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The Regulation of Skeletal Muscle Alanine and

Glutamine Formation and Release
in Experimental Chronic Uremia in the Rat

SUBSENSITIVITY OF ADENYLATECYCLASEANDAMINO

ACID RELEASETO EPINEPHRINE ANDSEROTONIN
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A B S T RA C T The mechanism of the increased ala-
nine and glutamine formation and release from skeletal
muscle in experimental uremia was investigated using
epitrochlearis preparations from control and chroni-
cally uremic rats. In uremic muscle, insensitivity to
epinephrine or serotonin suppression of alanine and
glutamine release was observed. With control muscles,
1 nm or greater, epinephrine inhibited alanine and
glutamine release, whereas with uremic muscles, epi-
nephrine concentrations <1 ,uM did not alter amino
acid release. Decreased alanine and glutamine release
with 1 nM serotonin was observed in control muscles,
but no inhibition was observed with concentrations
<1 ,uM in uremic muscle. Muscle amino acid levels
were the same in control and uremic muscles in the
presence or absence of epinephrine or serotonin. The
reutilization of released alanine by protein synthesis
or oxidation to CO2 was not differentially affected by
epinephrine in uremic muscles as compared with con-
trol muscle. Dibutyryl-cAMP inhibited amino acid re-
lease equally in uremic and control muscles. Epineph-
rine or serotonin increased cAMP levels two- to four-
fold or more in control than in uremic muscle. Basal-
and fluoride-stimulated adenylate cyclase activities
were equal in uremic and control muscle homogenates
and in membrane fractions, but 10lM epinephrine-
stimulated adenylate cyclase was reduced 30-60%
with uremia. At any concentration of epinephrine
(0.001-100 usM), the stimulation of membrane
adenylate cyclase activity was one- to twofold greater
with control membranes than with uremic muscle
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membranes. With either control or uremic muscle, peak
adenylate cyclase activity was observed at 1 ,uM epi-
nephrine.

These data indicate that skeletal muscle in chronic
uremia acquires an insensitivity to the metabolic action
of epinephrine or serotonin. This insensitivity may be
attributable in part to the diminished increments in
muscle cAMPlevels produced by adrenergic and sero-
tonergic agonists. The decreased cAMP levels may
derive in turn from a decreased activity or subsensitiza-
tion of the agonist-stimulated adenylate cyclase in
uremic muscle.

INTRODUCTION

A broad range of abnormal blood amino acid levels
have been reported in uremic man (1-4). Blood alanine
levels have been observed to be unaltered, increased,
or decreased (5, 6). These disparate observations
prompted an investigation of alanine and glutamine
metabolism and release from skeletal muscle of experi-
mentally uremic rats. In the accompanying study, we
found increased alanine and glutamine formation and re-
lease from skeletal muscle of experimentally uremic
rats.' Although resistance to the action of insulin has
been postulated in the chronically uremic state (7-12),
insulin insensitivity appeared not to account for the
increased muscle amino acid release.' 8-Adrenergic
agonists acting through adenylate cyclase and inter-
cellular levels of cAMPappear to modulate the rate of
protein degradation and amino acid release from skele-

I Garber, A. J. 1978. Skeletal muscle protein and amino
acid metabolism in experimental chronic uremia in the rat.
Accelerated alanine and glutamine formation and release.
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tal muscle (13). In this study, we have investigated
the influence of uremia on adrenergic and serotonergic
mechanisms controlling alanine and glutamine forma-
tion and release from skeletal muscle. The results of
this study have been presented previously (14) and
have appeared in abstract form (15, 16).

METHODS
Alanine aminotransferase (EC 2.6.1.2), glutamate dehydro-
genase (EC 1.4.1.3), glutaminase (EC 3.5.1.2), and other
biochemical reagents were obtained from the Sigma Chemi-
cal Co. (St. Louis, Mo.). [U-_4C]alanine, [a-32P]ATP, and
[3H]cAMP were purchased from NewEngland Nuclear (Bos-
ton, Mass.). Crystalline glucagon-free insulin was a gift of Dr.
J. Galloway (Eli Lilly and Co., Indianapolis, Ind.).

Epitrochlearis preparations were obtained and incubated
as described previously (17). After incubation, the muscles
were removed rapidly, briefly rinsed in cold buffer, blotted,
and then frozen in liquid nitrogen. Frozen muscle prepara-
tions were weighted while maintained at -20°C, and then
were rapidly homogenized in ice-cold perchloric acid, and
subsequently centrifuged. The resulting supernate was neu-
tralized with 3 M potassium hydroxide, 0.4 M imidazole,
and 0.7 Mpotassium chloride, and the potassium perchlorate
precipitate removed by further centrifugation (18).

Studies of protein synthesis were carried out in incubation
flasks using continuous gassing with 95%02-5% CO2 for 1-
to 4-h periods. The incubation media contained a mixture of
16 essential and nonessential amino acids and insulin (100
mU/ml). 1.0 1.Ci/ml [U-14C]alanine was also added. Labeled
amino acid incorporation into protein was determined as
described previously.' Studies of alanine oxidation by intact
epitrochlearis preparations were carried out with alanine as
the only added amino acid (final concentration 0.4 mM), and
[U-_4C]alanine was included at a 1-,uCi/ml final concentration.
After a 2-h incubation, ['4C]C02 was trapped and counted
as described previously.' Calculations of the metabolic flux
of alanine were performed using mean alanine specific ac-
tivities as determined in aliquots of the incubation media
before and after incubation.

Semimicro- and microfluorometric enzymatic techniques
were used to determine levels of intermediates and sub-
strates in perchloric acid extracts of skeletal muscle and
in the incubation media. Alanine (19), aspartate, glutamate,
and glutamine (20) were assayed using coupled enzymatic
assays. Cyclic AMPwas determined in trichloroacetic acid
extracts of muscle by double-antibody radioimmunoassay
(21). Adenylate cyclase activities were determined in a
50-1,u final volume containing (unless otherwise specified)
3.0 mM[a-32P]ATP (2-4 IuM), 5.0 mMMgCl2, 1 mMEDTA,
1 mM[3H]cAMP ("10,000 cpm), 24 mMbis- tris-propane-
HCI buffer (pH 7.5), and an ATP-regenerating system con-
sisting of 20 mMcreatine phosphate, 0.2 mg/ml creatine
phosphokinase, and 0.02 mg/ml myokinase and up to 20 ,ul
of homogenate of 10,000 g particles 50-75 ,ug protein).
Whenpresent, epinephrine was 10 ,uM and NaF was 10 mM.
Incubations were at 37°C for 15 min and were terminated
by the addition of 100 ,l of a "stop solution" containing 10
mMcAMP, 40 mMATP, and 1% sodium dodecyl sulfate,
followed by immediate boiling for 3.5 min. Reaction blanks
were prepared by incubating all reagents in the absence of
adenylate cyclase containing material and adding the
homogenate or membrane particles after the stop solution
and before the boiling step. The 32P-labeled cAMP formed
during the incubations was isolated by a modification of the
method of Salomon et al. (22). This method, consisting of

double, sequential chromatography on Dowex 50-X4
(200-400 mesh, HI form) (The Dow Chemical Co.,
Midland, Mich.) and aluminum oxide, yields low blanks
(-2-4 cpm of 32P-labeled cAMP-like material for each
1,000,000 cpm of [a-32P]ATP added). Recoveries of cAMP
ranged from 60 to 85%as assessed individually for each sample
by a determination of the [3H]cAMP added to the reaction mix-
tures as the recovery marker. Using 150 ,ug of homogenate
or 10,000 g particulate fractions, the above described assay
conditions yielded linear time curves for up to 20 min, and
resulted in preservation of >80% of the initially added
[a-32P]ATP as such. The amount of 32P in ATP at the end of
incubations for adenylyl cyclase activity was determined by
chromatography of a small, I-,tl aliquot of unboiled incuba-
tion mixture on plastic-backed polyethylene-imine-cellulose
TLC plates (Brinkmann Instruments, Inc., Wesbury, N. Y.),
using 1 M LiCl as developing solvent. Under these condi-
tions, 32P-labeled breakdown products of ATP (ADP, AMP,
cAMP, PPi, and Pi) are separated from ATP and are quanti-
tated by liquid scintillation counting (23). Using this approach,
it was determined that neither normal nor uremic muscle
homogenates or 10,000 g particles had any effect on the
maintenance of ATP levels throughout the incubation for
adenylate cyclase activity. Furthermore, these preparations
had no effect on the linearity of cAMPformation as a function
of time. Protein in the homogenate and membrane prepara-
tions was determined using the method of Lowry et al. (24).
Statistical assessments were made using Student's t test (25).
Chronically uremic rats were produced surgically by uni-
lateral nephrectomy and segmental infarction of the contra-
lateral kidney after ligation of two of the renal arterial
branches (26). Supplemental feedings of casein, dextrose,
and water were given. Control rats were pair-fed. Serum
urea nitrogen was 59.1±6.8 and 18.3±2.7 mg/dl (mean±SE)
in the uremic and control groups, respectively.

RESULTS

The effect of increasing concentrations of exogenous
epinephrine on alanine release from skeletal muscle of
control and chronically uremic rats was studied (Fig. 1).
Concentrations of epinephrine as low as 1 nM pro-
duced inhibition of alanine release from control prepa-
rations, but with uremic preparations alanine release
was unaffected by epinephrine concentrations <1 ,uM.
With uremic muscle, the inhibition produced by 10 ,uM
epinephrine was only 15% of the basal release rate and
the decrease in alanine release (5 nmol/min per g
muscle) with uremic preparations was about one-half
of that produced with control preparations (9.5 nmol/
min per g muscle). Similar data were obtained with
the effects of epinephrine on glutamine release from
control and uremic muscle (Fig. 2). With control
preparations, 1 nMepinephrine reduced glutamine re-
lease, and a maximal inhibition (40%) of glutamine re-
lease was observed at 10 ,uM. In preparations ob-
tained from chronically uremic rats, inhibition of
glutamine release was not observed with levels of
epinephrine <10 uM, and at this concentration, the
inhibition of glutamine release was only 15% of basal.
The amount of the decrease in glutamine release in
uremic muscle was less than one-half of that observed
with control muscle. Similar data (not shown) with
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FIGURE 1 The effect of epinephrine on alanine release from
skeletal muscle of control and chronically uremic rats. Epi-
trochlearis preparations from control (0) and chronically
uremic (0) rats were obtained and incubated for 1 h in Krebs-
Henseleit buffer (pH 7.4) containing 5 mMglucose and
epinephrine at the concentrations indicated. After incubation,
the preparations were removed and frozen in liquid nitrogen.
Alanine levels in the media were determined enzymatically.
Values shown are the means (+SEM) for at least eight
experiments.

control and uremic preparations were observed in
studies of glutamate release.

Serotonin (5-hydroxytryptamine), acting through a
D-serotonergic receptor and cAMP, can also modulate
alanine and glutamine formation and release in skele-
tal muscle (27). The effect of serotonin on alanine and
glutamine formation and release in preparations from
control and chronically uremic rats was therefore in-
vestigated. As shown in Fig. 3, serotonin produced a
concentration-dependent decrease in alanine release
from preparations of control rats. At 10 ,uM, serotonin
decreased alanine release from control preparations
by 40%. In contrast, alanine release from prepara-
tions of uremic rats were not inhibited by concentra-
tions of serotonin <1 ,uM, and at 10 ,uM, serotonin
produced only an -20% inhibition of alanine release.
Similar effects of serotonin on glutamine release were
also found (Fig. 4). A progressive inhibition of
glutamine release from control preparations was ob-
served with increasing concentrations of serotonin
between 0.001 and 10 ,uM. At the latter concentra-
tion, glutamine release was reduced 33%. With
preparations from uremic animals, however, significant
inhibition of glutamine release did not occur with
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FIGURE 2 Effect of epinephrine on glutamine release from
skeletal muscle of control and chronically uremic rats. Epitroch-
learis preparations from control (0) and chronically uremic
(0) rats were obtained and incubated with epinephrine
added at the concentrations indicated. After incubation, the
muscles were removed, rinsed, blotted, and frozen in liquid
nitrogen. Glutamine in the media was determined enzymati-
cally. The values shown are the means (+SEM) for at least
eight experiments.
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FIGuRE 3 Effect of serotonin on alanine release from
epitrochlearis preparations of control and chronically uremic
rats. Epitrochlearis preparations from control (0) and chroni-
cally uremic (0) rats were obtained and incubated with sero-
tonin at the concentrations indicated. After a 1-h incuba-
tion, the preparations were removed and frozen in liquid
nitrogen. Alanine levels were determined enzymatically.
Values shown are the means (+SEM) for at least six experi-
ments.
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FIGURE 4 Effect of serotonin on glutamine release from
skeletal muscle of control and chronically uremic rats. Epi-
trochlearis preparations from control (0) and chronically
uremic (0) rats were incubated in Krebs-Henseleit buffer con-
taining serotonin at the concentrations indicated. Glutamine
in the media after incubation was determined enzymatically.
The values shown are the means (±SEM) for at least six
experimiients.

conicenitrationis <10 ,LM (P < 0.05), and the extent of
this inhibition was only 15%. Levels of alanine and
glutamiiine in skeletal muscles after incubation with
10 ,M epinephrine or serotonin were not significantly
dlifferenit in miiuscle preparations from uremic as com-
pared to control animals (Table I).

The effect of epinephrine or serotonin on medium
alaninie reutilization was also investigated (Table II).
In these studies, 100 mU/ml insulin was added to the
miiedia so that the transport of labeled alanine might
niot be limiting for an assessment of reutilization.
Rates of added [U-54C]alanine oxidation to [14C]CO2
were low in uremic muscle. The addition of either
10 ,uM epinephrine or serotonin to the incubation
media did not alter substantially these rates of
alanine oxidation. With uremic, but not control
preparations, the incorporation of added, extracel-
lular alanine into muscle proteins in vitro was reduced
25% by epinephrine.

Because epinephrine and serotonin action on muscle
anminio acid formationi and release appears to be asso-
ciated with increased intracellular levels of cAMP,
and because the action of these agonists can be repro-
duced by dibutyryl-cAMP (14), the effects of dibutyryl-
cAMP addition on alanine, glutamate, and glutamine
release were investigated with control and uremic
muscle preparations (Table III). Either 10 uM epi-
nephrinie or 1 mMdibutyryl-cAMP decreased alanine

TABLE I

Effect of Incubation with Epinephrine or Serotonin on
Levels of Alanine, Glutamate, and Glutamine in

Muscles from Control and Chronically
Uremic Rats

Pre- Glutamate
Addition treatment Alanine level Glutamine

p.nollg muscle, wet wt

None conitrol 1.59±0.11 0.69±0.11 3.52±0.17
uremic 1.70±0.12 0.68±0.03 3.53±0.29

Epineph- control 1.34±0.11 0.65±0.07 3.43±0.34
rine uremia 1.37±0.12 0.58±0.08 3.19±0.25

Serotonin control 1.51+0.11 0.52±0.04 3.29±0.20
uremic 1.50±0.06 0.63±0.05 3.25±0.15

Epitrochlearis preparations from control and chronically
uremic rats were obtained and incubated for 1 h in Krebs-
Henseleit bicarbonate buffer (pH 7.4) containing 10 ,uM
epinephrine or serotonin, as indicated. After incubation, the
muscles were removed, rinsed, blotted, and frozen in liquid
nitrogen. For purposes of comparison, unincubated prepara-
tions were freeze-clamped in situ. Levels of alanine and
glutamine in neutralized perchloric acid extracts of each
muscle were determined enzymatically. Values shown are
the means (+SEM) for at least 10 experiments.

release from control preparations by 50%. With
uremic preparations, epinephrine reduced alanine re-
lease by 20%, but dibutyryl-cAMP reduced alanine
release by nearly 70%. Rates of alanine release with
added dibutyryl-cAMP were equal with either type of

TABLE II
Effect of Epinephrine and Serotonin on Alanine Oxidation

to CO2and Alanine Incorporation into Protein by
Skeletal Muscle of Control and Chronically

Uremic Rats

Incorporation into
trichloroacetic acid

Oxidation to ['4CICO2 precipitable protein

Addition Control Uremic Control Uremic

nmollmin/g muscle, wet wt

None 0.135±0.008 0.171±0.038 0.606±0.086 0.674±0.039
Epineph-

rine 0.169±0.014 0.130±0.035 0.627±0.071 0.417±0.036
Serotonin 0.126±0.010 0.118±0.006 0.595±0.116 0.486±0.027

Epitrochlearis preparations from control and chronically uremic rats were
obtained and incubated in Krebs-Henseleit bicarbonate buffer containing 10
FM epinephrine or serotonin as indicated. For studies of alanine oxidation to
CO2, 1.0 IACi, 0.4 mM[U-'4C]alanine was added to the incubation media. For
studies of alanine incorporation into muscle protein, a mixture of 17 essential
and nonessential amino acids containing 1.0 MCi, 0.4 mM[U-'4C]alanine and
100 mU/ml insulin was added to the incubation media. After incubation, muscles
were removed from the media, rinsed, blotted, and frozen in liquid nitrogen.
Labeling of protein, CO2, and acid soluble fractions of muscle was determined
as described in Methods. For purposes of rate calculations, alanine specific
activities in media were determined before and after incubation. Values shown
are the means (±SEM) for at least six experiments.
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TABLE III
The Effects of Epitnephrine and N6,02'-Dibutyryl cAMPon1

Aminto Acid Release from Skeletal Muscle of Conttrol
anid Chrotnically Uremic Rats

Amiino acid release
Treat-

Addition ment Alanine Glutamate Glutamiine

ntimtollmiinlg tmtuscle

Nonie control 20.2+ 1.1 10.2+0.8 30.8+2.7
uremia 29.9±2.3 15.8±+1.3 42.3±3.1

Epinephrine control 10.7±0.9 10.8±0.9 17.1±+ 1.5
uremia 24.0±1.1 15.8±1.3 34.1±3.0

Dibutyryl control 10.4+1.2 11.1±0.9 16.8+2.0
cAMP uremia 11.8±1.7 16.9±1.1 18.7+2.3

Epitrochlearis preparations from control and chronically
uremic rats were obtained and incubation for 1 h with 10
,uM epinephrine or 1 mMdibutyryl cAMPas indicated. After
incubation, the muscles were removed, rinsed, blotted, and
frozen in liquid nitrogen. Alanine, glutamate, and glutamine
in the incubation media was determinied enzymatically.
Values shown are the means (+SEM) for at least eight
experiments.

preparation. Similarily, with preparations from control
rats, epinephrine reduced glutanilie release -45%
and dibutyryl-cAMP reduced glutamine release 46%.
With preparations from chronically uremic rats, epi-
nephrine reduced glutamine release by only 20%, but
dibutyryl-cAMP inhibited glutamine release 56%.
Thus, rates of glutamine release with added dibutyryl-
cAMPwere nearly equal in both mluscle preparations.

The effect of epinephrine oni cAMP levels in mus-
cle preparations of control and uremic rats was next
examined (Table IV). After a 2-miml incubation with
increasinig concentrations of epinephrine, preparations
were rapidly frozeni in liquid nitrogen and levels of
cAMP were determined by radioimmllunoassay. In anl
inidependent series of experiments (data not shown), a
2-min incubation period with epinephrine resulted in
maximal increments in cAMP. 10 ,u M epinephrinie
produced a 268% increase in cAMP levels in conitrol
nmuscles, but only a 101% increase in uremic muscles.
Significantly increased levels of cAMP in control
preparations were observed with 10( nM epinephrinie
(P < 0.02). In uremnic preparationis, significantly in-
creased levels of cAMP were observed only with
epinephrine concentrationis of 1 ,uM or greater (P
< 0.01). Decreased stimnulationi of skeletal musele
cAMP levels with serotonini were also observed with
preparations from uremic rats as comiipared with conl-
trol rats (Table V). In conitrast to the optimiial 2-miml
incubation period with epinephrinie, the optimal period
with serotonin was founcd to be 5 min. With prepara-
tions from conitrol rats, 10 ,uM serotonin increasedl

TABLE IV
Effect of Epinephrine oil Steady-State Levels of cAMP itn

Skeletal Muscle Preparations of Control and
Chronically Uremic Rats

cAMP level
Epinephrine

addition Control Chronic uremia

jaM pmol/g muscle, wet wt

0 609.8+39.4 542.5+30.9
0.001 577.8±50.5 546.4±40.0
0.01 726.2±32.1 595.0±40.1
0.1 1053.2±50.7 675.2±73.8
1 1710.0±71.2 793.9±61.3

10 2245.8±95.2 1091.2±84.0

Epitochlearis preparations from control and uremic rats were
incubated with varying concentrations of epinephrine as
indicated. After a 2-min incubation, the preparations were
rapidly removed from their media, rinsed, blotted, and frozen
in liquid nitrogen. Levels of cAMP were determined in
ether-washed trichloroacetic acid extracts of muscle using a
sensitive double-antibody radioimmunoassay. Values shown
are the means (±SEM) for at least 10 experiments.

levels of cAMP 114%, whereas with preparations from
chronically uremic rats, serotonin increased cAMP
levels 17%.

To assess the capacity of these muscle preparations
to generate cAMP, adenylate cyclase activity was
determined in whole homogenates and in membrane
fractions of epitrochlearis preparations from control
and uremic animilals. As shown in Table VI, basal
adenylate cyclase activity was approximately equal in
either homogenates or membrane fractions of control
anid uremic muscles. Adenylate cyclase activity was
stimulated sevenfold by 10 mM NaF in both
kinds of muscle preparations. 10 ,M epinephrine

TABLE V
Effect of Serotontini otn Steady State Levels of cAMP i

Skeletal Muscle Preparations from Conttrol
anid Chrotnically Uremitic Rats

cAMP level

Serotoniii conicenitrationj Coiitrol Chroiic uremiiia

jiAlf pm1ollg imluscle, wet wt

0 644±25 544±24
0.1 995±65 649±40

10 1381±45 734±18

Muscle preparationis from control and uremic rats were in-
cubatecl with varying concenitrationis of serotonin as indicated.
After a 5-miml incubation, the mluscles were rapidly removed
from their media, rinsed, blotted, anid frozen in liquid
nitrogeni. Levels of cAMP were determined usinig a double-
antibody ra(lioimmiiiiunoassay. Values shown are the means
(±SEM) for at least eight experimenits.

Skeletal Muscle Itnsensitivity to Epinephrine anid Serotontin in Uremlia 6637



TABLE VI
Adenylate Cyclase Activity in Skeletal Muscle of Control

and Chronically Uremic Rats

Adenylate cyclase activity

Whole homogenate Membrane fraction

Addition Control Uremic Control Uremic

pmollmin/mg protein

None 5.88±0.44 6.85±0.78 6.39±0.67 5.60±0.25
Epineph-

rine, 10
FtM 40.27±2.89 18.57±1.38 29.52±0.46 18.90±0.88

NaF, 10
mM 47.67±2.98 46.04±4.35 47.29±3.41 45.58±2.58

Epitrochlearis preparations from control and chronically uremic rats
were homogenized and membrane fractions prepared by differential
centrifugation. Homogenates and skeletal muscle membrane prepara-
tions were assayed for adenylate cyclase activity in the presence of
10 FMepinephrine, 10 mMNaF, or under basal conditions. Adenylate
cyclase activity was estimated as the rate of appearance of 32P-label
in cAMP from (a-=PJATP. Values shown are the means (±SEM) for
at least 12 determinations.

stimulated adenylate cyclase activity in control mus-
cle homogenates or membrane fractions was approxi-
mately four- to sixfold greater than basal activity.
However, with muscle preparations obtained from
chronically uremic rats, adenylate cyclase activity was
increased only about twofold by epinephrine.

To investigate further the basis for the decreased
epinephrine-stimulated adenylate cyclase activity in
uremic muscle, the dependence of cyclase activity on
epinephrine concentrations was determined. With
membranes from control or uremic muscle, maximal
stimulation of cyclase activity was observed with an
epinephrine concentration of 1 ,uM epinephrine. At
each concentration of epinephrine studied, the incre-
ments in adenylate cyclase activity above basal were
100-200% greater in muscle membrane preparations
from control rats as compared with chronically uremic
rats.

DISCUSSION

In epitrochlearis skeletal muscle preparations from
chronically uremic rats, alanine and glutamine forma-
tion and release are increased 30-50% compared with
preparations from pair-fed control rats.' This increased
amino acid release may derive in part from an increased
degradation of one or more classes of skeletal muscle
proteins, or from diminished protein synthesis, or both.
Although insulin is an important hormonal modulator
of protein and amino acid metabolism in skeletal
muscle (28-30), no evidence was found to support the
hypothesis that an acquired insensitivity or resistance
to insulin action is a consequence of the chronically

uremic state. To the contrary, the extent of insulin in-
hibition of alanine and glutamine release from uremic
muscle was greater than the inhibition observed with
control muscle. In addition to insulin, other agents
have been described which may modulate amino acid
release from skeletal muscle. Catecholamines, acting
through a /3-adrenergic receptor and cAMP, are

potent inhibitors of alanine and glutamine formation
and release in skeletal muscle (13, 31). Similarly,
serotonin (5-hydroxytryptamine), acting through a
D-serotonergic receptor and intracellular cAMP, can
also modulate alanine and glutamine formation and
release from skeletal muscle (27). The data of Figs.
1-4 demonstrate clearly that skeletal muscle from
uremic rats acquires an insensitivity to the inhibitory
actions of epinephrine and serotonin on muscle alanine
and glutamine release. The amount of the decrease in
amino acid release and the fractional inhibition pro-
duced by epinephrine or serotonin were less with
uremic preparations as compared with control prepara-
tions. The diminished effect of epinephrine or sero-
tonin on muscle amino acid release did not result from
an alteration in muscle amino acid transport because
tissue levels of alanine and glutamine in the pres-
ence of epinephrine or serotonin were virtually identi-
cal in control and uremic preparations (Table I). Be-
cause pathways of alanine reutilization from the media,
such as by resynthesis to protein or by oxidation to
CO2, were not affected by epinephrine differently in
control muscles as compared with uremic muscles
(Table II), the insensitivity of amino acid release to
epinephrine may reflect a relative failure of suppres-
sion of alanine and glutamine formation in uremic
muscle.

The diminished epinephrine and serotonin inhibi-
tion of muscle alanine and glutamine formation and
release in chronic uremia appears to result, at least in
part, from an impaired generation by these agonists
of intracellular cAMP. This conclusion is based upon
three major lines of evidence. First, the inhibition of
alanine and glutamine formation by dibutyryl cAMP
was similar in skeletal muscle preparations of uremic
and control rats. This suggests that the mechanism of
epinephrine or serotonin action beyond the point of
cAMP generation may be unaltered in chronically
uremic muscle (Table III). Second, increments in
cAMP levels produced by epinephrine (Table IV) or
serotonin (Table V) were lower in uremic muscle as
compared with control muscle. Third, epinephrine-
stimulated adenylate cyclase activity was diminished
40-50% in skeletal muscle of uremic rats as compared
with control rats. Decreased cyclase activity was ob-
served in whole muscle homogenates and in muscle
membrane preparations (Table VI). Although the lower
cAMP levels produced by epinephrine in uremic
muscle could have resulted from either diminished
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cAMPgeneration or from accelerated cAMP disposal,
the data on adenylate cyclase activity provide good
evidence that an impaired generation of cAMP from
exogenous epinephrine is at least one mechanism ac-
counting for the lower cAMPlevels observed in uremic
muscle. Factors other than the decreased activity of
epinephrine-stimulated adenylate cyclase may also
be involved in the mechanism(s) accounting for the
diminished cyclic AMPlevels found in skeletal muscle
of uremic animals, because there does not appear to
be a 1:1 correspondence in the effect of uremia on
epinephrine activation of adenylate cyclase and epi-
nephrine stimulation of cAMP levels. Thus, the dose-
response curve of adenylate cyclase to epinephrine
is shifted 10-fold to higher concentrations of the
amine in uremia (Fig. 5), whereas the dose-response
curve of cAMP accumulation is shifted at least 100-
fold in uremic muscles (Table IV). This observation
suggests that an accelerated rate of cAMP removal
operative only in the intact muscle, perhaps involving
an increased activity of cAMP phosphodiesterase,
may also be a concomitant abnormality in uremic
muscle. Alternatively, the lack of strict correspondence
between epinephrine stimulation of adenylate cyclase,
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FIGURE 5 Effect of epinephrine concentrations on skeletal
muscle membrane adenylate cyclase from muscles of control
and chronically uremic rats. Skeletal muscle membrane frac-
tions from epitrochlearis preparations of control (0) and
chronically uremic (@) rats were prepared by differential
centrifugation of muscle homogenates. Aliquots of these mem-
brane preparations were assayed for adenylate cyclase activity.
Values shown are the means (+SEM) or at least six
experiments.

the observed increments in cAMP levels and the re-
sulting inhibition of alanine and glutamine release
may reflect intracellular compartmentation of cAMP
within the muscle cell. Only a small fraction of the
measured increments in cAMP may be metabolically
active with respect to inhibition of alanine and
glutamine release. Adenylate cyclase regulation in
uremic muscle may also be abnormal, but these ab-
normalities may not be evident under the conditions of
the in vitro enzyme assay technique used in this
study.

Although the results of this study do not delineate the
basis for the reduced epinephrine-stimulated adenyl-
ate cyclase activity in uremic muscle, several possi-
bilities can be excluded. Adenylate cyclase activities
in the basal state and in the presence of fluoride were
equal in uremic and control muscle, suggesting that the
amount of adenylate cyclase enzymatic activity per se
in uremic muscle was not uniformly reduced. These
data also appear to exclude the likelihood of an
acquired inhibitor of adenylate cyclase activity in
uremia. Because a decrease in only epinephrine- and
serotonin-stimulated adenylate cyclase activities was
found, this may indicate a primary abnormality of ad-
renergic and serotonergic receptors, or a defect in
their linkage to adenylate cyclase or abnormal nucleo-
tide regulation of adenylate cyclase in uremia. Similar
curves of epinephrine stimulation of membrane
adenylate cyclase activities in preparations of control
and chronically uremic rats were found (Fig. 5). With
membrane preparations, one-half maximal stimulation
was found at 0.2 ,uM epinephrine in control and
uremic preparations. These data may be interpreted to
suggest a state of adrenergic desensitization in uremia
(31, 32). Exposure to high levels of adrenergic effectors
have been shown to result in a diminished number of
available adrenergic receptors, which in turn causes
a decreased activity of the agonist-stimulated adenylate
cyclase (33). However, subtle alterations of catechola-
mine receptors or of muscle membrane structure can-
not be excluded by these data.

The results of this study also demonstrate that ab-
normalities of factors other than cyclic nucleotide
metabolism must also participate in the mechanism of
the increased alanine and glutamine formation and re-
lease observed in muscle from chronically uremic rats.
This conclusion is based on the finding that, in the
absence of added epinephrine, increased rates of
alanine and glutamine release from uremic muscle
were observed despite the presence of nearly identical
cAMP levels in control and uremic muscle. Further-
more, 10 ,uM epinephrine increased cyclic AMP
levels in uremic muscle to the same level as that
produced by 0.1 uMepinephrine with control prepara-
tions, but alanine and glutamine release from uremic
preparations with 10 ,uM epinephrine remained ele-
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vated when compared with rates of release from
control preparations in the presence of 0.1 uMepineph-
rine. These data indicate that a strict correspondence
cannot be observed between control and uremic
muscles with respect to cAMP levels in muscle and
absolute rates of alanine and glutamine formation and
release. The nature of those other factors accounting
for the increased amino acid release from uremic
muscles are not evident from the results of this or the
accompanying study.

The observations of insensitivity to catecholamine
suppression of alanine and glutamine formation and re-
lease from skeletal muscle in chronic uremia have
important physiologic implications. In normal
and uremic man, circulating levels of epinephrine
range between 1.0 and 10 nM (34, 35), In uremic man,
rates of alanine production as determined by isotope
dilution techniques are increased 190%compared with
normal volunteers (35). The data of the present study
demonstrate that physiologic levels of epinephrine
in vivo could potentially influence alanine and gluta-
mine release only in muscle of normal man. Based on
the experimentally uremic rat model, these same in
vivo concentrations of epinephrine (1-10 nM) would
be expected to have no effect on alanine and glutamine
release from skeletal muscle in uremic man. In order
for epinephrine to influence alanine and glutamine re-
lease in uremia, levels which are 100-fold greater than
that observed in vivo would be required. It therefore
seems likely that the regulation of amino acid release
from skeletal muscle by at least those mechanisms
associated with adrenergic and serotonergic agonists
may well be impaired in patients with chronic uremia.
It is also probable that abnormalities of other regula-
tory mechanisms must also be present to account fully
for the increased skeletal muscle amino acid release ob-
served in chronic uremia. Nevertheless, derangements
of the adenylate cyclase-cAMP system in muscle
appear to play a significant role in the abnormal muscle
amino acid metabolism in chronic uremia.
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