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Summary. The infusion of thyrocalcitonin (TCT) into thyroparathyroidec-
tomized rats, given either no exogenous parathyroid hormone or a constant
infusion of this hormone, leads to a transient phosphaturia and a decreased
excretion of urinary magnesium, calcium, and hydroxyproline without a

change in glomerular filtration rate.

The changes in phosphate excretion

may be due to a direct effect of the hormone upon renal tubular function or
they may be a consequence of the fall in plasma calcium brought about by the

action of TCT upon bone.

In support of this latter alternative is the fact that

the infusion of sodium ethylenebis-oxyethylenenitrilotetraidcetic acid (EGTA,
a specific chelator of calcium) also leads to phosphaturia presumably as a

consequence of hypocalcemia.

urinary hydroxyproline excretion and sustained phosphaturia.

However, EGTA infusion leads to enhanced

These latter

observations are interpreted to mean that alterations in the local ionic en-
vironment of osteolytic cells lead to changes in their activity and constitute a
local regulatory system whose activity is modulated by the hormones, thyro-

calcitonin and parathyroid hormone.

Introduction

Since the identification (1-4) and purification
(5) of thyrocalcitonin, a number of studies have
been undertaken in an effort to define its site of
action. Most of these have indicated that a
major site of action is upon bone (3, 4, 6-8),
either to enhance mineral deposition or to sup-
press bone resorption. Either effect could pre-
sumably account for the fact that this hormone
lowers the concentration of both calcium and
phosphate in the plasma (3). However, none of
these studies has ruled out the possibility that
there are other sites of action within the or-
ganism.

* Submitted for publication April 12, 1966; accepted
January 12, 1967.

Supported by grants AM-09650, AM-09494-01, and
AM-01353-08 from the National Institutes of Health.

Presented in part at the Annual Meeting of the Endo-
crine Society, Chicago, Ill

+ Address requests for reprints to Dr. Howard Ras-

mussen, Dept. of Biochemistry, University of Pennsyl-
vania, School of Medicine, Philadelphia, Pa. 19104.

The purpose of this report is to describe effects
of TCT upon the renal excretion of electrolytes
in thyroparathyroidectomized rats. The results
indicate that thyrocalcitonin alters the excretion
of several electrolytes, but it is not clear whether
these changes represent a direct effect of TCT
upon renal function or are mediated by hormon-
ally induced changes in plasma electrolytes.

Methods

Male Holtzman rats, weighing 90 to 100 g, were given
100 U of vitamin D: by oral intubation and then main-
tained on a stock diet containing adequate quantities of
this vitamin. When they reached 120 to 140 g, they were
thyroparathyroidectomized by surgery. Immediately af-
terward, the perfusion of a standard solution, with or
without parathyroid hormone (PTH), was begun at a
rate of 3.0 to 3.5 ml per hour. The preparation of the
animal, method of obtaining blood samples, analytic pro-
cedures, and perfusion technique were carried out as pre-
viously described (9). All animals were perfused with
a solution containing 4% dextrose, 5 mM calcium, 5 mM
magnesium, 20 mM sodium, and 2.5 mM potassium, all
as their chloride salts. Parathyroid hormone (1 ug per
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3 ml) was added in some cases. The perfusion was sus-
tained for 17 to 20 hours before urine collections were
begun. Collections were made during a control period of
several hours before TCT was added to the perfusate
(40 ug per 3 ml) and infused for a period of 4 hours,
after which the control infusion was continued for several
more hours. Urine samples were collected at half-hour
intervals. Blood samples were obtained during the con-
trol period, at the midpoint of the TCT perfusion, and at
the end of the study. Other animals received no TCT
but were perfused with a solution in which sodium chlo-
ride was replaced by sodium EGTA. The EGTA was
perfused at a rate of 60 umoles per hour. Determination
of the plasma calcium in animals receiving EGTA was
done by an ethylenediaminetetraicetic acid (EDTA)
titration method (10). Urinary creatinine excretion
was followed as a measure of glomerular filtration rate.
Creatinine was measured by the method of Bonsnes and
Taussky (11). In some instances inulin excretion was
measured in animals maintained on a constant infusion
of inulin (9, 12). Urinary hydroxyproline was measured
by the method of Prockop and Udenfriend (13).

Results

As discussed in a previous paper (9), the
rates of urine flow were from 0.05 to 0.15 ml per
hour less than the measured rates of perfusate
infusion in all animals. However, there was no
significant fluid retention. The animals usually
weighed 3 to 4 g less after a 50-hour experiment
than before surgery. We concluded that the dis-
crepancy between urine flow and infusion rate
was due to insensible water loss, difficulties in
maintaining constant rates of infusion, and pos-
sibly slight evaporation from the urine samples
as they stood in the fraction collector.

As noted previously (9), there were always so-
dium retention and potassium loss during the
period of control infusion. In thyroparathyroid-
ectomized animals not receiving a constant in-
fusion of PTH, calcium was retained at a rate of
11 = 3 upmoles per hour, and in those receiving
PTH, 6 = 2 pmoles per hour. The animals not
receiving PTH were in magnesium balance, and
those receiving PTH were in negative balance,
excretion exceeding intake by 2 to 4 pmoles per
hour.

As shown in Table I, the infusion of either
TCT or EGTA led to little change in creatinine
excretion. Because of the difficulties in obtaining
large plasma samples, plasma creatinine was not
measured, but was assumed to be constant and
the rate of creatinine excretion was assumed to
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TABLE I
The effect of TCT and EGTA upon

urinary creatinine excretion®

Experimental Creatinine
period excretiont
umole/minute
Control 0.032 4 0.002
TCT 0.031 + 0.004
Post-TCT 0.028 <+ 0.003
Control 0.034 + 0.003
EGTA 0.032 + 0.004
Post-EGTA 0.029 + 0.004

* TCT = thyrocalcitonin;
ethylenenitrilotetraicetic acid.

t Based upon four animals in each group. TCT was
given at a rate of 40 ug per hour and EGTA at a rate of 60
wmoles per hour. All animals were maintained on a con-
stant infusion of parathyroid hormone, 1 ug per hour.

EGTA = ethylenebis-oxy-

be a measure of glomerular filtration rate. To
test this supposition, we determined the effect
of TCT upon inulin excretion in three animals
receiving constant infusion of inulin. The rates
of inulin excretion were 0.66 = 0.02 pg per min-
ute during the control period and 0.63 = 0.08
during the infusion of thyrocalcitonin.

The effect of TCT infusion upon the rate of
excretion of urinary electrolytes is shown in
Figure 1. The results are the mean rates of ex-
cretion of phosphate, calcium, magnesium, and
sodium before, during, and after TCT infusion
into four thyroparathyroidectomized rats receiving
no parathyroid hormone (left) and four ani-
mals maintained on a constant infusion of para-
thyroid hormone, 1 ug per hour (right). Potas-
sium excretion was also measured, but since
there was no consistent change in the rates of its
excretion, the data were not plotted. Also shown
in Figure 1 are the plasma calcium and phosphate
values before, during, and after TCT infusion
into the two groups of animals. A statistical
evaluation of the urinary data is recorded in
Table II and of the plasma data in Table III.

The results indicate that TCT infusion leads
to a rise in phosphate excretion and a fall in
both calcium and magnesium excretion in thyro-
parathyroidectomized rats. These changes were
considerably greater in animals maintained on a
constant infusion of parathyroid hormone and
were accompanied by a significant sodium diuresis
in this group. TCT infusion led to a significant
fall in both plasma phosphate and plasma calcium
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Fic. 1. THE EFFECT OF THYROCALCITONIN (TCT) 1In-
FUSION UPON URINARY AND PLASMA ELECTROLYTES IN
THYROPARATHYROIDECTOMIZED RATS (LEFT) AND SIMILAR
ANIMALS MAINTAINED ON A CONSTANT INFUSION OF PARA-
THYROID HORMONE (PTH) (ricET). The values repre-
sent the means of the values obtained from four animals
in each set.
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(Figure 1 and Table III). The changes in
plasma phosphate were more marked in the group
receiving a constant infusion of PTH. In this
group the plasma calcium and phosphate returned
to control values after TCT infusion had been
stopped. However, in the group not given para-
thyroid hormone, plasma calcium remained low
after cessation of TCT infusion even though
plasma phosphate returned to control values
(Table IIT). This persistently low plasma cal-
cium was accompanied by a persistent reduction
in rate of urinary excretion (Figure 1).

A most important feature of the TCT-induced
phosphaturia was the fact that it was not sus-
tained. The rates of urinary phosphate excretion
returned to control values even during the con-
tinued infusion of TCT (Figure 1). Similarly,
the rate of magnesium excretion, in the animals
given a constant infusion of PTH (Figure 1,
right), returned to nearly the control rate during
the later hours of TCT infusion.

The rates of urinary hydroxyproline excretion
were measured before and during TCT infusion
in three animals maintained or a constant in-
fusion of parathyroid hormone. The rate of ex-
cretion was 0.42 = 0.04 pug per minute during the
control period, and this fell to 0.15 = 0.05 ug per
minute during the first hour of TCT infusion.
A similar fall in hydroxyproline excretion has
been reported by Kohler and Pechet (14).

Two interpretations of the above data seem

TABLE II

The effect of TCT upon the excretion of urinary electrolytes in thyroparathyroidectomized
rats with and without a constant infusion of PTH*

Rate of urinary excretiont

Without PTH With PTH
Hours HPO«~ Cat*+ Mg+t Nat HPO« Cat+ Mg+ Nat*
. umoles/minute
Control 0-4 0.19 0.09 0.058 +0.007 0.17 £0.07 0.8 0.5 0.26 0.06 0.08 =0.03 0.28 4-0.07 1.0 4 0.2
4-8 0.26 ==0.06 0.054 ==0.004 0.16 == 0.05 1.0 4 0.6 0.24 =0.05 0.11 4-0.04 0.29 +=0.07 0.7 =0.3
TCT 8-12  0.41 +£0.09 0.020 =+£0.005 0.06 +0.03 1.4 +£0.7 0.73 £0.14 0.02 £0.02 0.1 005 2.1 0.4
pt <0.01 <0.002 <0.01 <0.001 <0.001 <0.001 <0.001
12~16  0.26 £0.09 0.002 =:0.007 0.06 £ 0.3 1.9 +04 039 4008 0.03 :=0.03 0.23 £0.06 1.2 0.3
P <0.002 <0.01 <0.02 <0.01
Post-TCT 16-20 0.18 +0.11  0.0027 +0.006 0.18 +=0.06 0.8 0.3 0.18 £0.05 0.05 £0.02 031 +£0.05 1.1 =04
p <0.002 <0.1
20-24 0.22 £ 0.07 0.0039 +0.008 0.22 £0.5 1.2 4:0.4 0.13 +20.04¢ 0.08 £20.03 0.33 =+ 0.04 0.9 4 0.2
P <0.1 . ) .

* PTH = parathyroid hormone.
I Four rats in each

oup. .
p values compared to first control period.
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TABLE III

Change in plasma calcium and phosphate during infusion of TCT or EGTA into thyroparathyroidectomized
animals maintained with a constant infusson of electrolytes with or without PTH

Without PTH With PTH With PTH
- HPO« Catt HPO~ Cat*t HPO«- Ca*+
mg/100 ml mg/100 ml mg/100 ml
Control 10.8 +0.4* 6.2 0.2 94 +0.5 8704 Control 10.6 0.7 8.7.4+0.4
TCT 8.6 0.5 49403 63+06 7.1+04 EGTA 8.6+0.6 50404
} P <0.01 <0.01 <0.001 <0.01 <0.01 <0.01
Post-TCT 109 = 0.05 4.7 0.3 88+04 8403 Post-EGTA 10.0 0.6 8.0 0.5
* Standard error. Four rats in each group.
possible. Either TCT has a direct effect upon that used in the above experiments. There was

renal tubular function; or the fall in plasma cal-
cium, which this hormone produces by its action
upon bone, leads to an alteration in renal tubular
function, resulting in phosphaturia.

The first of these alternatives can best be
tested by the direct infusion of TCT into the
renal artery. However, this was not possible
with the present experiments in small animals.
The other possibility could be tested by determin-
ing the effect of a fall in plasma calcium, pro-
duced by some other means, upon urinary elec-
trolyte excretion. The agent chosen to induce
hypocalcemia was EGTA, which is a highly spe-
cific chelator of calcium. The effect of EGTA
infusion upon the excretion of phosphate, cal-
cium, and hydroxyproline in the urine, and the
concentration of calcium and phosphate in the
plasma, of four thyroparathyroidectomized ani-
mals maintained on a constant infusion of PTH
is shown in Figure 2. EGTA infusion led to a
fall in plasma calcium, a fall in plasma phosphate,
a rise in urinary phosphate excretion, and a
significant increase in rate of urinary hydroxypro-
line excretion. In contrast to the situation with
TCT (Figure 1), EGTA-induced phosphaturia
was sustained throughout the period of infusion
and continued for a time after cessation of EGTA
infusion. The changes in both plasma calcium
and phosphate, induced by EGTA, were highly
significant (Table III), and both returned to
control values after EGTA infusion had been
terminated.

To test whether EGTA might be acting by
some mechanism other than that of chelating cal-
cium, we infused this substance into three ani-
mals as its calcium rather than its sodium salt.
The rate of Ca~EGTA infusion was identical to

no change in rate of phosphate excretion in any
of the animals infused with Ca~EGTA. The
mean rate of phosphate excretion was 0.21 = 0.8
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Fic. 2. THE EFFECT OF EGTA INFUSION UPON URI-
NARY PHOSPHATE, TOTAL CALCIUM, AND HYDROXYPROLINE,
AND UPON PLASMA CALCIUM AND PHOSPHATE IN THYRO-
PARATHYROIDECTOMIZED RATS MAINTAINED ON A CONSTANT
iNFusioN oF PTH. The values represent the means of
the values from four separate animals. The differences
in rates of excretion of calcium, phosphate, and hydroxy-
proline were all significantly greater during the period of
EGTA infusion as contrasted to both the control and
postinfusion periods (p <0.001). EGTA = ethylenebis-
oxyethylenenitrilotetraicetic acid.
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TABLE 1V

The source of urinary phosphate during TCT and EGTA
infusion in thyroparathyroidectomized rats

Loss of

Excess extracellular

urinary fluid
No. Treatment phosphate phosphate

. umoles umoles
4 TCT, 40 ug/hour 23+ 4 20 +4
4 TCT, 40 ug/hour 46 = 7 42 +5
4 EGTA, 60 umoles/hour; 228 4 42% 25 +4

PTH, 1 ug/hour

’f‘dSigniﬁcantly greater (p < 0.001) than loss from extracellular
uid.

pmole per minute during the control period, and
0.17 = 0.6 pmole per minute during the period
of Ca-EGTA infusion. Thus it seemed clear
that EGTA, when infused as its sodium salt. was
exerting its effects upon renal phosphate excre-
tion because of its ability to lower plasma ionized
calcium.

Because of the sustained elevation of phos-
phate excretion during EGTA infusion as com-
pared to that in animals given TCT, it became
of interest to calculate the source of urinary phos-
phate under the different experimental conditions.
Two values were calculated : first, the excess of
urinary phosphate, that is, the amount of phos-
phate excreted during the period of TCT or
EGTA infusion in excess of that expected from
the control rates of excretion; and second, the
amount of phosphate disappearing from the extra-
cellular fluids (ECF), based upon the assump-
tion that the animals were in fluid balance (see
above) and that the ECF composed 20% of the
body weight. The values are shown in Table
IV. When TCT was infused, the loss of phos-
phate from the ECF was of the same order of
magnitude as that appearing in the urine. How-
ever, when EGTA was infused, urinary phos-
phate excretion far exceeded the loss of phosphate
from the ECF.

Discussion

The present results indicate that thyrocalcitonin
infusion leads to phosphaturia under conditions
where there is no change in the rate of para-
thyroid hormone secretion or in glomerular fil-
tration rate. However, our results do not estab-
lish whether this is a direct effect of TCT upon
the renal tubule or is brought about as a conse-
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quence of the action of TCT upon bone. How-
ever, the studies with EGTA and Ca-EGTA in-
fusions indicate that a fall in plasma calcium
induced by EGTA can lead to an increased rate
of urinary phosphate excretion (Figure 2). A
similar result has been reported by Lavender and
Pullman (15) and by Estep and co-workers (16).
They have found that the infusion of calcium
directly into the renal artery of the dog leads to
phosphate retention, and the infusion of EDTA,
a chelating agent similar to EGTA, leads to
phosphate diuresis. In the present experiments
the results obtained with Ca—~EGTA infusion rule
out the likelihood that this effect is exerted via
the chelation of other cations. This being the
case, it could be argued that the sequence of
events after TCT infusion (Figure 1) is as fol-
lows: 1) An inhibition of bone resorption leads
to a fall in plasma calcium and in urinary calcium
and hyproxyproline; 2) the fall in plasma calcium
leads to an increase in phosphate excretion; and
3) this phosphaturia is not sustained because
TCT prevents the mobilization of phosphate from
bone.

An important difference between the response
of the rat to TCT as compared to EGTA is
the lack of a sustained phosphaturia with EGTA.
The most likely explanation for this difference
is that TCT prevents the mobilization of further
phosphate from bone. Hence, when urinary
phosphate excretion increases, plasma phosphate
falls, and in spite of altered tubular phosphate
transport, the decrease in filtered load leads to
a decline in phosphate excretion. This interpre-
tation is borne out by the fact (Table IV) that
the amount of phosphate appearing in the urine
was the same order of magnitude as that which
disappeared from the ECF. This interpretation
is also supported by the fact (14) that TCT de-
presses the rate of hydroxyproline excretion,
which, under this circumstance, is probably a
measure of the rate of bone resorption (14, 17).

Of particular note are the changes in phosphate
and hydroxyproline excretion produced by EGTA
infusion (Figure 2 and Table IV). The excre-
tion of both increases significantly (p < 0.001)
after EGTA infusion, and the amount of phos-
phate appearing in the urine is nearly ten times
the amount disappearing from the extracellular
fluids. Similarly, total calcium excretion is con-
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siderably greater than that disappearing from the
ECF. These changes indicate that the infusion
of EGTA into a thyroparathyroidectomized rat
maintained on a constant infusion of parathyroid
hormone leads to the mobilization of bone, both
mineral and matrix.

It has been known for some time that the in-
fusion of chelating agents into parathyroidecto-
mized animals leads to a mobilization of calcium
from bone (18). McLean and Urist (19), and
more recently Bronner and Aubert (20), have
proposed models to account for this phenomenon.
Both models suggest that the equilibrium between
blood and bone, in the absence of parathyroid
hormone, is maintained by a different type of con-
trol mechanism from that which operates when
the parathyroid glands are present. Furthermore,
neither the previous experiments nor the previous
models considered the fate of phosphate or bone
matrix, and both assumed that in the absence
of parathyroid hormone the calcium that was mo-
bilized came from the so—called exchangeable pool
of bone mineral. The present evidence from
EGTA infusions indicates that a lowering of
plasma calcium leads to a complex series of
changes both in the renal tubule and in the bone.
In the former, the fall in plasma calcium leads
to phosphaturia, and in the latter the fall in
plasma calcium or phosphate or both leads to a
mobilization of calcium, phosphate, and hydroxy-
proline, i.e., presumably to an increase in bone
resorption with destruction of matrix, rather than,
as previously thought, a shift of mineral from
the exchangeable bone mineral. The present pro-
posal is more in keeping with the original con-
cept of Albright and Reifenstein (21) that an in-
crease in renal phosphate excretion leads to a fall
in plasma phosphate, which leads in turn to an
increase in bone resorption. This theory was dis-
carded by many when Barnicot (22) and others
showed that parathyroid hormone has a direct
effect upon bone resorption. The model of bone
resorption that we propose on the basis of past
data and the present experiments incorporates the
Albright theory, but differs in a fundamental way
from those proposed by McLean and Urist (19)
and by Bronner and Aubert (20). The rate of
bone resorption depends upon two elements: 1)
a local feedback system in which the ionic environ-
ment controls the activity of the osteolytic cells;
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and 2) systemic modifiers, PTH, TCT, and vita-
min D predominantly, which alter the setting or
plasma electrolyte concentration about which the
local system operates. Thus the system is for-
mally analogous to multienzyme systems in which
the end product, in this case an ion rather than
a chemical product, regulates the activity of the
entire system by negative feedback control.

At present, it is not possible to decide whether
the initial fall in plasma calcium or the subse-
quent fall in plasma phosphate (due to the phos-
phaturia) is the important local feedback signal.
These alternatives are being investigated. The
scant evidence available suggests that phosphate
may be the important control chemical (23, 24).
If this is so, it will provide a rational basis for
the therapeutic effectiveness of inorganic phos-
phate in osteolytic disorders (25).

It is also apparent from the present data that
the local ionic environment controls the renal
tubular transport of phosphate (Figure 2). A
fall in calcium concentration leads to a rise in
urinary phosphate excretion, and probably to a
rise in intracellular phosphate concentration. A
better understanding of these local control mecha-
nisms, at the level of both bone and renal tubule,
is obviously important to our eventual under-
standing of the mode of action of TCT and PTH.

Robinson, Martin, and Maclntyre (26) have
recently reported that TCT infusion leads to
phosphaturia in parathyroidectomized rats. They
concluded that this change in phosphate excretion
is brought about by a direct effect of TCT upon
the renal tubule. However, their conclusion was
based on indirect evidence, and their data do not
rule out the alternative explanation suggested by
the present study.
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