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The intravenous infusion of magnesium
produces hypocalcemia in dogs (1, 2), man
(3, 4), and cats (5). The reason for this
hypocalcemic effect of magnesium has not
been determined. Care et al. (6) reported
that magnesium had no effect on the secre-
tion rate of calcitonin of the pig (as deter-
mined using bioassay techniques with thyroid
venous blood).

Using a sensitive radioimmunoassay for the
measurement of porcine calcitonin in plasma
(7), we have studied the factors involved in
the regulation of the secretion of calcitonin in
the pig (8). In the present report, we de-
scribe experiments which show that induced
hypermagnesemia stimulates calcitonin secre-
tion. Further, the results suggest that the
hypocalcemia (both total and ionized calci-
um) and hypophosphatemia associated with
increased plasma magnesium are due to in-
creased plasma levels of immunoreactive cal-
citonin.

Materials and Methods. Plasma immun-
oreactive calcitonin (CT) levels were deter-
mined using radioimmunoassay methods (7).
Plasma total calcium (Car) and magnesium
(Mg) were analyzed by atomic absorption
spectrophotometry (9). Total inorganic phos-
phate (P;) was determined by the method of
Taussky and Shorr (10). Plasma ionic calci-
um (Ca;) was determined using the series
99-20 calcium activity flow-thru system? of
the Orion Research Company attached to a
Beckman Expandomatic pH meter? and Pho-
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tovolt varicord recorder (Model 43)* (1-100
mV). Total protein was determined with an
autoanalyzer® according to procedure N-14b
as suggested by manufacturer.

One male and 7 female crossbred pigs,
from 100 to 150 kg, were included in this
study. They were fed the normal calcium diet
previously used (11). All pigs had chroni-
cally implanted femoral artery and wvein
catheters (12).

The parathyroidectomy procedures used
were previously reported (11). The thyro-
parathyroidectomized pig was maintained on
4 g of USP thyroid powder/day following
surgery. Femoral arterial catheters were used
to obtain blood samples, and samples were
drawn using heparinized syringes. The blood
was cooled, centrifuged immediately, and the
plasma was frozen (1-15°) within 15 min
after collection.

Solutions of magnesium were made as 1.38
M MgCly'6H-0 in distilled water. A Harvard
peristaltic pump® was used to pump the infu-
sate. All infusions were done through femoral
vein catheters in conscious pigs which were
restrained in 2 X 5 ft. cages.

Initially, 5 intact pigs were infused with
magnesium at different rates. Next a thyro-
parathyroidectomized pig was infused with
magnesium. Then an intact and a parathy-
roidectomized pig were infused with mag-
nesium at 3 different sequential infusion rates.

Results. The response of a 100-kg pig to an
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F1c. 1, Effect of intravenous infusion of 1.38
moles/liter of magnesium chloride (27.6 umoles/
kg/min) on the concentrations of plasma total
calcium (Car), ionized calcium (Ca;), total inorgan-
ic phosphate (P;), and calcitonin (CT) levels of a
100-kg pig (pig A).

80-min intravenous infusion of magnesium
chloride (27.6 pmoles/kg/min) is shown in
Fig. 1 (pig A).

Plasma magnesium concentrations (Mg)
increased to 11.60 mEq/liter at the end of
the infusion period. Narcosis occurred at this
concentration of Mg. Plasma Mg decreased
gradually; however, it was still 1 mEq/liter
above the preinfusion level 4 hr after the
magnesium infusion was stopped.

Calcitonin (CT) markedly increased dur-
ing the magnesium infusion, and a maximum
CT concentration of 8 ng/ml occurred at the
end of the magnesium infusion period. Plas-
ma CT levels remained above the preinfusion
levels for several hours after magnesium in-
fusion was stopped.

A marked hypocalcemic response occurred
and plasma total calcium (Carp) and plasma
ionizable calcium (Ca;) did not return to
preinfusion levels 340 min after the start of
the Mg infusion. The Cay concentration de-
creased to 76% of the initial levels of Carp;
however, the Ca; decreased to a minimum of
67% of the initial levels of Ca; 50 min after
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the infusion was stopped. When the total
protein present in each sample was deter-
mined there was a gradual increase in total
protein concentration during and shortly af-
ter the period of magnesium infusion from
7.2 to 8.2 g/100 ml.

Plasma total inorganic phosphate concen-
tration (P;) gradually decreased 11% during
the magnesium infusion. However, the P; re-
turned to the preinfusion level much sooner
than the Cap. This period of decreased P;
was followed by a marked increase in P; that
lasted for several hours.

Figure 2 shows the response of a 102-kg
pig (pig B) to magnesium infused at 13.8
pmoles/kg/min (one-half the rate infused
into pig A). The response of pig B was simi-
lar to the response of the pig A. Plasma Mg
increased to a maximum of 6.6 mEq/liter at
the end of the infusion period and remained
elevated for several hours. The increased
plasma CT again appeared as a double-
peaked curve, and the maximum CT concen-
tration (3.6 ng/ml) in plasma at the end of
the infusion period was only about one-half
of that obtained in pig A. Again the CT level
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Fic. 2. Effect of intravenous infusion of 1.38 moles/
liter of magnesium chloride (13.8 umoles/
kg/min) on the concentrations of plasma total
calcium (Car), ionized calcium (Cai), total inorganic
phosphate (P:), and calcitonin (CT) levels of a

102-kg pig (pig B).
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F1c. 3. Effect of intravenous infusion of 1.38 moles/
liter of magnesium chloride (5.52 umoles/
kg/min) on the concentrations of plasma total
calcium (Car), total inorganic phosphate (P;), and
calcitonin (CT) levels of a 105-kg pig (pig C).

in the plasma remained elevated for several
hours.

Figure 3 shows the response of a 105-kg
pig (pig C) to magnesium infused at 5.52
pmoles/kg/min (one-fifth the rate of that
infused into pig A). The plasma magnesium
increased to 3.95 mEq/liter after 80 min and
to 4.28 mEq/liter at 100 min. This increased
level of plasma Mg was present for several
hours. The CT was increased 0.4 to 0.8
ng/ml for several hours, suggesting a rela-
tively small sustained release of CT occurred.
Again there was a decrease in Cap, Ca;, and
P;. The hypocalcemia was of lesser magni-
tude in this pig than the pigs receiving more
magnesium (pigs A and B).

Infusion of magnesium at 2.76 pmoles/
kg/min in a 104-kg pig (pig D) evoked
a very slight decrease (0.6 mEgq/liter) in
plasma Ca at the end of a 100-min infusion
period. The peak magnesium level was 3.58
mEq/liter at the end of the 100-min infusion
period. The increase in plama CT concentra-
tion was barely detectable (0.3 to 0.4
ng/ml).

After infusion of 1.38 pmoles/kg/min of
magnesium to a 105-kg pig (pig E), the Cap
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decreased less than 0.2 mEq/liter at the end
of the 100-min infusion period. A change in
CT was not detected.

In Figure 4, the response of a thyro-para-
thyroidectomized male 120-kg pig (pig F) to
magnesium infusion (27.6 pmoles/kg/min) is
shown. A rise in total and ionized plasma
calcium was present during the infusion peri-
od. No change in CT was detected. Little
change in P; occurred during the infusion
period; however, there was a hyperphos-
phatemia several hours later.

The relationship between plasma Mg and
plasma CT concentrations is shown in Fig. 5.
The increase of plasma CT concentrations
was plotted against the increase of plasma
Mg concentrations present during the last 40
min of the 80-min magnesium infusion period
of the pigs in Fig. 1 (pig A) and Fig. 2 (pig
B) and during the last 60 min of the
100-min infusion of the pigs in Fig. 3 (pig
C) and pig D (Fig. not included). A straight
line was fitted by the method of least
squares to describe the relationship between
the concentration of CT and the concentra-
tion of Mg. The 95% confidence interval of
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Fic. 4. Effect of intravenous infusion of 1.38 moles/
liter of magnesium chloride (27.6 umoles/
kg/min) on the concentrations of plasma total
calcium (Car), total inorganic phosphate (P:), and
calcitonin (CT) levels of a 120-kg male thyropara-
thyroidectomized pig (pig F).
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Fic. 5. The interrelationships between plasma
magnesium concentrations and plasma calcitonin
concentrations during the latter part of the infusions
of pigs A, B, C, and D: the population line
(—) ; the 95% confidence interval of the population
line (..... ) ; as well as the 95% confidence interval
for the predicted calcitonin values (diagonally bro-
ken line) are shown.

the population regression line is shown in
Fig. 5, as well as the 95% confidence interval
for the predicted calcitonin values.

There appears to be a definite proportional
relationship between the peak concentrations
of Mg and CT during the first part of the
infusion period when the increase above the
preinfusion levels of each are compared. As
shown in Figs. 1, 2, and 3, the concentration
of CT in the plasma relative to the plasma
magnesium concentration during the first 40
min of magnesium infusion was higher than
during the latter part of the infusions. The
peak CT levels of pigs A, B, and C at 20 min
were 5.8, 3.7, and 1.1 ng/ml, respectively,
and the peak Mg levels at the corresponding
time were 5.8, 4.1, and 2.1 mEq/ml, respec-
tively.

The results of sequential infusion of an
intact 120-kg pig (pig G) at 3 different infu-
sion rates of magnesium are shown in Fig. 6.
A definite decrease in plasma Car, but no
change in CT, was detected when magnesium
was infused at the lowest rate (1.24 pmoles/
kg/min). At increased rates of infusion
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(3.62, 12.28 pmoles/kg/min) an increase in
CT was detected, and this increase in CT was
accompanied by a prolonged and marked
hypocalcemia. The same sequence of infu-
sions in a parathyroidectomized (PTX)
male, 120-kg pig (pig H) is shown in Fig. 7.
A decrease in Cap similar to that of pig G
occurred in the PTX pig. The hypophos-
phatemia present paralleled the hypocalce-
mia present in the pigs shown in Figs. 6 and
7. The P; levels were higher in the PTX pig
(pig H) than the intact pig G during the
entire experiment. The P; did not increase
above preinfusion levels in the PTX pig as it
did in the intact pig toward the end of the
experimental period.

Discussion. The results of this study indi-
cate than an increase in magnesium concen-
tration in the plasma will stimulate a release
of calcitonin from the thyroid gland of the
pig. The increased concentration of CT in the
plasma was directly proportional to the in-
creased concentration of magnesium ion
present in plasma during the last part of the
infusions.

During the first part of the infusion peri-
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F16. 6. Effect of the intravenous infusions of mag-
nesium chloride at the three different rates (1.24,
3.63, 12.28 ml/kg/min) on the concentrations of
plasma total calcium (Car), total inorganic phos-
phate (P;), and calcitonin (CT) in a 120-kg pig (pig
G).
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Fic. 7. Effect of the intravenous infusions of mag-
nesium chloride at the three different rates (1.24,
3.63, 12.28 ml/kg/min) on the concentrations of
plasma total calcium (Car), total inorganic phos-
phate (P:), and calcitonin (CT) in a 120-kg para-
thyroidectomized pig (pig H).

od, the increased plasma concentrations of
CT were much higher in relation to the in-
crease in Mg concentrations than those dur-
ing the latter part of the infusions. A propor-
tional relationship between plasma Mg and
plasma CT was present during the first part
of the infusion period, however the relation-
ship is complex and further study will be
required to adequately characterize it. A sim-
ilar biphasic increase in CT concentrations
was observed previously when relatively large
amounts of calcium were infused into pigs
(14). The observed pattern of CT secretion
is consistent with the hypothesis that the
initial release of CT represents the release of
stored hormone, whereas subsequent secretion
of CT represents the secretion of newly syn-
thesized hormone. The relative amounts of
CT released during prolonged infusion of
magnesium are comparable to the amount of
CT released during prolonged infusion of
equimolar amounts of calcium (14).

The CT released during the magnesium
infusions was associated with a marked hypo-
calcemia. The degree and duration of hypo-
calcemia was correlated with the amount of
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Mg infused. The decrease in total calcium
concentrations in the plasma was accompa-
nied by a greater reduction in the ionized
calcium concentrations. The difference may
be explained by the increase in total protein
concentration in the plasma. Magnesium in-
fused at the low rates caused detectable de-
creases in Caq, even though changes in CT
concentrations were not detected. This sug-
gests that CT is being released which was not
detected by the CT assay.

There are, however, alternative explana-
tions of the hypocalcemic and hypophos-
phatemic effects of the magnesium infusions.
The calciuric effects of parenterally adminis-
tered magnesium salts were first described by
Mendel and Benedict (15). The -calciuric
effects are usually thought of as competitive
inhibition of the tubular calcium reabsorp-
tion. Jones and Fourman (16) thought that
the urinary excretion of calcium could not
account for the decrease in plasma calcium
following the infusion of magnesium into
hypoparathyroid patients, but that the ur-
inary excretion of calcium could account for
the decrease in plasma calcium following the
infusion of magnesium into normal control
patients. After 2 hr of magnesium chloride
infusion into cats, Nielson (5) found that the
calculated losses of calcium from the ex-
tracellular fluid compartment were much
greater than the relatively small (less than
29 ) losses of calcium in the urine. However,
after nephrectomy magnesium chloride infu-
sion produced no fall in plasma calcium. One
explanation for this could have been the de-
velopment of hyperparathyroidism following
nephrectomy, thus calcitonin would be less
effective in producing hypocalcemia. The lack
of a hypocalcemic effect of magnesium in
thyroparathyroidectomized pigs in the pres-
ent report, and the lack of a hypocalcem-
ic effect of magnesium in thyroparathyroidec-
tomized cats (5) and thyroidectomized rats
(17) would suggest that the major factor
responsible for the hypocalcemic effect of
magnesium is calcitonin.

Only small transient decreases in plasma
phosphate concentration occurred during mag-
nesium infusions. This could be due to the
hypophosphatemic effect of calcitonin, since
it did not occur in the thyroparathyroidecto-
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mized pig. The rise in plasma phosphate that
occurred in the intact and in the thyropara-
thyroidectomized pigs after receiving large
amounts of magnesium could be due to a
hypophosphaturic effect of magnesium (18,
19). However, studies of the changes in the
urine following magnesium administration
will be necessary to quantitate the influence
of the urinary changes of calcium and phos-
phate on the changes in the plasma calcium
and phosphate of the pig.

In the CT assay, as used in this laborato-
ry, there is a certain nonspecific interference
(0.4 to 0.6 mpg/ml) in even plasma or serum
from thyroparathyroidectomized pigs similar
to that previously reported (13). Thus,
small changes in CT in the plasma are diffi-
cult to detect and this is also the reason that
the increase in CT was used in this report
rather than the absolute values.

Concentrations of Mg similar to those
shown to be effective in increasing CT con-
centrations in pigs are found in such condi-
tions as parturient paresis of cows. These
increased Mg concentrations could be expect-
ed to increase the CT concentrations in the
plasma, thereby contributing to a prolonged
hypocalcemia.

Magnesium has inhibited the release of
parathyroid hormone both iz vivo (20, 21)
and én vitro (22) in a quantitatively similar
manner to changes in calcium ion concentra-
tion. The influence of magnesium concentra-
tions on parathyroid hormone secretion is
currently being done in this laboratory. Mag-
nesium may be inhibiting the secretion of
parathyroid hormone, thus the action of TCT
may be unopposed. This is supported in the
present experiments by the similar response
in the intact and PTX pigs.

It is concluded that an increase in CT may
explain much of the hypocalcemic effects,
noted previously by other (1, 2, 15), of par-
enterally administered magnesium.

Summary. The effect of Mg on the secre-
tion of CT was studied in pigs. Infusion of
magnesium was shown to increase the secre-
tion of CT. During the latter part of sus-
tained infusions, this relationship appears di-
rectly proportional up to very high concen-
trations of magnesium. Increased secretion of
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CT occurred under conditions of decreasing
plasma calcium levels. Both total and ioniza-
ble calcium decrease in response to the in-
creased CT level elicited by the infusion of
magnesium. Thus, the influence of Mg on CT
secretion is an important factor to consider
in evaluating CT secretion rates.

The skillful laboratory work of Mrs. Jeanette
Winge, the photographic work of Mr. Ralph Glazier,
and the statistical treatment of data by Mr.
Gordon Booth are gratefully acknowledged.
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