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A B S T R A C T To determine the physiological impor-
tance of calcitonin in the regulation of plasma calcium,
studies were carried out in fasting animals to (a) as-
sess the acute effects of thyroparathyroidectomy
(TPTX) and thyroidectomy (TX) on plasma and
urinary calcium; (b) investigate whether the changes
in plasma calcium produced by removal of the glands
were dependent on the presence of the kidney; and (c)
determine if the effect of TPTX on plasma calcium
is affected by age. Except where otherwise indicated,
all studies were carried out on fasting male Wistar
rats weighing over 300 g. The following observations
were made. (a) TPTX and TX caused an increase
in plasma calcium in nephrectomized animals. (b) This
increase was not dependent on nephrectomy since in
intact animals bearing autoparathyroid transplants TX
also caused a significant rise in the mean plasma cal-
cium level (0.37 mg/100 ml at 1i h). (c) Urinary cal-
cium increased twofold in the 3-h period immediately
after TX. (d) In unnephrectomized immature (50-g)
rats, TPTX caused a progressive decrease in plasma
calcium in contrast to old (360-g) rats, where a sig-
nificant fall observed at 6 h was preceded by an in-
crease in plasma calcium (0.5 mg/100 ml at 11 h). From
these observations we conclude that: (a) calcitonin
must play an important physiological role in the regu-
lation of plasma calcium since the termination of its
basal secretion caused an immediate but transient in-
crease in plasma calcium in old unfed rats; (b) the
relative importance of calcitonin and parathyroid hor-
mone in the acute regulation of plasma calcium is age-
related; and (c) the action of parathyroid hormone on
bone may be modified by changes in ambient calcitonin
concentration.
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INTRODUCTION
It has been proposed that calcitonin plays an important
physiological role in protecting against postprandial
hypercalcemia. According to this hypothesis, feeding
stimulates the secretion of calcitonin, either as a direct
consequence of hypercalcemia or indirectly by en-
hancing the secretion of gastrointestinal hormones that
in turn stimulate calcitonin secretion (1). The result-
ing inhibition of calcium transport from bone (2)
prevents an excessive increase in plasma calcium. This
view is supported by several observations. First, cal-
cium infused in athyroid patients maintained on re-
placement thyroxine causes a more prolonged hyper-
calcemia than in normal subjects (3). Second, calcium
administered by gavage raises plasma calcium more in
thyroparathyroidectomized than in normal animals (1).
Third, in rats bearing autoparathyroid transplants, thy-
roidectomy causes an immediate increase in plasma
calcium during the "dark" fed period but not in the
"light" unfed period (4).

It has not, so far, been possible to define a physio-
logical role for calcitonin in the regulation of plasma
calcium level that is unrelated to a calcium load, because
except in pigs (5) thyroidectomy has not been found
to increase plasma calcium in fasting animals (6).

Recently, we observed that in fasting rats weighing
314 g plasma calcium remained unchanged 3 h after
thyroparathyroidectomy, in spite of a fivefold increase
in urinary calcium (7). Parathyroid ablation increases
urinary calcium excretion, as well as diminishing cal-
cium transport from bone. Conversely, the removal
of calcitonin secretion should result in increased cal-
cium transport from bone. We therefore postulated that
in rats of this age, the effect of the removal of the
source of calcitonin on calcium transport from bone
is far greater than that of parathyroid ablation, since
the fivefold increase in urinary calcium after thyro-
parathyroidectomy did not lower plasma calcium.
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The purpose of this study is to test this hypothesis
and evaluate its consequences. Specific experiments
were carried out to: (a) evaluate the acute effects of
thyroparathyroidectomy on plasma and urinary cal-
cium; (b) ascertain whether any changes are due
specifically to thyroid ablation; (c) assess the influence
of age on the effect of thyroparathyroidectomy; and (d)
determine the relative importance of calcitonin and
parathyroid hormone in the acute regulation of plasma
calcium.

METHODS

Male Wistar rats, maintained on normal Charles River rat
diet (Charles River Breeding Laboratories, Wilmington,
Mass.), were used in all experiments. They were starved
for 24 h before each experiment.

In all experiments, surgery and bleeding of the animals
were done under light ether anesthesia. When urine samples
were collected for 3 h, all animals were orally hydrated
with water to the extent of about 3% of their body weight
before and 11 h after surgery.

Throughout the paper, we have used the term "old rats"
to indicate animals weighing over 300 g. Calcium and
phosphorus were measured in plasma samples, and calcium,
creatinine and hydroxyproline were measured in urine
samples.

Analytical procedures. Blood samples were collected in
ice-cooled heparinized tubes, and plasma was separated
within 30 min in a refrigerated centrifuge. Both plasma
and acidified urine samples were frozen at -20'C until
analyzed. Calcium was measured by atomic absorption
spectrophotometry, phosphorus was measured by the method
of Taussky and Shorr (8), creatinine was assessed by the
method of Bonsnes and Taussky (9), and hydroxyproline
was assayed by the method of Kivirikko, Laitinen, and
Prockop (10).

RESULTS

Experiment 1. Effects of thyroparathyroidectomty on
plasma and urinary calcium and phosphorus and urinary
hydroxyproline. Rats with a mean weight of 318 g
were sham-operated or thyroparathyroidectomized.
Urine samples were collected for 3 h immediately after
surgery, and the animals were then bled from the ab-
dominal aorta.

3 h after thyroparathyroidectomy, urinary calcium
increased fivefold, while phosphorus excretion decreased,
resulting in hyperphosphatemia. Plasma calcium and
urinary hydroxyproline and creatinine were unchanged
(Fig. 1).

Experiment 2. Effects of thyroparathyroidectomty on
plasma calcium and phosphorus in nephrectomitzed rats.
Rats with a mean weight of 318 g were nephrecto-
mized and then immediately thyroparathyroidectomized
or sham-operated. They were bled from the abdominal
aorta 3 h after surgery. There was a greater increase
in plasma calcium and phosphorus 3 h after thyro-
parathyroidectomy than after nephrectomy alone (Fig.
2).
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FIGURE 1 Effects of thyroparathyroidectomy (TPTX) on

318-g rats. Animals were sham-operated (SHAM) upon

or thyroparathyroidectomized. Urine was collected for 3 h

immediately after surgery and the rats then bled from the
abdominal aorta. The columns indicate means and the ver-
tical bars SE, with the number of animals in parentheses.

Experiment 3. Effects of thyroidectomy on plasma
calciunt and phosphorus in nephrectomized rats bearing
autoparathyroid transplants. The parathyroid glands
of 300-g rats were dissected out and immediately trans-
planted into the thigh. 3 days later, the animals were

bled by orbital sinus puncture, and plasma calcium was

determined. The parathyroid glands were considered
to have been successfully removed only in rats with
plasma calcium levels of less than 6.0 mg/100 ml.
3-4 wk later, their plasma calcium was reassessed.
The transplanted parathyroids were judged to be func-
tional in those rats whose plasma calcium had risen to
the pretransplant level.

3 days after the last assessment of calcium, 14 of the
animals with functional parathyroids and a mean weight
of 337 g were nephrectomized. Half the rats were im-

SHAM Nephx Nephx
+ +

SHAM TPTX

13I~r

al

I 1K
2

I

J 0.

L 9 b

PCO01

13 E
0
.i0
DI

1i E
0
D

a_

C.

7-

2
0

r-

P<0.OI

FIGURE 2 Effects of thyroparathyroidectomy (TPTX) on
plasma calcium and phosphorus in nephrectomized (NE-
PHX) 318-g rats. 28 animals were nephrectomized. 15 were
immediately thyroparathyroidectomized. The thyroparathy-
roids of the rest were exposed but not removed and all rats
bled from the abdominal aorta after 3 h. The columns indi-
cate means and the vertical bars SE, with the number of
animals in parentheses. The unshaded columns are values
for sham-operated (SHAXI) unnel)hrectomized animals
from Fig. 1.
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FIGURE 3 Effects of thyroidectomy (
calcium and (b) plasma phosphoru
(NEPHX) 337-g rats bearing autopa
Animals bearing functional parathyr(
phrectomized and either thyroidectomi

HAM ml. The increase in plasma calcium 6 h after thyroidec-
X tomy was directly proportional to the presurgery plasma
(8) calcium level (Fig. 4).

Experiment 5. Effects of thyroidectomy on plasma
and urinary calcium and phosphorus and urinary hy-

(7) droxyproline in 380-g rats bearing autoparathyroid
transplants. Transplantation of the parathyroids and

(7) assessment of the success of the operation were carried
out as described in exp. 3. Animals bearing functional

(7) parathyroids were thyroidectomized or sham-operated,
and urine was collected for 3 h immediately after

6 24 surgery. All rats were bled before surgery and 11, 3, 6,

(7) and 24 h later.
Thyroidectomy increased the mean plasma calcium

,,-'t level by 0.37 mg/100 ml at 11 h. Subsequently, plasma
(8)"/t7) calcium decreased and by 6 h had returned to the pre-

operative value (Fig. 5a and b). Unlike plasma calcium,
plasma phosphorus increased more persistently after

(8) thyroidectomy, although the increase was no longer
significant at 24 h (Fig. 5c). In the 3-h period immedi-
ately after thyroidectomy, urine calcium increased al-

6 24 most twofold, urine phosphorus decreased slightly but
not significantly, and urine creatinine and hydroxypro-

TX) on (a) plasma line were unchanged (Fig. 6). The increase in urinary
Is in nephrectomized calcium could not be ascribed to changes in bone matrix
trathyroid transplants.
)id glands were ne- resorption (as indicated by urinary hydroxyproline) or
zed or sham-operated changes in glomerular filtration (as indicated by cre-

(SHAM). They were bled by orbital sinus puncture just
before surgery and 3, 6, and 24 h later. Each point is the
mean difference between preoperative and subsequent values.
The vertical bars indicate SE with the number of animals
in parentheses. * P < 0.02; ** P < 0.01.

mediately thyroidectomized, and the remainder were
sham operated. All animals were bled by orbital sinus
puncture immediately before surgery and 3, 6, and 24 h
later.

As in the previous experiment, plasma calcium in-
creased after thyroidectomy. This rise, greater than
that due to nephrectomy, was significant at 3 h and
maximal at 6 h. 24 h after thyroidectomy, plasma cal-
cium had fallen below the presurgery level (Fig. 3a).
Compared to nephrectomized controls, thyroidectomized
rats had a greater increase in plasma phosphorus by 3
and 6 h, but not after 24 h (Fig. 3b).

Experiment 4. Relation between the rise in plasma
calcium after thyroidectomny and the initial plasma cal-
ciulm level in nephrectomized rats bearing autopara-
thyroid transplants. 20 days after the parathyroid
glands were transplanted, 34 rats with a mean weight
of 344 g were nephrectomized and immediately thyroid-
ectomized or sham-operated. All animals were bled be-
fore and 6 h after surgery and separated into groups
according to their initial plasma calcium level, which
varied from 5.16±0.17 mg/100 ml to 9.33±0.14 mg/100

atinine).
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FIGURE 4 Relation between the rise in plasma calcium
after thyroidectomy (TX) and the initial plasma calcium
level in nephrectomized (NEPHX) 344-g rats bearing auto-
parathyroid transplants. Rats in which the parathyroids
had been transplanted 20 days previously were nephrecto-
mized and immediately thyroidectomized or sham-operated
(SHAM). All animals were bled immediately before and
6 h after surgery and separated into groups according to
their preoperative plasma calcium level, the means-+SE of
which are shown at the bottom of each column. APlasma
calcium is the mean difference between values before and 6 h
after surgery. The columns indicate means and the vertical
bars SE, with the number of animals in parentheses.
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/ 1\ FIGURE 6 Effects of thyroidectomy (TX) on urinary ex-
/ \(10) cretion of calcium, phosphorus, creatinine, and hydroxypro-

line in 380-g rats bearing autoparathyroid transplants. Ani-
mals bearing functional parathyroid transplants were thy-
roidectomized or sham-operated (SHAM) and urine was

0 3 6 9I } 24 collected for 3 h immediately after surgery. The columns
3 6 9 24 indicate means and the vertical bars SE, with the number

of animals in parentheses. Same rats as in Fig. 5.
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FIGURE 5 Effects of thyroidectomy (TX) on plasma cal-
cium and phosphorus in 380-g rats bearing autoparathyroid
transplants. Animals with functional transplants were thy-
roidectomized and urine collected for 3 h immediately after
surgery. All rats were bled before and 11, 3, 6, and 24 h
after operation. (a) Each point is the mean plasma cal-
cium. (b) and (c) Each point is the mean difference be-
tween the prethyroidectomy and subsequent plasma calcium
and phosphorus values, respectively. The vertical bars indi-
cate SE with the number of animals in parentheses. *P <
0.05.

Experiment 6. Age-related changes in plasma cal-
CiflIu and phosphorus after thyroparathyroidectoty.
Immature and old rats with mean weights of 50 g and
360 g, respectively, were thyroparathyroidectomized
and bled by orbital sinus puncture before and 1A, 3, and
6 h after gland ablation. In both groups of rats thyro-
parathyroidectomy caused a progressive increase in
plasma phosphorus with a greater rise at 3 h in 50-g
animals (P < 0.01) (Fig. 7b). The change in plasma
calcium followed a different pattern in the two age

groups: in the young animals there was a progressive
decrease after thyroparathyroidectomy; however, in
the old rats, a significant fall at 6 h was preceded by
a rise in plasma calcium with a peak increase of 0.5
mg/100 ml at 1i h (Fig. 7a). At 3 h, the increase
in plasma calcium was still significant (P <0.05).

In a preliminary experiment with 500-g rats, the
changes in plasma calcium after thyroparathyroidec-
tomy were similar to those observed in 360-g animals

HOURS

FIGURE 7 Comparison of changes in plasma calcium and
phosphorus after thyroparathyroidectomy (TPTX) in young
(50-g) and old (360 and 500-g) rats. Animals were thyro-
parathyroidectomized and bled by orbital sinus puncture
before and il, 3, and 6 h after surgery. Each point is the
mean change in plasma (a) calcium and (b) phosphorus
from the pre-TPTX value. The vertical bars indicate SE
with the number of animals in parentheses.
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(Fig. 7a). The only difference was that plasma cal-
cium was still increased at 3 h (P < 0.05) only when
compared with the corresponding value for sham-
operated controls rather than with the prethyropara-
thyroidectomy plasma calcium level. This is probably
because of the small number of animals studied.

DISCUSSION
The thyroid is the major source of calcitonin in the
rat (11). Therefore, surgical thyroparathyroidectomy
deprives the animal not only of thyroxine but also of
calcitonin and parathyroid hormone. As a result of the
relatively long half-life of thyroxine, the thyroid status
of the animals is unaltered within the few hours of
gland ablation during which our studies were carried
out. However, the biological half-lives of calcitonin and
parathyroid hormone are considerably shorter. Conse-
quently, interpretation of any acute changes in blood
or urinary calcium and phosphorus after thyroparathy-
roidectomy must consider both hormones. The present
investigations were initiated because in 314-g rats
plasma calcium remained unchanged 3 h after thyro-
parathyroidectomy, while urinary calcium increased
markedly (7). The implication of this observation, con-
firmed in this study, is that calcium transport from
bone into blood is enhanced by thyroparathyroidectomy.
This view is consistent with the increase in plasma
calcium observed after thyroparathyroidectomy in
nephrectomized animals. The rise was due specifically to
the removal of calcitonin, since thyroidectomy had the
same effect on plasma calcium in nephrectomized ani-
mals bearing autoparathyroid transplants. Furthermore,
an immediate increase in plasma calcium was also ob-
served after thyroparathyroidectomy in unnephrecto-
mized rats weighing 360 and 500 g, and after thy-
roidectomy in 380-g animals bearing autoparathyroid
transplants.

Two points are worth emphasizing. First, in animals
weighing 360 g and over, an immediate increase in
plasma calcium after thyroparathyroidectomy precedes
the subsequent fall, whereas in immature rats (50 g)
the fall is prompt and progressive. Second, although
plasma calcium was unchanged 3 h after thyropara-
thyroidectomy in animals weighing 318 g, an immediate
rise cannot be ruled out, since the animals were not
bled at 11 h. Further studies are therefore required to
define the precise age at which the transient hypercal-
cemia is first evident and to determine the relationship
of age to its onset, magnitude, and duration. These in-
vestigations are currently in progress.

It is of interest that the increase in plasma calcium
after thyroidectomy in nephrectomized animals bearing
autoparathyroid transplants was directly proportional
to the preoperative plasma calcium level. It therefore

seems that the immediate rise in plasma calcium after
thyroidectomy is greater with increasing parathyroid
function, if the preoperative plasma calcium in these rats
is a valid index of the functional status of their auto-
parathyroid transplants. The primary mechanism may,
however, be related to the effect of parathyroid hormone
on bone turnover rate.

The increase in plasma calcium after thyroparathy-
roidectomy observed in fasting old rats indicates that in
these animals the decrease in the level of circulating cal-
citonin has a more profound immediate effect on cal-
cium transport from bone into blood than the concom-
mitant decrease in the ambient parathyroid hormone
level. Since plasma calcium decreased immediately after
thyroparathyroidectomy in 50-g rats, the importance of
the osseous effect of parathyroid hormone relative to
calcitonin in the acute regulation of plasma calcium in
young animals appears greater.

The immediate transient increase in plasma calcium
after thyroidectomy in old animals is in accord with a
fine regulatory role for calcitonin (12). Consequently,
a defect in calcium homeostasis during prolonged calci-
tonin deficiency is manifested mainly in the impaired
ability of the animal to be effectively protected against
hypercalcemic episodes (1, 3, 4), rather than in sus-
tained hypercalcemia. The observed twofold increase in
urinary calcium excretion after thyroidectomy further
emphasizes the importance of the basal secretion of cal-
citonin in conservating calcium and in protecting the
animal against hypercalciuria and possibly nephrocal-
cinosis (1, 13). Since thyroidectomy did not alter uri-
nary hydroxyproline excretion, the regulation of plasma
calcium by calcitonin appears not to be necessarily as-
sociated with changes in bone matrix resorption. The
immediate increase in plasma phosphorus in thyroidecto-
mized animals was probably due to increased transport
of phosphorus from tissues (bone) into blood. There are
two possible explanations of why the hyperphosphatemia
was more sustained than the concommitant rise in plasma
calcium. First, the urinary excretion of phosphorus did
not change significantly; and second, the rate of clear-
ance of phosphorus from the plasma might be decreased
by the termination of calcitonin secretion (14).

We conclude from these observations that (a) acute
calcitonin deficiency increases plasma calcium in fast-
ing rats. Wenow know that this rise remained hitherto
unappreciated for two reasons: first, it appears to be
age-dependent; and second and more important, it is
transient. (b) In old rats the termination of calcitonin
secretion has a greater immediate effect on plasma cal-
cium than the removal of the parathyroids. Since in im-
mature rats the reverse is true, the relative importance
of parathyroid hormone and calcitonin in the acute regu-
lation of plasma calcium appears to be age-related.
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