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Effects of Parathyroid Hormone on Skeletal Muscle
Protein and Amino Acid Metabolism in the Rat

ALAN J. GARBER, Departments of Medicine, Biochemistry and Cell Biology,
Baylor College of Medicine, The Methodist Hospital, Houston, Texas 77030

A B S T R A C T Because prominent skeletal muscle dys-
function and muscle wasting are seen in both chronic
uremia and in primary hyperparathyroidism, and be-
cause markedly elevated parathyroid hormone levels
occur in both disorders, potential effects of parathyroid
hormone on skeletal muscle protein, amino acid, and
cyclic nucleotide metabolism were studied in vitro
using isolated intact rat epitrochlearis skeletal muscle
preparations. Intact bovine parathyroid hormone and
the synthetic 1-34 fragment of this hormone stimu-
lated the release of alanine and glutamine from muscle
of control but not from chronically uremic animals.
This stimulation was dependent upon the concentra-
tion of parathyroid hormone added: At 105 ng/ml
parathyroid hormone increased alanine release 84%
and glutamine release 75%. Intracellular levels of al-
anine and glutamine were not altered by parathyroid
hormone. Increasing concentrations of the 1-34 poly-
peptide decreased [3HJleucine incorporation into pro-
tein of muscles from both control and uremic animals.
Using muscles from animals given a pulse-chase label
of [guanido-14C]arginine in vivo, parathyroid hormone
increased the rate of loss of 14C label from acid-pre-
cipitable protein during incubation and correspond-
ingly increased the rate of appearance of this label in
the incubation media. Parathyroid hormone increased
muscle cAMP levels by 140% and cGMP levels by
185%, but had no effect on skeletal muscle cyclic nu-
cleotide phosphodiesterase activities as assayed in vi-
tro. Adenylyl cyclase activity in membrane prepara-
tions from control but not uremic rats was stimulated
by parathyroid hormone in a concentration-dependent
fashion. However, no stimulation of guanylyl cyclase
activity was noted by parathyroid hormone, although
stimulation by sodium azide was present. Incubation
of muscles with added parathyroid hormone produced
a diminished responsiveness towards epinephrine or
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serotonin regulation of amino acid release and cAMP
formation in the presence compared to the absence of
parathyroid hormone. In the absence of parathyroid
hormone, detectable inhibition of alanine and gluta-
mine release was produced by 10- M epinephrine,
whereas in the presence of parathyroid hormone
(1,000 ng/ml) inhibition of alanine and glutamine re-
lease required 10-6 M or greater epinephrine. Resis-
tance to cyclic AMPaction as well as inhibition of
cyclic AMP formation by parathyroid hormone was
found. Preincubation of rat sarcolemma with 1-34
parathyroid hormone produced a decreased activity
of the isoproterenol-stimulable adenylyl cyclase activ-
ity but there was no apparent change in the concen-
tration of isoproterenol required for one-half maximal
and maximal stimulation of the enzyme.

These findings suggest that high levels of parathy-
roid hormone have direct effects on skeletal muscle
protein, amino acid, and cyclic nucleotide metabolism
in muscle of normal but not uremic animals. Treat-
ment with these high levels of parathyroid hormone
in vitro appears to reproduce in normal muscle, the
metabolic deficits and loss of hormone responsiveness
observed in muscle of chronically uremic animals. It
is therefore possible that direct effects of parathyroid
hormone on skeletal muscle may account in part for
the muscle dysfunction and wasting of primary hy-
perparathyroidism and chronic uremia.

INTRODUCTION

Chronic renal failure is accompanied by skeletal mus-
cle dysfunction, muscle wasting, and a spectrum of
disorders of carbohydrate metabolism ranging from
carbohydrate intolerance and even fasting hypergly-
cemia to the occasional occurrence of spontaneous hy-
poglycemia (1-5). Markedly elevated levels of para-
thyroid hormone and profound secondary hyperpara-
thyroidism are early concomitants of advancing renal
insufficiency (6). Primary hyperparathyroidism is also
associated with a diffuse neuromuscular defect and
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prominent muscle dysfunction (7-9). Skeletal muscle
preparations from rats made chronically uremic by
surgery release large quantities of alanine and gluta-
mine in vitro. This appears to result, in part, from an
increased rate of protein degradation in muscles from
uremic animals (10, 11). Since both chronic renal in-
sufficiency and hyperparathyroidism are associated
with substantial elevations in the circulating levels of
parathyroid hormone, and since both disease states
have a significant muscle dysfunction and wasting dis-
order associated with them, a relationship between the
elevated levels of parathyroid hormone and the dis-
ordered skeletal muscle metabolism of both disease
complexes seems possible. For these reasons, we have
investigated the effects of parathyroid hormone and
its synthetic 1-34 fragment on protein, amino acid, and
cyclic nucleotide metabolism in skeletal muscle prep-
arations of the rat. The potential contributions of these
effects of parathyroid hormone to the disordered me-
tabolism found in muscle of chronically uremic rats
are discussed.

METHODS

Alanine aminotransferase (EC 2.6.1.2), glutamate dehy-
drogenase (EC 1.4.1.3), glutaminase (EC 3.5.1.2), lactate
dehydrogenase (EC 1.1.1.27), carbamylcholine, epinephrine
(HCI), and other biochemical reagents were obtained from
Sigma Chemical Co. (St. Louis, MO). [a-32P]GTP (14.2 Ci/
mmol sp act), [3H]cAMP (21 Ci/mmol sp act), and [3H]cGMP
(16.2 Ci/mmol sp act), were purchased from Amersham
Corp. (Arlington Heights, IL); and [a-32P]ATP (25 Ci/mmol
sp act), from International Nuclear and Chemical Corp.
(Irvine, CA). [125I12'-O-succinyl cAMP and cGMP tyrosine
methyl esters were from Collaborative Research, Inc. (Wal-
tham, MA). The synthetic 1-34 fragment of bovine parathy-
roid hormone was from Beckman Instruments, Inc. (Palo
Alto, CA), and highly purified, intact 1-84 parathyroid hor-
mone was purchased from Wilson Laboratories (Park Forest
South, IL). Crystalline glucagon-free insulin was a gift of
Dr. J. Galloway (Eli Lilly Co., Indianapolis, IN).

As described previously (10), epitrochlearis preparations
were obtained from chronically uremic and control Sprague-
Dawley rats (TIMCO, Houston, TX). Animals were made
chronically uremic by unilateral nephrectomy and ligation
of two branches of the renal artery of the contralateral kid-
ney. Animals were maintained on a high protein diet and
were sacrificed 7 d after surgery. Intact epitrochlaris muscles
were visualized, rapidly removed, rinsed, blotted, and placed
in incubation flasks containing 0.5 ml of a modified Krebs-
Henseleit buffer (pH 7.4). Other additions such as amino
acids, parathyroid hormone, insulin, and epinephrine were
made as indicated. The flasks were gassed with 95% 02-5%
CO2, stoppered, and incubated for 5-60 min at 370C. These
preparations remained viable in vitro as judged by phos-
phocreatine and ATP levels that were not different from
levels in vivo. Muscles were then removed from the medium,
rinsed, blotted, and frozen in liquid nitrogen. Muscle samples
and incubation media were stored at -80°C. Frozen muscle
preparations were weighed, then homogenized in 1.0 ml ice-
cold 3 M perchloric acid and centrifuged at 4,500 g for 15
min. The supernatant was neutralized with 3 M potassium

hydroxide, 0.4 M imidazole, and 0.7 M potassium chloride,
and the potassium perchlorate precipitate was removed by
further centrifugation. Semimicro- and microfluorometric
enzymatic techniques were used to determine levels of al-
anine, glutamine, and glutamate in perchlorate extracts of
skeletal muscle and in the incubation media as previously
described (12, 13). In studies measuring the incorporation
of amino acids into protein, 17 essential and nonessential
amino acids (most at 2.5 mMfinal concentration) and 1.0
MCi [4,5-3H]leucine were added to the incubation medium.
The muscles were incubated for 4 h using continuous gassing
by 95% 02-5% CO2, removed, and frozen as described
above. Incorporation of radiolabeled amino acid into skeletal
muscle protein was assayed by the appearance of 3H label
in the acid-insoluble pellet of the trichloroacetic acid extract
of the muscle (10). The frozen incubated muscle was ho-
mogenized in 12% trichloroacetic acid, centrifuged, and the
pellet washed twice with 5% trichloroacetic acid. The acid-
insoluble pellet was extracted with ether, air dried, and sol-
ubilized with NCS tissue solubilizer (Amersham Corp., Ar-
lington Heights, IL). The latter was counted in a liquid scin-
tillation counter using ACS scintillant (Amersham Corp.).

cAMPand cGMPwere determined in trichloroacetic acid
extracts of skeletal muscle by double antibody radioimmu-
noassays using '51I-labeled tyrosine methyl esters of succi-
nylated cyclic nucleotides (14). Partial purification of cyclic
nucleotides from trichloroacetic acid extracts was obtained
by double chromatography over Dowex 50 and aluminum
oxide columns (Dow Chemical Co., Midland, MI) as de-
scribed by Birnbaumer (15) for simultaneous separations of
cGMPand cAMP. Tritiated cyclic nucleotides were added
to each muscle homogenate to quantitate sample recovery.
Although cyclic nucleotide levels were determined after 2,
5, 10, and 20 min of incubation with each agonist, only the
data for 2-min incubations with epinephrine, 5 min with
parathyroid hormone, and 10 min with serotonin are pre-
sented because these periods produced the greatest observed
increments in cyclic nucleotide levels. Estimations of ad-
enylyl and guanylyl cyclase activities in skeletal muscle ho-
mogenates were based on the determination of the rate of
production of [32P]cAMP and [32P]cGMP from [a-32P]ATP
and [a-32P]GTP, respectively, as described (10). The cAMP
formed was isolated by a minor modification (16) of the
method of Salomon (17). Both isolation methods consist of
an initial chromatography over Dowex 50 (AG-X4, 100-200
mesh, H+ form) followed by chromatography of the cyclic
nucleotide containing eluate from the Dowex 50 column over
neutral aluminum oxide. Yields of cyclic nucleotides (as as-
sessed by recovery of tritium-labeled cyclic nucleotides
added to each individual sample) were between 60 and 75%
for cAMPand 40 and 50% for cGMP. Reaction blanks were
between 2 and 4 cpm of added labeled substrate.

For estimations of hormone-stimulable adenylyl or gua-
nylyl cyclase activity hind limb skeletal muscle was removed
from 150-g Sprague-Dawley female control or chronically
uremic rats, minced, and homogenized by Polytron homog-
enization (Brinkmann Instruments, Inc., Westbury, NY) us-
ing 10 vol of 27% sucrose containing 10 mMTris-HCI (pH
7.4), 1 mMEDTA, 1.32 X 10' M N-a-tosyl-l-lysyl chloro-
methane and 1.42 X 10' M tosyl-l-phenylalanyl chloro-
methane at a setting of 45% maximum Polytron rheostat
setting for 60 s while being cooled in an ice slurry. The
homogenate was filtered through four layers of cheesecloth
and centrifuged at 800 g. The supernatant of this fraction
was centrifuged at 17,000 g. The resultant pellet contained
the membrane-bound adenylyl cyclase. For determination
of adenylyl cyclase activities, 17,000-g membrane particles
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were incubated in a final vol of 50 ,ul containing 25 mM
Tris-HCI (pH 7.4), 1 mMEGTA, 1 mM[3H]cAMP, 2 mM
MgCl2, 0.1 mM[a-32P]ATP, and a regenerating system con-
sisting of 0.2 mg/ml creatine phosphokinase, 20 mMcreatine
phosphate, 0.02 mg/ml myokinase, and the indicated ago-
nists. The reaction was started with the addition of 10 sl of
the membrane preparation (30-50 MAg), and was continued
at 30'C for 10 min and stopped by the addition of 100 gl
of a solution containing 40 mMATP, 10 mMcAMP, and 1%
sodium dodecyl sulfate (SDS). Guanylyl cyclase activity was
determined in both the supernatant and pellet of a 40,000-
g muscle homogenate. Hind limb skeletal muscle was re-
moved from 150-g Sprague-Dawley control and chronically
uremic rats, minced, and homogenized in 10 vol of 0.25 M
sucrose, 1 mMEDTA, and 10 mMTris-HCI (pH 7.4) using
a Polytron PT-10 at setting 5.5 for 15-, 25-, then 15-s bursts,
with cooling for 30 s between each burst. The homogenate
was centrifuged at 600 g for 15 min, the pellet discarded,
and the supernatant centrifuged for 30 min at 10,000 g. The
supernatant fraction was then centrifuged at 40,000 g for
45 min. Guanylyl cyclase activity was determined in both
the supernatant and pellet of the 40,000 g fraction. 10 Ml
(30-50 ug) of the membrane particles or 20 Ml of the su-
pernatant were incubated in a total incubation volume con-
taining 25 mMbis-Tris propane (pH 7.5), 1 mM[3H]cGMP,
1 mMEDTA, 2.5 mMMnC12, 5 mMdithiothreitol, 0.4 mM
[a-32P]GTP, the regenerating system, and the agonist indi-
cated. The reaction was started with the addition of mem-
branes and was continued for 10 min in a 37°C water bath
and stopped by the addition of 100 Ml of a solution containing
40 mMGTP, 10 mMcGMP, and 1% SDS. Protein in the
homogenate and membrane preparations was determined
using the method of Lowry (18). Statistical assessments of
the data were made using Student's t test or analysis of vari-
ance as appropriate (19).

RESULTS
To determine whether or not parathyroid hormone
might have direct effects in vitro on skeletal muscle

protein and amino acid metabolism, epitrochlearis
preparations of rat skeletal muscle were incubated
with purified bovine 1-84 parathyroid hormone and
with the synthetic 1-34 fragment of bovine parathy-
roid hormone. As shown in Table I, both the native
hormone and the 1-34 fragment of parathyroid hor-
mone increased the release of alanine and glutamine
from these skeletal muscle preparations. Alanine re-
lease was increased 67% by native parathyroid hor-
mone and 57% by the 1-34 fragment; glutamine release
was increased 60% by intact parathyroid hormone and
63% by the 1-34 fragment (P < 0.01 for all). Epitro-
chlearis preparations were also obtained from rats
made chronically uremic by unilateral nephrectomy
and subtotal ligation of the branches of the contralat-
eral renal artery as described in detail in Methods.
These muscle preparations had an increased rate of
alanine and glutamine release in the absence of added
parathyroid hormone, as has been described previously
(10). In contrast to the effect of parathyroid hormone
on control muscle preparations, amino acid release
from epitrochlaris preparations obtained from uremic
rats was not altered by either intact 1-84 parathyroid
hormone or the 1-34 fragment. This effect was not the
result of the single concentration of parathyroid hor-
mone or the 1-34 fragment studied. As shown in Figs.
1 and 2, added 1-34 parathyroid hormone produced
a concentration-dependent increase in the release of
both alanine and glutamine from muscle of control
rats. At the highest concentration of parathyroid hor-
mone studied (105 ng/ml), alanine release was in-
creased by 84%, and glutamine release was increased
by 75% (P < 0.01 each). The stimulatory effect of para-

TABLE I
Effect of Bovine Parathyroid Hormone (1-84) and the Synthetic (1-34) Fragment on Amino Acid

Release from Skeletal Muscle of Control and Uremic Rats

Release

Alanine Clutamine

Addition Concentration Control Uremia Control Uremia

U/mi nmol/min/g muscle

Control - 19.8±2.6 29.7±1.3 29.4±2.5 39.9±2.6
Parathyroid hormone

(1-84) 50 33.1±2.4 29.2±2.0 46.9±6.4 40.2±2.1
Synthetic 1-34

peptide 57 31.1±3.3 29.5±1.6 48.0±5.0 41.0±3.0

Epitrochlearis preparations from control and chronically uremic rats were obtained and incubated for 1 h at 37°C
in Krebs-Henseleit bicarbonate buffer (pH 7.4) containing glucose (5 mM) and highly purified intact bovine para-
thyroid hormone or synthetic 1-34 bovine parathyroid hormone at the concentrations indicated. Following conclusion
of the 1-h incubation, muscles were rapidly removed from the media, rinsed, blotted, and frozen in liquid nitrogen.
Alanine and glutamine released to the media were determined enzymatically using microfluorometric techniques.
Values shown are the means (±SEM) for at least eight experiments and are expressed as nanomoles of amino acids
released per minute per gram muscle, wet weight.
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FIGURE 1 Effect of parathyroid hormone on alanine release
from epitrochlearis preparations of rat skeletal muscle. Ep-
itrochlearis preparations were obtained from control (0) and
chronically uremic (0) rats and incubated at 37°C for 1 h
in Krebs-Henseleit bicarbonate buffer (pH 7.4) containing
glucose (5 mM) and varying concentrations of synthetic 1-
34 bovine parathyroid hormone as indicated. After incu-
bation, the muscles were rapidly removed, rinsed, blotted,
and frozen in liquid nitrogen. Alanine released to the media
was determined enzymatically using microfluorometric tech-
niques. Values shown are the means±SEM for at least eight
experiments and are expressed as nanomoles of alanine re-

leased per minute per gram muscle, wet weight.

thyroid hormone on amino acid release appeared to
be ultimately saturable at concentrations of parathy-
roid hormone of 104 ng/ml or greater. In contrast, the
release of alanine and glutamine from muscle of
uremic rats was unaltered by parathyroid hormone at
any concentration studied, suggesting a complete in-
sensitivity to parathyroid hormone of amino acid re-

lease from these muscle preparations.
The metabolic basis for the increased alanine and

glutamine release from muscle of normal but not
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FIGURE 2 Effect of parathyroid hormone on glutamine re-

lease from skeletal muscle. Epitrochlearis preparations were

obtained from control (0) and chronically uremic (0) rats
and incubated at 37°C for 1 h in Krebs-Henseleit bicarbon-
ate buffer (pH 7.4) containing glucose (5 mM) and varying
concentrations of synthetic 1-34 bovine parathyroid hor-
mone as indicated. After incubation, the muscles were rap-

idly removed, rinsed, blotted, and frozen in liquid nitrogen.
Glutamine released to the media was determined enzymat-
ically using microfluorometric techniques. Values shown are

the means±SEM for at least eight experiments and are ex-

pressed as nanomoles alanine released per minute per gram
muscle, wet weight.

uremic rats was next investigated. Since skeletal mus-

cle contains substantial intracellular pools of both al-
anine and glutamine, it seemed possible that the in-
creased release of amino acids produced by parathy-
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roid hormone might derive from a redistribution of
these intracellular pools into the incubation media.
However, as shown in Table II, no effect of parathyroid
hormone on tissue levels of alanine or glutamine could
be observed at any hormone concentration studied.
Similarly, no effect on alanine reutilization by way of
oxidation to CO2 or reincorporation into protein in
these skeletal muscle preparations could be detected
(data not shown). Since these findings suggest that an
increased net formation of alanine and glutamine was
induced by parathyroid hormone addition in vitro, the
effect of this hormone on insulin-stimulated protein
synthesis was next investigated. As seen in Fig. 3, in-
creasing concentrations of parathyroid hormone caused
a decrease in insulin-stimulated [3H]leucine incorpo-
ration into muscle protein in preparations from control
as well as uremic animals. At 105 ng/ml of parathyroid
hormone, leucine incorporation was reduced -40%
in both control and uremic muscle. In these studies
intracellular levels of [3H]leucine and leucine specific
activities were the same in both normal and uremic
muscle, as has been noted previously (10).

Since the foregoing data suggest that parathyroid
hormone produces an increased formation and release
of alanine and glutamine in muscle from control rats,
potential effects of this hormone on protein degrada-
tion were qualitatively assessed in vitro using epitro-
chlearis preparations obtained from rats given a pulse-
chase label of [guanido-'4C]arginine as described pre-
viously (10). As shown in Table III, incubation in vitro
of muscle preparations obtained from rats labeled in

TABLE II
Effect of Synthetic Parathyroid Hormone (1-34) on Amino Acid

Tissue Levels in Rat Skeletal Muscle

Levels
Parathyroid hormone

concentration Alanine Glutamine

ng/ml 'Umo1/g muscle

0 1.24±0.16 3.21±0.31
10 1.39±0.11 2.94±0.28

100 1.19±0.08 3.96±0.60
1000 1.20±0.09 3.03±0.57

Epitrochlearis preparations of rat skeletal muscle were obtained
and incubated in Krebs-Henseleit bicarbonate buffer for 1 h at

37°C. To the incubation media, varying concentrations of 1-34
synthetic bovine parathyroid hormone were added as indicated.
At the conclusion of the incubation, muscles were rapidly removed
from the media, rinsed, blotted, and frozen in liquid nitrogen.
Alanine and glutamine levels in each muscle preparation were as-
sessed enzymatically using perchloric acid extracts of the muscles.
Values shown are the means (±SEM) for at least six experiments
and expressed as micromoles of amino acid per gram muscle, wet

weight.
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FIGURE 3 Effect of parathyroid hormone on leucine incor-
poration into skeletal muscle protein. Epitrochlearis prep-
arations from control (@) and chronically uremic (0) rats
were obtained and incubated for 4 h at 37°C under 95% 02-
5% CO2 in Krebs-Henseleit bicarbonate buffer (pH 7.4) con-
taining a mixture of 17 essential and nonessential amino ac-
ids, insulin (100 mU/ml), and glucose (5 mM). To this media,
[4,5-3H]leucine (1 uCi/ml) was added. At the conclusion of
incubation, the muscles were rapidly removed, rinsed, blot-
ted, and frozen in liquid nitrogen. Incorporation of leucine
into trichloroacetic acid-precipitable protein was deter-
mined using liquid scintillation spectrometry as described
under Methods. Values shown are the means (±SEM) for at
least six experiments and are given as disintegrations per
minute [3H]leucine incorporated/milligram muscle.

vivo resulted in a measurable decline in trichloroacetic
acid-insoluble '4C-label (P < 0.05). Incubation of con-
tralateral epitrochlaris preparations in the presence of
synthetic 1-34 parathyroid hormone produced a greater
decline in acid insoluble '4C-label (P < 0.01). The dec-
rements in acid-precipitable label after incubation
were matched by appropriate increments in acid-sol-
uble label for both control and parathyroid hormone
incubated muscle preparations. Parallel experiments
performed in the presence of cycloheximide to inhibit
protein resynthesis and hence recycling of label were
not different compared to these experiments per-
formed in the absence of cycloheximide (data not
shown). Thus, it seems likely that incubation of these
muscle preparations in vitro is associated with a mea-
surable rate of loss of labeled amino acid from the acid
insoluble to the acid soluble and extracellular pools
during incubation. Incubation in the presence of para-
thyroid hormone accentuated this decline in acid-in-

1810 A. J. Garber



TABLE III
Effect of Incubation in the Presence and Absence of Synthetic Parathyroid Hormone on the Distribution of

[guanido-"ClArginine in Skeletal Muscle from Rats Previously Labeled In Vivo

Muscle
Total Increment in Decrement

TCA TCA Released to nonprecipitable nonprecipitable label in precipitable label
Treatment insoluble soluble media label after incubation after incubation

DPM/mgmuscle

Frozen in situ 169.9±1.3 63.8±1.9 63.8±1.9
Control incubation 160.1±2.8 27.8±3.0 45.2±2.2 73.2±2.8 9.4±1.7 9.8±1.4
Incubated parathyroid

hormone, 10 ng/ml 153.5±1.8 26.7±0.9 56.8±3.3 83.6±3.2 19.8±2.1 16.4±1.6

Rats were injected with [guanido-'4C]arginine as described in Methods. Epitrochlearis preparations from these animals were subsequently
obtained and incubated for 2 h in Krebs-Henseleit bicarbonate buffer (pH 7.4) containing glucose (5 mM) in the presence and absence
of 1-34 bovine parathyroid hormone. Preparations from the contralateral extremity of each animal were immediately freeze-clamped
in situ. After incubation, muscles were removed, rinsed, blotted, and frozen in liquid nitrogen, subsequently homogenized in 12%
trichloroacetic acid and the acid-insoluble pellets washed and subsequently solubilized. Samples of the incubation media, the acid-soluble
extract of skeletal muscle, and the acid-insoluble pellet were counted in a liquid scintillation spectrometer. Values shown are the means
(±SEM) for at least eight experiments and are expressed as disintegrations per minute/gram muscle, wet weight.

soluble label and facilitated the appearance of labeled
amino acid in the incubation media and acid-soluble
pool of muscle by nearly 100%.

Potential mechanisms by which parathyroid hor-
mone altered protein and amino acid metabolism in
skeletal muscle were next investigated. Since the met-
abolic effects of parathyroid hormone on other tissues
such as kidney and bone are thought to be mediated,
at least in part, by increased tissue levels of cAMP, the
effects of synthetic 1-34 parathyroid hormone on skel-
etal muscle cAMPand cGMPlevels were determined
(Figs. 4 and 5). In epitrochlearis preparations obtained
from control animals, parathyroid hormone produced
a concentration-dependent increase in muscle cAMP
levels. At the highest concentrations of hormone stud-
ied (1,000 ng/ml), cAMP levels were increased by
140% (P < 0.01). In contrast, no concentration of para-
thyroid hormone studied significantly increased cAMP
levels in muscles of uremic animals. These same con-
centrations of parathyroid hormone also produced a
concentration-dependent increase in levels of cGMP
in muscles obtained from control animals (Fig. 5). The
magnitude of the increases in muscle cGMPlevels was
comparable to the increase in muscle cAMP levels.
Levels of cGMP in muscles of uremic animals were
slightly higher under basal circumstances in the ab-
sence of parathyroid hormone than in muscles of con-
trol animals, and parathyroid hormone addition in
vitro produced no additional increment in cGMPlevels
in muscle from uremic as compared to control animals.
In order to assess whether these effects of parathyroid
hormone on muscle cAMP and cGMPlevels resulted
from an increased rate of cyclic nucleotide formation
or from a diminished rate of cyclic nucleotide disposal,
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FIGURE 4 Effect of parathyroid hormone on cAMP levels
in skeletal muscle of control and uremic rats. Epitrochlearis
preparations from control (-) and chronically uremic (0)
rats were obtained and incubated with varying concentra-
tions of parathyroid hormone in Krebs-Henseleit bicarbonate
buffer (pH 7.4) containing glucose (5 mM). After the con-
clusion of the incubation, each muscle was rapidly removed,
rinsed, blotted, and frozen in liquid nitrogen. Levels of
cAMP in trichloroacetic extracts of each skeletal muscle
preparation were then determined by double antibody ra-
dioimmunoassay. Values shown are the means (±SEM) for
at least 10 experiments and are given as picomoles of cAMP
per gram muscle, wet weight.
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FIGURE 5 Effect of parathyroid hormone on cGMP levels
and skeletal muscle of control and uremic rats. Epitrochlearis
preparations from control (@) and chronically uremic (0)
rats were obtained and incubated with varying concentra-
tions of parathyroid hormone in Krebs-Henseleit bicarbonate
buffer (pH 7.4) containing glucose (5 mM). After the con-
clusion of the incubation, each muscle was rapidly removed,
rinsed, blotted, and frozen in liquid nitrogen. Levels of
cGMP in trichloroacetic extracts of each skeletal muscle
preparation were then determined by double antibody ra-
dioimmunoassay. Values shown are the means (±SEM) for
at least 10 experiments and are given as picomoles of cGMP
per gram muscle, wet weight.

the effects of parathyroid hormone and 3-isobutyl-1-
methylxanthine on cyclic nucleotide phosphodiester-
ase activity in vitro were assessed (Table IV). Muscle
homogenates incubated with 3-isobutyl-1-methylxan-
thine in vitro clearly had reduced activities of both the
AMPand GMPphosphodiesterase when assayed in
subcellular fractions of homogenates. On the other
hand, muscle homogenates incubated in the presence
of synthetic 1-34 parathyroid hormone had no alter-
ation in AMPor GMPphosphodiesterase activities in
homogenates of control muscles. These findings sug-
gest that the effects of synthetic 1-34 parathyroid hor-
mone on rat skeletal muscle cyclic nucleotide levels
may not derive from a primary inhibition of cyclic
nucleotide degradation.

The effect of parathyroid hormone on skeletal mus-
cle adenylyl cyclase activity was next assessed (Fig. 6).
The synthetic 1-34 fragment of bovine parathyroid
hormone produced a concentration-dependent stim-
ulation of adenylyl cyclase activity in membrane prep-
arations from muscles of control rats. Those concen-
trations of parathyroid hormone that stimulated ad-
enylyl cyclase activity were similar to those
concentrations that increased muscle cAMP levels
(Fig. 4) and altered muscle amino acid release (Figs.
1 and 2). Aged or oxidized preparations of the syn-
thetic 1-34 fragment of bovine parathyroid hormone
did not alter adenylyl cyclase activity in this assay
system. Potential effects of parathyroid hormone on
muscle guanylyl cyclase activities were also studied
(Table V). Neither supernatant nor particulate activ-
ities of guanylyl cyclase were stimulated by parathy-
roid hormone using muscle from control and uremic
animals. Sodium azide stimulation of supernatant

TABLE IV
Effect of Parathyroid Hormone and 3-Isobutyl-1-Methylxanthine on Phosphodiesterase Activity in Rat Skeletal Muscle

Phosphodiesterase activity

cAMP cGMP

600-g 40,000-g 600-g 40,000-g

Incubation media Concentration Homogenate supernatant supernatant Homogenate supernatant supernatant

pmol cAMPhydrolyzed/mg protein/h pmol cGMPhydrolyzed/mg protein/h

Control 378.6±8.8 577.8±21.7 661.9±26.6 158.3±14.3 285.5±12.8 378.4±18.6

Parathyroid hormone 588 ng/ml 407.7±25.6 617.7±19.6 709.1±16.1 171.4±12.1 327.4±13.6 390.8±24.9

3-Isobutyl-l-
methylxanthine 0.2 mM 91.1±0.4 115.2±14.3 181.0±15.3 15.1±3.6 33.1±6.3 38.8+4.4

Epitrochlaris preparations from control animals were obtained and incubated in Krebs-Henseleit bicarbonate buffer (pH 7.4) containing

glucose (5 mM) and parathyroid hormone or methylisobutyl xanthine as indicated. Following a 1-h incubation, muscles were rapidly
removed, rinsed, blotted and homogenized and subjected to differential centrifugation. cAMP and cGMPphosphodiesterase activities

were assessed in the whole homogenates, the 600-g supernatants and the 40,000-g supernatants of each muscle preparation as described

in Methods. Values shown are the means (±SEM) for at least five separate experiments and are expressed as picomoles of cyclic nucleotide

hydrolyzed per milligram protein/hour.
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FIGURE 6 Effect of parathyroid hormone on adenylyl cy-
clase activity from rat sarcolemma. Skeletal muscle from
control (@) and chronically uremic (0) rats was obtained and
crude sarcolemmal preparations prepared. Adenylyl cyclase
activity in the presence of varying concentrations of para-
thyroid hormone added as indicated was determined radio-
metrically as the appearance of [32P]cAMP using [a-32P]ATP
as substrate. Values shown are the means (±SEM) for at least
five experiments and are given as picomoles of cAMPformed
per minute per milligram protein.

guanylyl cyclase activity was reduced in muscle from
uremic animals. Furthermore, both supernatant and
particulate basal guanylyl cyclase activities were re-
duced 40-50% in uremic as compared to control
muscle.

In previous studies with muscle of uremic animals
we found a diminished responsiveness toward epi-
nephrine and serotonin inhibition of amino acid re-
lease. This derived from a desensitization of the epi-
nephrine- and serotonin-stimulable adenylyl cyclase
activities in muscle of uremic rats (20). As a conse-
quence, there were diminished increases by these hor-
mones in muscle AMPlevels as a function of the epi-
nephrine or serotonin concentration added. In view of
the effects of parathyroid hormone on cyclic nucleo-
tide metabolism in skeletal muscle, potential interac-
tions between epinephrine, serotonin, and parathyroid
hormone on amino acid release from skeletal muscle
were next examined. As shown in Table VI, epineph-
rine (10' M) decreased alanine and glutamine release
from muscle by 36 and 49%, respectively, (P < 0.01).
Similarly, serotonin (10-' M) decreased alanine and
glutamine release by 31 and 39%, respectively (P <
0.01). Parathyroid hormone alone increased alanine
and glutamine release as noted earlier. In the presence
of parathyroid hormone, neither epinephrine nor se-
rotonin produced significant inhibition of either ala-
nine or glutamine release from muscle. This result was
not the consequence of the single epinephrine or se-
rotonin concentration reported. As shown in Fig. 7,
epinephrine produced a concentration-dependent de-
crease in alanine release from muscles of control an-

TABLE V
Effect of Parathyroid Hormone and Sodium Azide on Guanylyl Cyclase Activity

in Skeletal Muscle of Control and Uremic Rats

Guanylyl cyclase activity

Supernatant Particulate

Additions Concentration Control Uremic Control Uremic

ng/ml pmol/min/mg protein

Control 20.1±0.47 12.1±0.47 8.28±0.10 3.98±0.21
Parathyroid hormone 0.59 20.8±0.71 12.1±0.38 8.29±0.65 3.16±0.27

5.88 20.1±0.62 11.7±0.32 8.29±0.13 4.14±0.36
58.8 21.1±0.71 11.2±0.41 8.06±0.55 3.25±0.23
588 21.4±0.79 10.3±0.35 7.16±0.65 2.93±0.45

5,880 19.9±0.88 10.7±0.45 7.16±0.71 3.40±0.12
Sodium azide, 5 mM 27.9±0.27 13.3±0.45 11.9±1.07 6.32±0.80

Epitrochlearis preparations of control and chronically uremic rats were obtained, homogenized, and
separated into a 40,000-g supernatant and 40,000-g pellet fractions. Guanylyl cyclase activity was assayed
as outlined in Methods using [a-3'PJGTP as substrate. Values shown for guanylyl cyclase activity are the
means (±SEM) for at least 12 experiments and are expressed as picomoles/minute/milligram protein.
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TABLE VI
Effect of Synthetic Parathyrold Hormone on the Action of

Epinephrine and Serotonin on Amino Acid
Release in Rat Skeletal Muscle

Glutamine
Addition Concentration Alanine release release

nmol/min/g muscle

Control - 19.97±1.69 29.54±3.49
Parathyroid hormone 1,000 ng/ml 27.53±0.76 38.80±2.81
Epinephrine 10-5 M 12.87±0.53 15.21±2.04
Serotonin 1O-5 M 13.79±2.13 17.93±1.46
Parathyroid hormone 1,000 ng/ml 20.42±2.45 27.91±3.74

+ epinephrine 1O-5 M
Parathyroid hormone 1,000 ng/ml 21.26±2.52 25.56±3.74

+ serotonin i0- M

Epitrochlearis preparations from control rats were obtained and
incubated for 1 h at 37°C in Krebs-Henseleit bicarbonate buffer
(pH 7.4) containing glucose (5 mM) and epinephrine (10-5 M),
serotonin (10-' M) and parathyroid hormone as indicated below.
At the conclusion of the 1-h incubation, muscles were rapidly re-
moved from the media, rinsed, blotted, and frozen in liquid nitro-
gen. Alanine and glutamine released to the incubation media were
subsequently determined using microfluorometric enzymatic tech-
niques. Values shown are the means (±SEM) for at least six ex-
periments and are expressed as nanomoles of amino acid released
per minute/gram muscle, wet weight.

imals. In contrast, basal alanine release in the presence
of parathyroid hormone was increased and the inhi-
bition by epinephrine was markedly reduced. Indeed,
no inhibitory effect of epinephrine on alanine release
in the presence of parathyroid hormone was observed
with epinephrine concentrations < 10' M. This is in
contrast to the effects of epinephrine in the absence
of parathyroid hormone in which concentrations of
epinephrine as low as 10- Mproduced detectable in-
hibition of alanine release from muscle. A similar loss
of responsiveness to epinephrine action was observed
in studies of glutamine release (Fig. 8). In absence of
added parathyroid hormone, concentrations of epi-
nephrine as low as 10-9 M produced detectable inhi-
bition of glutamine release from muscle. However, in
the presence of added synthetic 1-34 bovine parathy-
roid hormone, epinephrine levels of 10-6 Mor greater
were required to produce observable inhibition of glu-
tamine release.

Since the mechanism of epinephrine inhibition of
amino acid release from skeletal muscle is linked
through alterations in cAMP levels in skeletal muscle,
levels of this cyclic nucleotide in these same muscle
preparations were examined. As shown in Fig. 9 basal
cAMPlevels were 100% higher in those preparations

incubated in the presence of parathyroid hormone as
compared with preparations incubated in the absence
of parathyroid hormone. In the absence of added para-
thyroid hormone, epinephrine produced a concentra-
tion-dependent increase in cAMPlevels similar to that
described (20). At 10'- M epinephrine, cAMP levels
were increased by 1,670 pmol/g muscle over levels in
the absence of epinephrine. In contrast, increasing
concentrations of epinephrine in the presence of para-
thyroid hormone did not further increase cAMPlevels
at epinephrine concentrations < 1i-0 M. At 1o-5 M
epinephrine, cAMP levels were increased only 620
pmol/g muscle compared with cAMP levels measured
in the absence of added epinephrine. Furthermore,
cAMP levels in the presence of 10-5 M epinephrine
plus parathyroid hormone were somewhat less than
those levels produced by epinephrine (10' M) in the
absence of added parathyroid hormone. Levels of
cGMPwere also determined (Fig. 10). Epinephrine
did not alter cGMPlevels in control muscles, nor did
it reduce the elevated cGMPlevels resulting from 1-
34 parathyroid hormone addition.
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FIGURE 7 Effect of parathyroid hormone on the epineph-
rine-induced inhibition of alanine release from skeletal mus-
cle. Epitrochlearis preparations were obtained from normal
rats and were incubated for 1 h at 37°C under 95% 02-5%
CO2 in Krebs-Henseleit bicarbonate buffer (pH 7.4) con-
taining varying concentrations of epinephrine as indicated
either in the presence (0) or the absence (-) of added bovine
1-34 parathyroid hormone (1,000 ng/ml). At the conclusion
of the 1-h incubation, muscles were removed and rapidly
rinsed, blotted, and frozen in liquid nitrogen. Alanine re-
leased to the media was determined enzymatically using
microfluorometric techniques. Values shown are the means
(±SEM) for at least six experiments and are expressed as
nanomoles of alanine released per minute per gram muscle,
wet weight.
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FIGURE 8 Effect of parathyroid hormone on the epineph-
rine-induced inhibition of glutamine release from skeletal
muscle. Epitrochlearis preparations were obtained from nor-
mal rats and were incubated for 1 h at 37°C under 95% 02-
5% CO2 in Krebs-Henseleit bicarbonate buffer (pH 7.4) con-
taining varying concentrations of epinephrine as indicated
either in the presence (0) or the absence (0) of added 1-34
bovine parathyroid hormone (1,000 ng/ml). At the conclu-
sion of the 1-h incubation, muscles were removed and rap-
idly rinsed, blotted, and frozen in liquid nitrogen. Glutamine
released to the media was determined enzymatically using
microfluorometric techniques. Values shown are the means
(±SEM) for at least six experiments and are expressed as
nanomoles of glutamine released per minute per gram mus-
cle, wet weight.

The effects of parathyroid hormone on the cate-
cholamine stimulable adenylyl cyclase were next in-
vestigated. Rat sarcolemmal preparations were prein-
cubated under adenylyl cyclase assay conditions with-
out added [a-32P]ATP but in the presence or absence
of 1-34 parathyroid hormone. Following a 10-min
preincubation, membranes were transferred to ade-
nylyl cyclase assay media containing increasing con-
centrations of isoproterenol (Fig. 11). Membranes
preincubated with parathyroid hormone showed a
maximal activity of the isoproterenol-stimulable ad-
enylyl cyclase, which was decreased 25% compared
to membranes preincubated in the absence of the 1-
34 polypeptide. This decrease was dependent upon the
concentration of parathyroid hormone added to the
preincubation media. Preincubation with isoprotere-
nol (10' M) had no effect on the subsequent stimu-
lation of adenylyl cyclase activity by isoproterenol
(data not shown).

DISCUSSION

The results of the present study show clearly that bo-
vine parathyroid hormone as well as the synthetic 1-
34 fragment of bovine parathyroid hormone increase
the release of alanine and glutamine from rat skeletal
muscle. This increased amino acid release does not
derive from a primary alteration in rates of amino acid
transport or a nonspecific toxic effect of parathyroid
hormone on the skeletal muscle membrane since tissue
levels of both alanine and glutamine were unchanged
at any parathyroid hormone concentration studied
(Table II). Instead, this increased release of alanine
and glutamine reflects an increased net synthesis of
these two amino acids in skeletal muscle. This conclu-
sion is based on the observation that parathyroid hor-
mone does not alter alanine reutilization via oxidation
to ['4C]C02 or its incorporation into protein via protein
synthesis. Furthermore, in other studies, we have
shown that reutilization of alanine and glutamine by
skeletal muscle preparations under these conditions of
incubation is quantitatively insignificant compared to
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FIGURE 9 Effect of parathyroid hormone on the epinephrine
stimulation of cAMPlevels in skeletal muscle. Epitrochlearis
preparations of rat skeletal muscle were obtained and in-
cubated in Krebs-Henseleit bicarbonate buffer (pH 7.4) con-
taining glucose (5 mM), varying concentrations of epineph-
rine as indicated either in the presence (0) or in the absence
(-) of added 1-34 bovine parathyroid hormone (1,000 ng/
ml). At the conclusion of the incubation, muscles were rap-
idly removed, rinsed, blotted, and frozen in liquid nitrogen.
Levels of cAMP in each skeletal muscle preparation were
determined by double antibody radioimmunoassay in the
trichloroacetic extracts of each skeletal muscle preparation.
Values shown are the means (±SEM) for at least five exper-
iments and are expressed as picomoles of cAMP/gram mus-
cle, wet weight.
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this may not be the primary mechanism accounting
for the increased alanine and glutamine formation
produced by parathyroid hormone since the increased
amino acid formation (Figs. 1 and 2) was observed at
parathyroid hormone concentrations that are four to
five orders of magnitude lower than those required for
inhibition of protein synthesis (Fig. 3). On the other
hand, experiments using labeled amino acid incorpo-
ration to assess protein synthesis were necessarily per-
formed in the presence of insulin, whereas experiments
on amino acid release were performed in the absence
of insulin. It is possible that exogenous insulin may
overcome inhibitory effects on protein synthesis of

FIGURE 10 Effect of parathyroid hormone on the epineph-
rine stimulation of cGMPlevels in skeletal muscle. Epitro-
chlearis preparations of rat skeletal muscle were obtained
and incubated for 5 min at 37°C in Krebs-Henseleit bicar-
bonate buffer (pH 7.4) containing glucose (5 mM), varying
concentrations of epinephrine as indicated in the presence

(0) and the absence of (0) of added 1-34 bovine parathyroid
hormone (1,000 ng/ml). At the conclusion of the incubation,
muscles were rapidly removed, rinsed, blotted, and frozen
in liquid nitrogen. Levels of cGMPin each skeletal muscle
preparation were determined by double antibody radioim-
munoassay in the trichloroacetic extracts of each skeletal
muscle preparation. Values shown are the means (±SEM)
for at least five experiments and are expressed as picomoles
of cGMPper gram muscle, wet weight.

the amounts of these amino acids released (21, 22).
Thus, a primary inhibition of alanine reutilization
could not account for the data shown in Table I and
Figs. 1 and 2. Instead, it seems more reasonable to
conclude that parathyroid hormone and the synthetic
1-34 fragment increase directly the formation of ala-
nine and glutamine in skeletal muscle.

Skeletal muscle releases alanine and glutamine to
an extent far greater than the release of all other amino
acids combined (23-25). In part this preferential re-

lease reflects a unique net formation of alanine and
glutamine in skeletal muscle. The amino groups re-

quired for alanine and glutamine synthesis in muscle
are supplied by the catabolism of other amino acids
(26-28). Similarly, the carbon requirement for ongoing
glutamine and alanine synthesis appears to be met, in
part, by the metabolism of other amino acids to form
the carbon as well as nitrogen precursors required for
continuing alanine and glutamine synthesis in muscle
(29). The degradation of endogenous skeletal muscle
proteins is the primary process maintaining the on-

going availability of these precursor amino acids (30).
Although the increased muscle alanine formation in
diabetes mellitus has been attributed to diminished
reutilization of amino acids for protein synthesis (31),
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FIGURE 11 Effect of preincubation with parathyroid hor-
mone on isoproterenol stimulable adenylyl cyclase activity
in rat sarcolemma. Skeletal muscle preparations were ob-
tained from control rats and crude preparations of sarco-

lemma prepared by differential centrifugation. These sar-

colemmal preparations were incubated for 10 min in ad-
enylyl cyclase assay media omitting [a-32PJATP but containing
either no added 1-34 bovine parathyroid hormone (0), 1,000
ng/ml parathyroid hormone (A), or 10,000 ng/ml of 1-34
parathyroid hormone (0). After conclusion of the preincu-
bation period, the sarcolemma was used in an adenylyl cy-
clase activity assay containing varying concentrations of iso-
proterenol as indicated. Values for adenylyl cyclase activity
are the means (±SEM) for at least three experiments and are

expressed as picomoles of cAMP formed per minute per
milligram protein.
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parathyroid hormone at lower concentrations. How-
ever, prior studies with insulin alone have shown only
a slight effect of insulin even at high concentrations
on amino acid release during the 1-h incubation period
used (23). Furthermore, protein synthesis in muscle
from control and uremic animals was inhibited equally,
although no effect of parathyroid hormone could be
observed on the synthesis and release of alanine and
glutamine from uremic muscle. Thus, it seems more
reasonable to conclude that a diminished reutilization
of amino acids via protein synthesis may not account
primarily for the increased rates of alanine and glu-
tamine synthesis produced by parathyroid hormone
in this study. Instead, it seems possible that a direct
effect of parathyroid hormone on muscle protein deg-
radation may produce the augmentation of alanine
and glutamine synthesis and release. Support for this
concept is provided by the data in Table III in which
muscles from rats given a pulse-chase administration
of [guanido-'4C]arginine in vivo were subsequently
incubated in vitro with and without exogenous para-
thyroid hormone. Although this experiment provides
primarily a qualitative assessment of net muscle pro-
teolysis in vitro and potential effects on protein resyn-
thesis cannot be entirely excluded, the data suggest
that parathyroid hormone may increase substantially
the degradation of endogenously labeled muscle pro-
teins. Since the initial rate of net protein degradation
in these studies using labeled arginine (3.06%/h)
agrees well with initial rates determined by Fulks et
al. (32) using labeled phenylalanine release (2.87%/h),
and since parallel studies performed with cyclohexi-
mide yielded similar results as noted previously (33),
it seems reasonable to conclude that parathyroid hor-
mone may act on skeletal muscle primarily by increas-
ing muscle proteolysis, thereby increasing the avail-
ability of amino acid precursors, which in turn causes
an acceleration in the synthesis and release of alanine
and glutamine.

The precise mechanisms by which parathyroid hor-
mone alters protein and amino acid metabolism in skel-
etal muscle are not entirely clear. In previous studies,
we have shown that cyclic nucleotide associated ago-
nists regulate muscle protein degradation and alanine
and glutamine synthesis and release. For example,
#2-adrenergic agonists, acting through a specific hor-
mone stimulable adenylyl cyclase and increased intra-
cellular levels of cyclic AMP retard muscle protein
degradation and thereby inhibit alanine and glutamine
synthesis and release (34, 35). Similarly, serotonin act-
ing through a specific sarcolemmal D-serotonergic re-
ceptor and a hormone stimulable adenylyl cyclase also
increases muscle cAMP levels and thereby inhibits
protein degradation and alanine and glutamine syn-

thesis and release (21, 35). On the other hand, cholin-
ergic agonists acting through a nicotinic cholinergic
receptor increase muscle cGMPlevels and as a result
increase muscle protein degradation and the formation
and release of alanine and glutamine (22, 36). The
results of the present study show clearly that those
concentrations of parathyroid hormone that affect pro-
tein and amino acid metabolism also increase cAMP
and cGMP levels in muscle. Studies of parathyroid
hormone action have described specific hormone sti-
mulable adenylyl cyclases for parathyroid hormone in
kidney as well as in bone calvaria cells (37-39). A sim-
ilar parathyroid hormone-stimulable adenylyl cyclase
also appears to be present in skeletal muscle (Fig. 6).
Concentrations of parathyroid hormone that alter pro-
tein and amino acid metabolism in skeletal muscle and
increase cyclic AMPlevels also stimulate muscle ad-
enylyl cyclase activity in crude sarcolemmal prepa-
rations.

If the metabolic effects of parathyroid hormone on
skeletal muscle protein and amino acid metabolism
were mediated solely by the increased cAMP levels,
then one would expect inhibition of protein degra-
dation and amino acid release in these muscle prep-
arations, analogous to the metabolic actions of adren-
ergic and serotonergic agonists. To the contrary, para-
thyroid hormone produced an opposite metabolic
effect, increasing rather than decreasing muscle pro-
teolysis and amino acid release. Such an effect is en-
tirely consistent with the elevated cGMP levels pro-
duced by parathyroid hormone addition in these in
vitro muscle incubation systems, and is analogous to
the effect of nicotinic cholinergic agonists that also
increase muscle cGMPlevels and accelerate proteolysis
and amino acid release (36). Parathyroid hormone ac-
tion is not classically associated with increased cGMP
levels in other tissues and no measurable stimulation
of skeletal muscle guanylyl cyclase by parathyroid
hormone could be demonstrated. However, traditional
mechanisms of hormone receptor-adenylyl cyclase
coupling do not appear to apply to the regulation of
guanylyl cyclase since specific receptor-mediated stim-
ulations of guanylyl cyclase have not been described,
and since this cyclase may be regulated primarily by
other factors such as the oxidation-reduction potential
(40), or by calcium flux (41). Taken as a whole, the
data of the present study suggest that the accelerated
protein degradation and amino acid release produced
by parathyroid hormone in skeletal muscle may be the
result of an increased cGMPlevel rather than the ef-
fect of the increased cAMP level produced by para-
thyroid hormone. Nevertheless, the precise mechanism
by which parathyroid hormone might increase cGMP
levels remains unclear.
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In this study, parathyroid hormone concentrations
of 1-10 ng/ml were found to cause significant alter-
ations of skeletal muscle protein, amino acid, and
cyclic nucleotide metabolism (Figs. 1, 2, 4 and 5) in
vitro and 30-300 ng/ml significantly stimulated mus-
cle adenylyl cyclase activity (Fig. 6). These levels com-
pare favorably with concentrations of parathyroid hor-
mone used in other studies on bone and kidney ad-
enylyl cyclase activation that used levels of 10,000 and
85,000 ng/ml, respectively (39, 37), and with other in
vitro studies of parathyroid hormone action on kidney
and bone metabolism (42, 43). The quantities of para-
thyroid hormone producing significant metabolic ef-
fects in this study in vitro are approximately one to
two orders of magnitude greater than circulating levels
of parathyroid hormone in normal man (0.50 ng/ml;
44, 45). Parathyroid hormone levels may be 30- to 100-
fold greater in primary hyperparathyroidism and in
chronic uremia, respectively (44-47). Thus, effective
concentrations of parathyroid hormone in this study
in vitro are not greatly dissimilar from concentrations
of hormone observed in vivo (44-47). In other systems,
supraphysiologic levels of hormones have also been
used for demonstrations of hormonal actions in vitro.
For example, in studies on insulin regulation of glucose
and protein metabolism in skeletal muscle in vitro in-
sulin concentrations of 1,000 to 25,000 ,uU/ml, which
are 20- to 500-fold greater than insulin levels noted
in vivo have been used (31, 48). Studies of glucagon
stimulation of liver and heart adenylyl cyclase activity
and of hepatic glucose production and lipolysis in vitro
have used glucagon concentrations that are 350- to
10,000-fold greater than circulating glucagon concen-
trations in vivo (49-52). The precise mechanisms that
might account for the discrepancies between levels of
hormone required for in vitro demonstrations of hor-
mone action as compared with levels of these same
hormones found in vivo are unknown.

In contrast to the metabolic effects of parathyroid
hormone on muscle obtained from control animals, no
action of either intact 1-84 bovine parathyroid hor-
mone or the synthetic 1-34 fragment of bovine para-
thyroid hormone on muscle amino acid release, cAMP
and cGMPlevels, or on adenylyl cyclase activity could
be observed in skeletal muscle from uremic animals.
Although these findings may be interpreted as being
consistent with prior saturation of parathyroid hor-
mone receptors in muscle by the high levels of cir-
culating parathyroid hormone in chronic uremia (46,
47), alternative interpretations are also possible such
as a complete desensitization or loss of hormone re-
sponsiveness or potentially altered cation pools and
channels owing to the hypocalcemia and hyperphos-
phatemia also associated with chronic uremia (53, 54).

In previous studies we observed a desensitization of
muscles from uremic animals to epinephrine and se-
rotonin action on skeletal muscle amino acid and cyclic
nucleotide metabolism (10, 20). The mechanism for
such a desensitization or diminution of hormone re-
sponsiveness was not apparent at that time. However,
it is particularly noteworthy that incubation of muscles
with either epinephrine or serotonin in the presence
of added parathyroid hormone reproduced in vitro this
same desensitization and diminished responsiveness
with respect to amino acid release in muscle of normal
animals compared with the previously observed de-
sensitization in muscles obtained from uremic animals
(10). Thus a 1,000 to 10,000-fold excess of epinephrine
was required to produce an equal decrease in alanine
and glutamine release in the presence of added para-
thyroid hormone as compared with incubations in the
absence of parathyroid hormone (Figs. 7 and 8). This
same degree of altered responsiveness was previously
reported in muscles from uremic animals (10).

In the present study, basal cAMP levels in the pres-
ence of added parathyroid hormone (Fig. 9) were

- 100% higher in normal preparations than cAMPlev-
els in the absence of added parathyroid hormone. De-
spite this, amino acid release was greater in those prep-
arations incubated in the presence of parathyroid hor-
mone, suggesting the presence of an additional factor
producing resistance to cAMP action such as perhaps
the increase in cGMPlevels observed in the presence
of parathyroid hormone. This resistance to cAMP ac-
tion was also noted previously in uremic muscle. How-
ever, cAMP resistance alone cannot be the sole expla-
nation for the diminished responsiveness to epineph-
rine observed in the presence of parathyroid hormone
since the increment above basal cAMPlevels produced
by increasing concentrations of epinephrine was less
in muscle incubated with parathyroid hormone than
in muscle incubated in the absence of parathyroid
hormone. This suggests that an acquired impairment
to catecholamine-stimulated cAMPformation was also
produced by simultaneous co-incubation with para-
thyroid hormone. As a consequence of this impairment
in cAMP generation, there was also a diminished re-
sponsiveness of amino acid release to epinephrine and
serotonin. The basis for these effects of parathyroid
hormone is not entirely clear. It is possible that added
parathyroid hormone produces a heterologous desen-
sitization of muscle adenylyl cyclase, which would
account for the diminished increments in cAMP levels
produced by incubation with parathyroid hormone
and either epinephrine or serotonin. Evidence for such
a desensitization is presented in Fig. 11 in which prein-
cubation with parathyroid hormone rendered rat sar-
colemma less sensitive to isoproterenol. Although the
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concentration of isoproterenol producing one-half
maximal stimulation of adenylyl cyclase was not
changed by preincubation with parathyroid hormone,
the maximal cyclase activity was reduced in amounts
proportional to the concentration of parathyroid hor-
mone in the preincubation media. No such effect for
isoproterenol, epinephrine, or serotonin preincubation
or co-incubation were noted (data not shown). These
findings are quite similar to heterologous desensitiza-
tions observed in other systems (55, 56). It is also pos-
sible that the increased cGMPlevels produced by para-
thyroid addition may have modified the formation of
cAMP by epinephrine or serotonin. Precedence for
such a mechanism is suggested by studies with cardiac
muscle in which muscarinic cholinergic stimulation
was found to produce a reduced adrenergic receptor
affinity and reduced hormone stimulable adenylyl cy-
clase activity as well as reduced levels of cAMP in
those preparations (57-59). Muscarinic cholinergic
stimulation is also associated with cGMPelevation in
some experiments (59). Irrespective of the precise
mechanism, the results of the present study show
clearly that incubation of skeletal muscle in vitro with
parathyroid hormone can produce a diminished re-
sponsiveness to epinephrine and serotonin regulation
of protein, amino acid, and cyclic nucleotide metab-
olism in vitro and that this phenomenon is remarkably
similar to the desensitization in muscle obtained from
chronically uremic animals towards epinephrine and
serotonin modulation of protein, amino acid, and
cyclic nucleotide metabolism. Taken as a whole, the
data of the present study suggest that high levels of
parathyroid hormone may have direct effects on skel-
etal muscle metabolism and that these effects may ac-
count in part for the abnormalities of skeletal muscle
noted in chronic uremia and primary hyperparathy-
roidism.
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