-month-old rats. The post-CaCl2 plasma CT levels remained 
higher (P < .05) in 17- and 8-month-old rats versus 3-month- 
old rats. CaCl2-stimulated plasma CT returned to pre-CaCl2 
levels 30 minutes after termination of CaC12 infusion in 
3-month-old rats, but required at least 4 hours in 8- and 
17-month-old rats. 

Effects of Age on the Release of Thyroid CT hi Vitro 

The in vitro release of CT from the thyroid was higher in 
17-month-old versus 3- and 8-month-old rats (Fig 4). 

Plasma Calchon and CT in Orch Rats 

There was no difference in the basal plasma calcium level 
between Orch rats (10.5 _-l- 0.1 m~dL), and intact rats (10.0 - 0.2 
mg/dL). Post-CaCl2 plasma calcium levels at 30, 60, and 120 
minutes exhibited no difference between the 2 ~oups. Basal 
plasma CT levels were lower (P < .01) in Orch rats (5.5 --- 0.3 
p~mL) compared with intact rats (13.3 +_- 1.1 pg/mL). Infusion 
of CaCI2 for 30 minutes increased the plasma concentration of 
CT in all rats. Post-CaCI2 plasma CT levels remained higher 
(P < .01) in intact versus Orch rats. CaCl2-sdmulated plasma 
CT levels had returned to pre-CaCI2 values at 120 minutes 
following termination of CaCI2 infusion in all rats (Fig 5). 

Effects of  Orchidectomy on the Release of Thyroid CT hz Vitro 

In both intact and Orch rats, the in vitro release of CT from 
the thyroid exhibited a dose-dependent response to different 
concentrations of CaCI2. The in vitro release of thyroid CT in 
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Fig 3. Effects of intravenous infusion of CaCl2 on plasma calcium 
and CT in male rats of different ages. Rats were infused intravenously 
with CaCI z (30 mg/kgJ from 0 to 30 minutes (as shown by horizontal 
line) via a peristaltic pump (1 mL/30 min). Values are expressed as the 
percentile increase of basal plasma calcium or CT in young rats. *P  < 
.05 vyoung rats, +P < .05 vadult rats. 

response to 1.25 and 2.5 mmol/L CaCI 2 was higher in intact 
versus Orch rats (Fig 6). 

Effects of  Haloperidol on Plasma PRL, Calcium, and CT 

Plasma PRL was higher (P < .0l) in male rats treated with 
haloperidol (86.90 + 9.89 n~mL) versus those treated with 
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Fig 4. In vitro release of CT from the thyroid of male rats of 
different ages. Rat thyroid tissue was excised, bisected, and preincu- 
bated with Locke's solution containing 10 mmol/L glucose, 0°003% 
bacitracin, and 0.05% HEPES at 37"C for 90 minutes. Thyroparethy- 
roid glands were then incubated with Locke's medium for 30 minutes. 
At the end of incubation, the tissue was weighed, end the medium 
was collected and measured for CT by a RIA. *P  < .05 vyoung rats. 
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vehicle (31.96 --+ 3.79 n~mL; Fig 7)° Basal, CaCl2-stimulated, 
and post-CaC12 plasma calcium levels were not different in 
haloperidol-treated rats compared with vehicle-treated rats. 
Compared with vehicle-injected animals, haloperidol increased 
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Fig 6. In vitro release of CT from the thyroid of intact and Orch 
rats. Rat thyroid tissue was excised, bisected, and preincubated with 
Locke's solution containing 10 mmol/L glucose, 0.003% bacitracin, 
and 0.05% HEPES at 37°C for 90 minutes. Thyroparathyroid glands 
were then incubated with Locke's medium containing 1.25, 2.5, or 5 
mmol/L CaCl= for 30 minutes. At the end of incubation, the tissue was 
weighed and the medium was collected and measured for CT by a 
RIA. *P  < .05, * * P  < .01 v intact rats, +P < .05, ++P < .01 v 
corresponding 1.25-mmol/L CaCI= group. 
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Fig 7. Plasma PRL in male rats injected subcutaneously with haloperi- 
dol (2.5 mg/kg 42 and 18 hours before the experiment) or vehicle (0.2% 
acetic acid and 30% ethanol, 1 mL/kg). * *P  < .01 vvehicle-treated group. 

basal plasma CT by 58% and CaCl2-stimulated plasma CT by 
2.9-fold. Thirty minutes after CaCl2 infusion, the elevated 
plasma CT was higher (P < .01) in haloperidol-treated versus 
vehicle-treated rats (Fig 8). 

Effects of Haloperidol on the Release of Thyroid CT hl Vitro in 
Male Rats 

In vivo administration of haloperidol increased the in vitro 
release of CT from the thyroid in male rats by 2-fold (P < .05; 
Fig 9). The in vitro release of CT from the thyroid was not 
changed by in vitro administration of haloperidol at a concentra- 
tion of 1 to 100 ~mol/L (data not shown). 

DISCUSSION 

In the present study, we found that (1) 17-month-old rats had 
the lowest plasma testosterone and the highest plasma PRL and 
CT compared with 8- and 3-month-old rats; (2) CaCI2- 
stimulated plasma CT levels rendered the plasma calcium less 
able to return to normal levels after stimulation with CaCI2 in 
17-month-old versus 3-month-old rats; (3) the release of CT in 
the thyroid was greatest in 17-month-old rats; (4) orchidectomy 
decreased basal and CaCl2-stimulated plasma CT and CT 
release from the thyroid in vitro as compared with intact rats; 
and (5) the hyperprolactinemia induced by haloperidol resulted 
in an increase of CT secretion both in vivo and in vitro. 

Age-associated morphological and physiological changes of 
the thyroid have been described. In elderly humans, thyroid 
weight has been shown to decrease, remain substantially 
unchanged, or increase; the last condition is unrelated to 
physiological aging, and is instead the consequence of an 
increased prevalence of nodular goiter in the elderly. 22.23 An 
age-dependent increase in thyroid weight occurs in rats. 4,24 This 
finding is similar to our result (3-month-old rats, 18.70 - 0.95 
mg/thyroid; 8-month-old rats, 28.03 - 2.36 mg/thyroid; and 
17-month-old rats, 28.35 - 1.63 mg/thyroid; sample size, 7 to 
8). The correlation coefficient for age and thyroid weight in rats 
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is .59 (P < .01). The number of C cells has been shown to 
increase from birth to 120 days of age in rats. ~ However, in 
humans, the number of C cells appears to decrease with age. 26.27 
This may be one of the reasons that plasma CT is decreased in 
elderly humans but increased in aged rats. 
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Fig 9. In vitro release of CT by the thyroid of male rats injected 
subcutaneously with haioperidol or vehicle. Rat hemithyroid glands 
were incubated with Locke's medium at 37"C fo r  30 minutes. *P  < .05 
vvehicle-treated group. 

Age-associated or age-specific physiological changes in CT 
secretion have been extensively investigated in both humans 
and experimental animals. Deftos et al 2s found that irrespective 
of age, the increase in CT in response to calcium infusion was 
greater in men versus women, but basal levels of CT and the 
response to calcium waned with age in both sexes. Queener et 
al 4 found that hypercalcitoninemia occurs in aged Buffalo rats, 
as does hyperparathyroidism, and have suggested that CT 
concentrations in blood are modulated by 13-adrenergic agonist. 
In this study, we found that the pre- and post-CaCI2 plasma CT 
and the in vitro release of CT reach the highest levels in 
17-month-old rats compared with 3- and 8-month-old rats. After 
CaCI2 stimulation, the plasma level of calcium was higher in 8- 
and 17-month-old versus 3-month-old rats at 60 and 120 
minutes. Thus, 8- and 17-month-old rats had a low ability to 
recover plasma calcium after CaCI2 stimulation. The increased 
in vitro release of CT in aged rats has also been observed by 
Wongsurawat and Armbrecht. 5 Tsai et al s have reported that the 
basal CT secretion and maximal CT level in female rats during 
calcium infusion are increased with age. The link between 
estrogen and the hypocalcemic effect of CT observed in rats is 
actually an age-related phenomenon instead of a physiological 
regulation at all ages. 8 Thus, hypercalcitoninemia occurs in 
aged rats, 4.5.s and the increased secretion of CT is probably 
attributable to 13-adrenergic agonist, 4 an aging-related decline in 
estrogen secretion, s or regulation of secretion by calcium. 5 

Previous studies have demonstrated that the circulating PRL 
concentration in rats I and humans 29 increases during aging. The 
plasma testosterone level markedly decreased in aged ani- 
mals. Z.2a° In humans, it has been shown that androgen defi- 
ciency may decrease plasma CT, 9 and basal plasma CT levels 
are slightly reduced in hyperprolactinemic women. 31 These 
phenomena may explain why aged humans have low testoster- 
one, high PRL, and low basal plasma CT. 

In the present study, we have confirmed that plasma PRL is 
higher and plasma testosterone is lower in rats during aging. 
Orchidectomy decreased the release of thyroid CT both in vivo 
and in vitro. The plasma calcium level in basal, CaC12- 
stimulated, and post-CaC12 conditions was not different be- 
tween Orch and intact rats. The production of CT, changes in 
serum calcium, or changes in response to CaCI2 were not in 
agreement with values in aged rats. Thus, the hypersecretion of 
CT in male rats during aging is not due to the decline of 
testosterone production. 

Previous studies have demonstrated that hyperprolactinemia 
is associated with decreased bone mineral density and plasma 
CT levels are slightly reduced in hyperprolactinemic women, 31 
similar to CT levels in older humans. Recently, we also 
demonstrated that the hypersecretion of CT in old female rats is, 
at least in pan, due to hyperprolactineraia, v Hyperprolactinemia 
increases the release of CT by thyroid C ceils in rats. 13 In the 
present study, hyperprolactinemia induced by haloperidol in 
rats was used to mimic the hormone changes of an aged animal. 
We found that both basal and calcium-stimulated plasma CT 
levels are markedly higher in haloperidol-induced hyperprolac- 
tinemic rats independently of plasma calcium. These phenom- 
ena were similar in aged rats. Furthermore, the in vitro release 
of CT was also higher in hyperprolactinemic rats versus control 



258 LU ET AL 

rats. These data imply that hyperprolact inemia is involved in the 
mechanism regulating the bypersecretion of  CT in rats during 
aging. 

In summary, the present results demonstrate that the hyperse- 
cretion o f  CT both in vivo and in vitro in male rats during aging 
is, at least in part, due to an increase of  plasma PRL arising from 
hyperprolactinemia.  
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