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A B S T R A C T Available evidence indicates that
serum magnesium (Mg++) levels influence the secre-
tion rate of parathyroid hormone (PTH). Whether
serum Mg++ concentrations also modify the action of
PTH on its target organs has not been definitively
established. The present experiments were designed
to study this possibility. The effect of infusing PTH
on the urinary excretion of cyclic AMP (cAMP)
and P04= was examined in five normal dogs at two
different levels of serum Mg++. At normal serum
Mg++ concentrations (1.89+0.14 mg/100 ml), PTH
infusion increased cAMP excretion from 1.76±0.27
to 4.87±1.00 nmol/min and fractional P04= excretion
(FEmo4) from 1.58±0.36% to 23.1±2.17%. When an
identical amount ofPTH was given to the same dogs at
a serum Mg++ of 4.36±0.20 mg/100 ml, FEpo4 in-
creased to only 6.02±1.89%o and cAMP from 1.31±0.23
to 1.89±0.39 nmol/min. Identical results were obtained
in thyroparathyroidectomized hypermagnesemic dogs.
Increased serum Mg++ levels had no effect on the phos-
phaturia produced by the infusion of dibutyryl cAMP
to thyroparathyroidectomized dogs. In vitro studies
using rat renal cortical slices revealed a progressive
decrease in cAMP production in response to PTH
as the Mg++ concentrations were increased in the in-
cubation medium. The overall results indicate that
hypermagnesemia inhibits the phosphaturic response
to PTH by decreasing the renal production of cAMP.
Plasma magnesium, therefore, may participate in a
double feedback mechanism, not only controlling the
release of PTH, but also altering the biological ac-
tivity of the hormone at the level of the target organ.
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INTRODUCTION

Serum calcium and magnesium concentrations play
an important role in the regulation of parathyroid
hormone (PTH)1 secretion. Both hypercalcemia and
hypermagnesemia are known to suppress the release
of PTH (1-6). It is possible that the relative serum
concentrations of these ions may modify not only the
release of parathyroid hormone but also the biological
activity of PTH at the level of the target organs.

Recently, Beck and collaborators (7) have demon-
strated that hypercalcemia modifies the renal response
to PTH. Rats rendered hypercalcemic had a lesser
increment in urinary phosphate and cyclic AMP
(cAMP) excretion in response to PTH administration
than hypo- or normocalcemic animals. Serum mag-
nesium levels may also play an important role in regu-
lating the biological activity ofPTH. Hypomagnesemia
is frequently accompanied by hypocalcemia (8-15),
which apparently results from resistance ofthe skeleton
to the action of PTH. However, controversial results
have been obtained regarding the influence of hypo-
magnesemia on the release of PTH from the para-
thyroid glands (8-15). The present studies were per-
formed to determine the role of hypernagnesemia in
the renal response to PTH administration. Urinary
phosphate and cAMP excretion were determined in
normo- and hypermagnesemic dogs before and after
the administration of PTH. The effect of magnesium
on the production of cAMP also was studied in vitro
with rat renal cortical slices.

METHODS
21 experiments were performed on 16 female adult mongrel
dogs weighing 12-20 kg. All experiments were performed
on unanesthetized, trained dogs. The animals were fed a
standard dog chow, and they were in the Animal Care
Facilities for at least 2 wk before any experiments were

1Abbreviations used in this paper: PTH, parathyroid hor-
mone.
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TABLE I
Effect of PTH Administration on Urinary Phosphate and Cyclic AMP

Excretion in Five Normomagnesemic Dogs

Dog GFR SM, Spo. Sc. Sica Up,,V FE,,. cAMP FEN,

mil/min mg/1i00 ml Mg/min % nmollmin %

1 C 39.3 1.49 4.4 8.85 4.80 43.0 2.6 1.88 0.1
E 50.8 1.49 4.0 9.29 5.09 620.0 30.3 4.38 0.1

2 C 41.7 1.82 3.7 9.23 4.76 6.0 0.4 1.78 0.1
E 60.4 1.27 3.5 8.81 4.76 532.0 24.8 3.33 0.4

3 C 46.4 1.76 4.6 8.78 4.48 31.0 1.4 2.15 0.1
E 61.7 1.58 3.8 9.14 4.84 542.0 22.8 6.06 0.3

4 C 47.3 2.30 4.8 10.0 5.84 33.0 1.5 2.24 0.1
E 80.0 2.18 4.7 10.3 5.95 667.0 17.8 8.14 0.3

5 C 47.5 2.09 5.6 8.47 4.34 61.0 2.0 0.75 0.1
E 57.2 1.90 5.6 8.06 4.22 631.0 19.7 2.46 0.5

Mean C 44.4 1.89 4.6 9.07 4.84 34.8 1.58 1.76 0.10
SE ± 1.66 +0.14 +0.4 ±0.26 ±0.26 ±8.9 ±0.36 ±0.27 ±0.01

Mean E 62.0 1.69 4.3 9.12 4.97 598.4 23.1 4.87 0.32
SE ±4.9 ±0.16 ±0.38 ±0.36 ±0.28 ±26.3 ±2.17 ±1.0 ±0.07

Abbreviations: GFR, glomerular filtration rate; Smg, serum magnesium; Spo4, serum phosphate; Sca, serum
total calcium; SICa, serum ionized calcium; Upo4V, urinary phosphate excretion; FEpo4, fractional excretion
ofphosphate; cAMP, urinary excretion of cyclic AMP; FENa, fractional excretion of sodium; C, mean values
of three control clearance periods; E, mean values of five to six 20 to 30-min experimental periods ob-
tained after the administration of a prime dose of 100 U ofPTH followed by a sustaining infusion delivering
1 U of PTH/min.

performed. The dogs were fasted for 16 h before the clear-
ance studies, but they were allowed free access to water.
On the morning of the experiments catheters were inserted
in a hind limb vein for the infusion of solutions, in the
jugular vein for the collection of blood samples, and in
the bladder for urine collections. The dog received ini-
tially 300-500 ml of tap water via gastric tube and intra-
venously a solution containing 5% creatinine in 2.5%
dextrose in water as a prime. Thereafter, a sustaining solu-
tion containing creatinine in 2.5% dextrose in water was
given at the rate of 2.5 ml/min. The experimental proto-
cols included:
Administration of PTH to normal dogs. (group 1).

In a group of five normal dogs, after two to three base-
line clearance periods were obtained, PTH (Parathyroid,
Eli Lilly and Company, Indianapolis, Ind.), 100 U, was given
as a prime, followed by the administration of 1 U/min.
Five to six additional clearance periods, of 20-30 min
each, were collected during the administration of PTH.
Administration ofPTH to hypermagnesemic dogs (group 2).

These studies were performed in the same group of dogs
3-4 wk later. At the beginning of the experiments, 8.12
meq of magnesium sulfate were given i.v. as a prime
dose, followed by the administration of 100 ,ueq/min. The
sustaining solution containing magnesium was 2.5% dextrose
in water delivered at the rate of 2.5 ml/min. After 90
min of equilibration, initial clearance periods were col-
lected. Thereafter, PTH was given as described above and
the same protocol was followed as above.
Administration of PTH to hypermagnesemic thyropara-

thyroidectomized dogs. Thyroparathyroidectomy was per-

formed in four dogs. 1-2 g of calcium (as calcium lactate)
were added to the diet to keep the dogs alive. Eventually
all of the dogs expired with serum calcium values as low
as 3.5 mg/100 ml. 2-3 days after parathyroidectomy, experi-
ments were performed as in group 2.
Administration of sodium sulfate to normal dogs. In a

group of four dogs, sodium sulfate was given intravenously,
8.12 meq as a prime, followed by the administration of 100
,ueq/min in a 2.5% solution of dextrose in water delivered
at 2.5 ml/min. After 90 min of equilibration, base-line
clearance periods were obtained. Thereafter, PTH was ad-
ministered as in group 1, while the dogs continued to
receive Na2SO4. Five 20-30-min periods were then collected.
Administration of dibutyryl cAMP to hypermagnesemic

thyroparathyroidectomized dogs. In a group of four thyro-
parathyroidectomized dogs, magnesium was given as in group
2. After base-line collections were obtained, dibutyryl cAMP
(Sigma Chemical Co., St. Louis, Mo.) was given i.v. at the
rate of 1.5 mg/min. Thereafter, four to five additional clear-
ance periods were collected.
Effects ofmagnesium concentrations on cAMP production

in response to PTH by rat renal cortical slices. Rat renal
cortical slices, prepared as described previously (16), were
incubated in Krebs-Ringer solution containing 10 mM theo-
phylline at Mg++ concentrations of 1, 2.5, 5, and 10 mM.
At each level of magnesium concentration, cAMP production
was measured in the absence (control) and presence (experi-
mental) of 1 U of synthetic bovine PTH 1-34 (Beckman
Instruments, Inc., Palo Alto, Calif.). The flasks were in-
cubated in a Dubnoff metabolic shaker for 20 min at 37°C,
and gassed with a 95% 02, 5% CO2 mixture. The reaction
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TABLE II
Effect of PTH Administration on Urinary Phosphate and Cyclic AMP

Excretion in Five Hypermagnesemic Dogs

Dog GFR SM5 SpO, SC. SIC. Upo,V FE,,, cAMP FEN,

mil/min mg/iOO ml Mg/min % nmol/min %

1 C 39.0 5.08 4.5 8.35 4.72 6.4 0.3 1.38 0.1
E 51.3 5.06 3.8 7.86 4.45 263.0 13.2 1.54 1.3

2 C 49.5 4.17 2.8 8.00 4.70 6.6 0.5 1.41 0.4
E 63.8 3.85 2.3 7.25 4.28 52.6 3.3 1.92 0.8

3 C 45.1 3.93 4.3 9.35 4.56 7.9 0.4 1.99 0.1
E 68.4 4.13 4.3 9.39 4.85 174.4 5.2 3.25 0.9

4 C 43.3 4.53 5.2 10.2 5.48 14.5 0.6 0.55 0.1
E 69.9 4.18 4.5 10.2 5.26 195.8 5.8 0.85 0.4

5 C 52.0 4.12 3.8 8.84 4.68 20.6 1.0 1.21 0.1
E 63.2 4.07 3.3 8.35 4.56 52.2 2.6 1.91 0.8

Mean C 45.8 4.37 4.1 8.95 4.83 11.2 0.56 1.31 0.16
SE +2.3 ±0.20 ±0.4 ±0.39 ±0.17 ±2.8 ±0.12 +0.23 ±0.06

Mean E 63.3 4.26 3.6 8.61 4.68 147.6 6.02 1.89 0.84
SE ±3.3 ±0.21 ±0.4 ±0.53 ±0.17 ±41.6 ±1.89 ±0.39 ±0.14

For explanation of abbreviations see Table I. C, mean values of three control clearance periods after the
dogs had received a prime dose of 8.12 meq of magnesium sulfate intravenously, followed by a sustaining
infusion delivering 100 ,ueq/min of magnesium sulfate; E, mean values of five to six experimental periods
obtained after the administration of 100 U of PTH, followed by a sustaining infusion delivering 1 U/min.

was terminated by quickly removing the slices, freezing
them in Freon (E. I. duPont de Nemours & Co., Inc.,
Wilmington, Del.), and transferring them to 1 ml 50 mM
Na acetate-acetic acid buffer, pH 4, and boiling them for
3-5 min. They were then homogenized in a glass homog-
enizer, and an aliquot was removed for protein determina-
tion and the remainder spun at 6,000 g for 20 min. The
supematant was assayed for cAMP by a modification of the
protein binding assay of Gilman (17) as described previously
(16). cAMP was also assayed in the incubation media and total
cAMP produced was expressed as cAMP per milligram pro-
tein per 20 minutes. Protein was determined by the method
of Lowry et al. (18).
Effects of magnesium concentrations on adenyl cyclase

activity in response to PTH by rat renal cortical slices. Mem-
branes were prepared by the method of Marcus and Aurbach
(19), using the cortical slices from adult Holtzman rats,
and stored in small aliquots at -70°C. Enzyme activity was
measured in the absence of PTH (syn 1-34) and at con-
centrations of PTH of 1 and 10 U/ml. The activities were
determined over the range of Mg++ concentrations 0, 1, 5, 10,
and 20 mM. Adenyl cyclase activity was measured by the
method of Salomon et al. (20).
Analytical Procedures. Glomerular filtration rate (GFR)

was measured by the exogenous creatinine clearance; phos-
phate clearance was measured concurrently. Creatinine con-
centrations in urine and plasma were determined by the
Jaffe reaction, as dexcribed by Eolin (21) and adapted
for the Technicon Autoanalyzer (Technicon Instruments
Corp., Tarrytown, N. Y.). Phosphate was measured by the
method of Kraml and Hurst (22, 23), as adapted for the
Technicon Autoanalyzer. Calcium and magnesium were

measured with an atomic absorption spectrophotometer
(Perkin-Elmer Corp., Norwalk, Conn., model 503). Ionized
calcium was measured anaerobically with a flow-through
electrode (Orion Research Inc., Cambridge, Mass.). Urinary
and plasma sodium was measured with an IL flame photom-
eter (Instrumentation Laboratory, Inc., Lexington, Mass.,
model 143), and urinary cAMP was measured by a modifica-
tion of the method of Gilman (17) previously reported (16).
Standard formulas were used for the calculation of creati-
nine clearance and fractional excretion of sodium and phos-
phate. Statistics used Student's t test for paired data.

RESULTS

Tables I and II summarize the effects of PTH ad-
ministration on urinary phosphate and cAMP excretion
during normomagnesemia and hypermagnesemia in
five dogs. In normomagnesemia PTH administration
increased phosphate excretion from 34.8+8.9 to
598.4+26.3 ,ug/min. cAMP increased from 1.76+0.27
to a peak response of 4.87+1.0 nmol/min. When the
animals were rendered hypermagnesemic, mean serum
magnesium was 4.37±0.2 mg/100 ml before the in-
fusion of PTH, and 4.26+0.21 mg/100 ml after PTH
administration. Phosphate excretion increased from
11.2+±2.8 to 147.6±41.6 ,ug/min. Fractional phosphate
excretion increased from 0.56±0.12% to only 6.02
±+1.89% in comparison to 23.1±2.17 in the normo-
magnesemic animals. Cyclic AMP increased from 1.31
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TABLE III
Effect of PTH administration on Urinary Phosphate Excretion in Four

Thyroparathyroidectomized Hypermagnesemic Dogs

GCF s5, sPO. SC. SjcaUpo(V FEp, FEN,

mllllli/a rlg,nl100 mul jmg/niiin % %

C 46.7 5.34 5.0 7.0 3.40 49.5 2.1 0.1
E 60.6 5.01 3.6 6.5 3.25 131.1 6.3 1.8

C 57.4 4.88 3.3 8.41 4.44 25.5 0.1 0.1
E 78.3 4.96 3.2 8.75 4.68 56.0 2.1 0.4

C 52.5 4.59 4.8 7.74 3.60 3.5 0.1 0.1
E 75.1 4.49 4.6 8.15 4.07 43.6 1.4 1.1

C 31.4 4.99 3.3 8.26 4.32 7.7 0.7 0.1
E 38.6 5.18 2.9 7.79 4.21 66.9 6.1 1.6

Mean C 47.00 4.95 4.1 7.85 3.94 21.6 0.75 0.1
SE +5.50 +0.16 +0.93 +0.32 +0.26 + 10.5 +0.47 ±0.00

Mean E 63.2 4.91 3.58 7.81 4.05 74.4 3.98 1.23
SE ±9.0 ±0.15 ±0.37 ±0.48 ±0.30 ±19.5 ±1.30 ±0.31

For explanation of abbreviations see Table I. Dogs were thyroparathyroidectomized 2 or 3 days
before these experiments.

+0.23 nmol/min to a peak response of 1.89±0.39
nmol/min.
To rule out a possible contribution of endogenous

PTH, similar experiments were performed in a group
of thyroparathyroidectomized hypermagnesemic dogs.
Identical results were obtained in these animals.
Phosphate excretion increased from 2 1.6±10.5 ,ugl
min to only 74.4±19.5 gg/min. Fractional phosphate
excretion increased from 0.75±0.47% to only 3.98
±1.30% (Table III).
These observations suggest that magnesium may

1mM Mg++ 2.5mM Mg+ 5mM Mg+ lOmM Mg+

c 140 T Control
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(N

'o 100 *
0
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I 0E 0
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FIGURE 1 Effects of increasing magnesium concentrations
on cAMP production by rat renal cortical slices in response
to PTH. The concentration of Mg in the medium ranged
from 1 to 10 mM. cAMP was measured in the absence
(control) and presence (experimental) of 1 U of synthetic
bovine PTH 1-34. Results are the mean and SE of the mean
for eight experiments.

interfere with the phosphaturic effect of PTH. Since
magnesium was given as the sulfate salt, the restults
observed may be due to an increase in plasma slil-
fate. To determine if the "blunted" phosphatuiric
response to PTH was due to sulfate rather than mag-
nesium, similar experiments were performed in a group
of four dogs; however, in these animals sodium stil-
fate instead of magnesium sulfate was given i.v. at
the rate of 100 geq/min. There were no changes in
total or ionized serum calcium, phosphortus, or mag-
nesium after the administration of PTH. Glomerular
filtration rate increased from 64.6±3.1 to 74.1±3.1
ml/min. Fractional phosphate excretion increased from
6.16±3.0 to 30.7±3.1. Thus sulfate did not affect the
phosphaturic effect of PTH.

Since the phosphaturic effect of PTH is mediated,
at least in part, by cAMP, hypermagnesemia may inter-
fere with the renal action of PTH by inhibiting the
production of cAMP. To examine this possibility,
studies were performed in vitro. The production of
cAMP in response to PTH was studied in rat renal
cortical slices incubated in varying concentrations of
magnesium. Fig. 1 depicts the results ofcAMP produc-
tion obtained in a series of experiments in which
the amount of magnesium in the Ringer's solution
ranged from 1 to 10 mM. cAMP production is shown
under control conditions and after the addition of 1 U
of synthetic PTH 1-34 to the medium. There was an
inverse relationship between the concentration ofmag-
nesium in the medium and the amount of cAMP
produced. At a concentration of 1 mM magnesium
in the medium, the addition of PTH increased cAMP
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TABLE IV
Effect of Dibutyryl Cyclic AMP Administration on Phosphate Excretion in

Four Thyroparathyroidectomized Hypermagnesemic Dogs

GFR SMg S Sca Sca UV FE,. FEN,

m/min mglOO ml Ag/min % %

C 45.7 6.76 4.28 6.76 3.02 7.3 0.3 0.63
E 57.3 6.19 3.29 5.00 2.89 447.7 27.0 2.32

C 41.8 5.15 3.74 8.60 4.56 30.1 1.9 0.04
E 53.8 5.71 3.02 8.16 4.32 417.3 26.1 2.15

C 25.3 5.17 3.60 8.79 4.48 2.4 0.2 0.10
E 44.3 4.92 2.30 7.95 3.85 174.0 16.7 0.60

C 42.5 5.30 4.9 7.70 3.7 8.4 0.3 0.10
E 56.3 5.15 4.1 7.10 3.4 405.1 23.0 0.80

Mean C 38.8 5.69 4.13 7.96 3.94 12.1 0.68 0.22
SE +4.6 +0.40 +0.30 +0.47 +0.36 +6.2 +0.41 +0.14

Mean E 52.9 5.49 3.18 7.05 3.67 361.1 23.2 1.47
SE +2.97 ±0.29 ±0.37 ±0.72 ±0.42 +62.9 ±2.33 ±0.45

For explanation of abbreviations, see Table I.

production from 20.5±1.6 to 125±18.2 pmol/mg pro-
tein per 20 min. At a concentration of 10 mM mag-
nesium, the addition of PTH increased cAMP produc-
tion from 14.8±2.0 to only 54.7+11.0 pmol/mg protein
per 20 min.
The activity of the adenyl cyclase system was also

evaluated at varying concentrations of magnesium in
the medium before and after the addition of PTH.
When magnesium was omitted from the medium, the
activity of the enzyme was low, 12±7.8 pmol/mg
protein per 10 min of incubation, and there was no
stimulation by the addition of 1 or 10 U of PTH.
The activity of the adenyl cyclase was greatly en-
hanced by addition of magnesium, and at 5 mM
the production ofcAMP was 398± 35.9 pmol/mg protein
per 10-min incubation. A twofold increase in adenyl
cyclase activity was seen when PTH was added to
the medium. Similar results were observed at a mag-
nesium concentration of 20 mM.
To further delineate the role of magnesium in the

cAMP-mediated phosphaturic effect ofPTH, additional
studies were performed in vivo. Table IV illustrates
the results obtained in four thyroparathyroidectomized
hypermagnesemic dogs before and after administration
of dibutyryl cAMP. As seen with PTH, GFR also
increased from a mean value of 38.8 to 52.9 ml/min.
Serum magnesium did not change appreciably,
5.69±0.40 mg/100 ml before and 5.49±0.29 mg/100
ml after cAMP infusion. The hypermagnesemia did
not block the phosphaturic effect of dibutyryl cAMP
and fractional phosphate excretion rose from 0.68
±0.41% to 23.2±2.33% after cAMP administration.

DISCUSSION

The levels of serum calcium and magnesium play
an important role in the regulation of PTH secre-
tion. Increased levels of serum calcium or magnesium
inhibit the release of PTH (1-6). Beck et al. (7) have
demonstrated recently that hypercalcemia modifies the
phosphaturic response to PTH administration, raising
the possibility of a role for calcium not only in the
secretion of the hormone but also as a regulator of the
peripheral actions of the hormone. The present studies
strongly suggest that magnesium may play a similar
role. Hypermagnesemia may not only affect PTH secre-
tion but also alter the phosphaturic response observed
after PTH administration in the dog. In our studies,
the phosphaturic response secondary to the administra-
tion ofPTH was greatly diminished when the concen-
tration of magnesium in serum was increased from
1.9 to 4.3 mg/100 ml. This effect was seen both in
normal and thyroparathyroidectomized animals, sug-
gesting that hypermagnesemia affected renal phos-
phate excretion in the absence of endogenous PTH
secretion. Concomitantly, with the decreased phos-
phaturia produced by hypermagnesemia, there was a
remarkable decrease in the urinary excretion of cAMP
in response to PTH administration. It should be re-
membered, however, that urinary cAMP represents
not only the cAMP produced by the kidney itself
but also circulating cAMP filtered and excreted by
the kidney. Hence, a decrease in the urinary excre-
tion of cAMP may result not only from decreased
renal production per se but from decreased plasma
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levels with a fall in filtered cAMP. Since PTH ad-
ministration increases the release of cAMP from bone
(24-26), it is possible that some of the fall in the
urinary excretion of cAMP may have been related
to decreases in plasma cAMP secondary to decreased
release of the nucleotide from bone in response to
PTH administration during hypermagnesemia.
However, the in vitro experiments with rat cortical
renal slices clearly indicate that changes in the con-
centration of magnesium in the incubating medium
result in progressive decreases in cAMP generation
by rat renal cortex. The i.v. administration of dibutyryl
cAMP to hypermagnesemic dogs clearly resulted in
a phosphaturic response similar to that observed in
normal magnesemic dogs (Table I). These data suggest
that the effects of hypermagnesemia in blunting the
phosphaturic response to PTH occur before the genera-
tion of cAMP. Decreased cAMP production by the
kidney could result from either decreased activation
of adenyl cyclase activity in response to PTH when
magnesium is elevated or increased degradation of
cAMP formed by phosphodiesterase. Studies by others
have suggested that phosphodiesterase activity is
maximal at 2 mM magnesium and that increases in
magnesium up to 10 mM do not affect the activity of
phosphodiesterase (27). Observations by Drummond
and Perrott-Yee (28) have shown that rabbit brain
phosphodiesterase is inhibited by magnesium at con-
centrations of about 0.8 mM. These data would tend
to suggest that phosphodiesterase activation by hyper-
magnesemia is an unlikely explanation for the results
obtained in the present studies. Moreover, in the in
vitro studies 10 mM theophylline was added to the
medium so that the possibility that high concentra-
tions of magnesium enhanced phosphodiesterase ac-
tivity is somewhat remote. The second explanation
for the decreased urinary cAMP excretion and the de-
creased production of cAMP by rat renal cortical
slices at high levels of magnesium relates to an
inhibitory effect of magnesium on the renal adenyl
cyclase system in response to PTH. The results that we
obtained, however, argue against this possibility.
In broken renal cell membranes, hypermagnesemia
did not inhibit the activation of adenyl cyclase pro-
duced by two different concentrations of PTH. While
these results argue against invoking inhibition of
adenyl cyclase as the mechanism responsible for the
decreased excretion of cAMP observed during hyper-
magnesemic states and the decreased production ob-
served in rat renal cortical slices, it is possible that
the events in vivo and in vitro differ somewhat
and the lack of inhibition with broken membranes
may not completely exclude the possibility of in-
hibition of adenyl cyclase by increasing concentrations
of magnesium in vivo. Moreover, the activity in vitro
of adenylate cyclase is affected not only by changes

in magnesium concentration but also in response to
changes in magnesium to ATP ratios (19).

Additional experiments with rat cortical slices in
vitro (results not reported) were designed to exclude
a role of Ca++ in the inhibition of cAMP produc-
tion observed with increasing magnesium concentra-
tions. Magnesium levels could affect Ca++ entry into
cells and influence cAMP generation in response to
PTH. However, preincubation of renal cortical slices
in Ca++-free medium containing 0.5 mM EGTA for
30 min, followed by reincubation of the slices in Ca++-
free medium and varying concentrations ofmagnesium,
resulted in decreased response to PTH as magnesium
was raised, and the results were identical to those
reported in Fig. 1. These results suggest that mag-
nesium levels do not affect cAMP production by slices
through a mechanism dependent on external calcium.
An alternative explanation may be related to an effect

of magnesium on the binding of PTH to receptor
sites. It is possible that hypermagnesemia decreases
the binding and/or degradationofPTH. Massry and col-
laborators (5) demonstrated that when high doses of
PTH are administered to hypermagnesemic dogs, a nor-
mal phosphaturic response is observed. We have ob-
tained similar results during hypermagnesemia when
the doses of PTH used were markedly increased.
Under these conditions urine cAMP also increased.
Thus, it is possible that magnesium may affect
the biological activity ofPTH by decreasing its binding
to receptor sites or by accelerating its degradation.
No experimental data in support or against this hypoth-
esis are presently available.
The present studies suggest that the divalent cations,

calcium and magnesium, may participate in a double
feedback mechanism, not only controlling the release
of PTH but also altering the biological activity of the
hormone at the target organs. Thus, both hypermag-
nesemia and hypercalcemia would inhibit PTH release
and would affect, at least at the level of the kidney,
the phosphaturic response produced by the hormone.
The present studies suggest that hypermagnesemia
partially inhibits the phosphaturic response to PTH
and the results are more consistent with the fact that
this inhibition is primarily due to an impairment of
PTH stimulation of cAMP production by the renal
cortex. Hypermagnesemia was shown to be without
effect on the phosphaturic effect of cAMP.
The effects of hypermagnesemia on the response of

other target organs to PTH has not been explored.
Hahn and collaborators (29) have studied the renal
and skeletal responses to PTH in hypomagnesemic
rats. They have demonstrated that hypomagnesemia
does not alter the functional activity of PTH at the
levels of kidney or bone. However, other investiga-
tors have suggested that the biological action of
PTH at the level of the skeleton was impaired
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in the presence of hypomagnesemia (10-15). These
latter studies suggest, therefore, that magnesium con-
centrations may not only affect the renal response
to PTH hormone but also affect the action of the hor-
mone at the level of another target organ, bone.
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