
METABOLIC RESPONSES OF SKELETAL
MUSCLE TO HYPOKINESIA/HYPODYNAMIA

(ATROPHY, AMINO ACID, PROTEIN TURNOVER).

Item Type text; Dissertation-Reproduction (electronic)

Authors JASPERS, STEPHEN ROBERT.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:25:58

Link to Item http://hdl.handle.net/10150/187811

http://hdl.handle.net/10150/187811


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is oblitera.~ed with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a targd note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand comer of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again-beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
MicrOfilms 

International 
300 N. Zeeb Road 
Ann Arbor, MI48106 





8501912 

Jaspers, Stephen Robert 

METABOLIC RESPONSES OF SKELETAL MUSCLE TO 
HYPOKINESIA/HYPODYNAMIA 

The University of Arizona 

University 
Microfilms 

International 300N. Zeeb Road, Ann Arbor, MI48106 

Copyright 1984 

by 

PH.D. 1984 

Jaspers, Stephen Robert 

All Rights Reserved 





PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark __ ";_. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Glossy photographs or pages __ 

Colored illustrations, paper or print 

Photographs with dark background / 

Illustrations are poor copy __ 

Pages with black marks, not original copy __ 

Print shows through as there is text on both sides of page __ 

Indistinct, broken or small print on several pages ~ 

Print exceeds margin requirements __ 

Tightly bound copy with print lost in spine __ 

Computer printout pages with indistinct print __ 

11. Page(s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages __ 

15. Other ___________________________ _ 

University 
Microfilms 

International 





METABOLIC RESPONSES OF SKELETAL MUSCLE 

TO HYPOKINESIA/HYPODYNAMIA 

by 

Stephen Robert Jaspers 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF BIOCHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1984 

Copyright 1984 by Stephen Robert Jaspers 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Stephen Robert Jaspers 

entitled METABOLIC RESPONSES OF SKELETAL MUSCLE TO HYPOKINESIA/HYPODYNAMIA 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 

Date 

Date ; 

10 (r<p'f 
Date 

Date 

10271 ket 
Date ) I 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

/0,- f-j!~ 
Date 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an ad v at'lced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under the rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgement of source is 
made. Requests for permission for extended quotation from or 
reproduction of this manuscript in whole or in part may be granted by 
the copyright holder. 

SIGNED >~ ~d'.4? 



This work is dedicated to my parents 

Marcella and Robert Jaspers 

iii 



ACKNOWLEDGEMENTS 

I would like to thank Dr. Marc E. Tischler for his advice and 

guidance during my graduate studies. The opportunity to work on this 

project and observe his approach to teaching and metabolic research has 

made my graduate experience invaluable. 

A special thanks to Dr. Julie Fagan whose diligence and deter

mination was a real inspiration during the long hours in the laboratory. 

I will be forever grateful for her company, advice and conversation. 

I would also like to thank Karen stanton-Bair for her technical 

assistance throughout most of my dissertation research. Her help and 

pleasant conversation made the most trying days enjoyable. The 

technical assistance of Bill Spina, Paul Cook and Dwain Allen is also 

greatly appreciated. 

I would also like to thank my examining committee; Dr. John Law, 

Dr. William Grimes, Dr. Ryan Huxtable, Dr. Eugene Morkin and Dr. Mark 

Haussler for their time, advice and support. The advice of Dr. Stephen 

Mandel for the statistical analysis of the data in Chapters 2 and 8 is 

also greatly appreciated. 

I also wish to thank RoseAnn Jizmejian and Christa Sitz for 

their friendship, patience and administrative assistance throughout my 

graduate studies. 

iv 



TABLE OF CONTENTS 

Page 

LIST OF TABLES viii 

LIST OF ILLUSTRATIONS • . . . . . . . . . xii 

ABSTRACT . . . . . . . . . . . . . . . . •• xiii 

CHAPTER 1. SKELETAL MUSCLE MASS AND STRUCTURE: REGULATION BY 
ACTIVITY AND HUMORAL FACTORS ••••••••••••• 

Adaptation Of Muscle To Functional Demands • • • • • • • • • • 
Previous Studies Of Hypokinesia/Hypodynamia 
Ground Based Models For Studies Of Muscle Response To 
Weightlessness • • • • • • • • • • • • • • • • • 
Factors Affecting Muscle Protein Balance 
Aim Of This Study •••••••• 

CHAPTER 2. CHARACTERIZATION OF A MODEL FOR TAIL-CAST SUSPENSION: 
ATROPHY AND GROWTH INHIBITION IN RAT HINDLIMB MUSCLES • • • • • 

Abstract • • • • • • • • 
Introduction • • • • • • • • • • 
Materials and Methods 

Animal Model •••••••• 
Muscle Preparations • 

Results ••••• • • • • • • • • 0 • • • • • • • 

Food Consumption, Growth and Urinary Nitrogen Excretion • 
Response of Muscle Mass to Hindlimb Suspension 

Discussion • • • • • • • • • • • • • • • • 
Muscle Response • • • • • • • • • • • • • • 

CHAPTER 3. PROTEIN TURNOVER IN TAIL-CAST SUSPENSION 

Abstract 
Introduction • • • • • 
Materials and Methods . . . . . . . . . . 

Animals • • • • • • • • • 
Muscle Preparation and Incubation • 
Protein Metabolism • • • • • 

. . 
Results • • • • • • • • • • • • • • • • • • • • • 

Distribution and Synthesis of Sarcoplasmic and 
Myofibrillar Protein Fractions • • • • • • • • 

v 

1 
3 

8 
9 

14 

16 

16 
17 
18 
18 
19 
20 
20 
25 
34 
36 

38 

38 
39 
40 
40 
40 
41 
43 

47 



TABLE OF CONTENTS- Continued 

Discussion • • . . . . . . . . . . . . . . . . . . . . 
CHAPTER 4. 
METABOLISM 

ROLE OF MUSCLE ACTIVITY IN THE REGULATION OF AMINO ACID 

Abstract 
Introduction • • • 
Materials and Methods 

Animals • • 
Muscle Preparations • 
Muscle Incubations ••••• 
Metabolite Analyslz • 
Enzyme Activity Analysis 

Results • • • • 
Tissue Concentration of Amino Acids 
Amino Acid Production In Vitro 
Glutamine Synthesis • -.-.--.--.-. • • • 
Purine Nucleotides and Adenylate Deaminas~ 

Discussion • • • • • • • • • • • • • • • • 

CHAPTER 5. BRANCHED CHAIN AMINO ACID METABOLISM AND AMINO ACID 
UPTAKE IN MUSCLE DISUSE: ROLE OF INSULIN AND GLUCOCORTICOIDS • 

Abstract • • • • • • 
Introduction • • • • • • • • • • • 
Materials and Methods ••••• • • • • • 

Animals • • • • • • • • • • • 
Muscle Preparation and Branched Chain Amino Acid 
Metabolism Analysis • • • • • • 
Amino Acid Uptake • • • • • • • 

Results • • ••• 
Amino Acid Uptake and Insulin Responsiveness 

Discussion 

CHAPTER 6. CARBOHYDRATE METABOLISM DURING HYPOKINESIA/HYPODYNAMIA 

Abstract • 
Introduction • 
Materials and Methods 

Animals • • • • • • • • • 0 • • • • • • • 

Muscle Preparations • • • • • • • • 
Results • • • • • • • • • • 
Discussion • • • • 

. _. 

vi 

Page 

52 

55 

55 
56 
58 
58 
59 
59 
60 
61 
61 
61 
62 
65 
73 
76 

84 

84 
85 
87 
87 

87 
89 
90 
96 

101 

104 

104 
105 
107 
107 
107 
109 
117 



TABLE OF CONTENTS- Continued 

CHAPTER 7. ROLE OF GLUCOCORTICOIDS IN THE RESPONSE OF RAT 
HINDLIMB MUSCLES TO HYPOKINESIA/HYPODYNAMIA • • • • 

Abstract • • • • • • • • 
Introduction • • • • • • 
Materials and Methods 

Animals • • • • • • • • • • • • 
Muscle Preparations •••••• 
Protein Turnover •••• 

Results • • • • 
Discussion 

CHAPTER 8. PROTEIN AND AMINO ACID METABOLISM IN RAT HINDLIMB 
MUSCLES PASSIVELY STRETCHED OR CHRONICALLY SHORTENED IN 
DORSIFLEXION • • • • • 

Abstract • 
Introduction • 
Materials and Methods 
Results ••••• 
Discussion • • • 

CHAPTER 9. EFFECT OF IMMOBILIZATION OF THE ANKLE IN PLANTAR 
FLEXION ON MUSCLE METABOLISM IN THE RAT HINDLIMB 

Abstact . . . . . . . . 
Introduction • • • • • 
Materials and Methods 
Results 
Discussion • • • 

CHAPTER 10. 
HYPODYNAMIA • 

SUMMARY: MUSCLE METABOLISM IN HYPOKINESIA/ . . . . . . . . . . . . . . 
REFERENCES 

vii 

Page 

122 

122 
123 
125 
125 
125 
126 
127 
142 

147 

147 
148 
149 
150 
164 

168 

168 
169 
169 
170 
178 

182 

190 



LIST OF TABLES 

Table Page 

1. Effects of tail-casting and suspension on food consumption 
by rats . . . . . . . . . . . . . . . . . . . 22 

2. Effects of duration of tail-casting and suspension on the mass 
of the soleus and extensor digitorum longus muscles 26 

3. Effect of duration of suspension on the mass of hindlimb 
muscles of tail-casted rats • • • • • • • • • • 27 

4. Wet weight/ dry weight ratios in muscles of tail-casted weight 
bearing and tail-casted suspended rats • • • • • • • • • • 32 

5. Comparison of muscle weights before and after tail-casting 
with or without suspension • • • • • • • • • • • 33 

6. Protein concentration of muscles from weight bearing and 
suspended female rats •••••••••••••••••••• 45 

1. Effects of suspension on protein synthesis and protein 
degradation in male rats • • • • • • • • 48 

8. Concentration of RNA in hindlimb muscles of weight bearing and 
suspended male rats • • • • • • • • • • • • • 49 

9. Protein concentration of the sarcoplasmic and myofibrillar 
fractions in muscles from weight bearing and suspended rats 50 

10. Effect of hindlimb suspension on protein synthesis in the 
sarcoplasmic and myofibrillar protein fractions of soleus and 
extensor digitorum longus muscles • • • • • • • • • 51 

11 • Amino acid concentration in fresh frozen muscles • 63 

12. Amino acid production or utilization by incubated muscles 64 

13. Enzyme activities in soleus and extensor digitorum longus 
muscles ••••• • • • • • • • • • • • • • • • • • • • 66 

14. Effect of ammonium chloride on protein synthesis in rat 
hindlimb muscles • • • • • • • • • • • • • • • 68 

15. Glutamine synthetase in fresh frozen muscles from normal and 
adrenalectomized rats • • • • • • • • • • • • • • • 72 

viii 



ix 

LIST OF TABLES- Continued 

Table Page 

16. ATP and adenine nucleotide metabolites in incubated rat 
hindlimb muscles • • • • • • • • • • • • 75 

17. Inosine metabolites in incubated rat hindlimb muscles 77 

18. Degradation of [U_14CJ labeled branched chain amino acids 
by muscles from weight bearing and suspended rats •••• 91 

19. Effects of suspension on leucine metabolism in rat hindlimb 
muscles . . . . . · · · · · · · · · · · · · · · 92 

20. Leucine metabolism in the soleus and extensor digitorum longus 
muscles from adrenalectomized and adrenalectomized-cortisol 
treated rats . . . · · · · · · · . · · · · · · · · · · · · · · 94 

21. Effect of insulin on leucine metabolism in adrenalectomized 
and adrenalectomized-cortisol treated rats · · · · · · · · · · 97 

22. Effect of insulin on amino acid uptake in muscles of 
adrenalectomized animals. . · . . . . . . . . . · · · · · . . 100 

23. Glucose and glycogen metabolism in muscles from weight bearing 
and suspended rats · · · · · · · . · · · · · · · . · · · · · · 110 

24. Pyruvate and lactate metabolism in muscles of weight bearing 
and suspended rats · · · · · · · · · · · · · · · · · · · · 112 

25. Fumarate and malate metabolism in muscles of weight bearing 
and suspended rats •••• 114 

26. Effect of ammonium chloride on malate production in vitro 115 

27. Citrate synthetase activity in hindlimb muscles from weight 
bearing and suspended rats. • • • • • • • • •• 116 

28. Effect of suspension on the weight and protein concentration 
of hindlimb muscles of adrenalectomized and adrenalectomized-
cortisol treated rats •••••••••••••••••• 128 

29. Effect of cortisol on the concentration of protein in the 
sarcoplasmic and myofibrillar fractions of the rat hindlimb 
muscles • • • • • • • • • • • • • • • • • • 131 

30. Protein synthesis and degradation in soleus and extensor 
digitorum longus muscles. • • • • • • • • • • • • • • • 133 



x 

LIST OF TABLES- Continued 

Table Page 

31. Effect of cortisol on protein synthesis in the sarcoplasmic 
and myofibrillar fractions of the rat hindlimb muscles • • •• 134 

32. Amino acid concentration of fresh frozen muscles from 
adrenalectomized and adrenalectomized-cortisol treated rats 136 

33. Amino acid metabolism by muscles in vitro 138 

34. Lactate, pyruvate and malate concentrations of fresh frozen 
muscles ••••••••••••••••••• 139 

35. Phosphocreatine, ATP, ADP and AMP in incubated muscles. 141 

36. Weights of hindlimb muscles from weight bearing, suspended, 
and suspended-limb casted rats • • • • • • • • • • • • • • •• 153 

37. Effects of suspension and limb casting on protein synthesis 
in the sarcoplasmic and myofibrillar protein fractions • • •• 158 

38. Effects of suspension and limb casting on protein synthesis 
in the sarcoplasmic and myofibrillar protein fractions • • •• 159 

39. RNA concentration in hindlimb muscles following immobilization 
in dorsal flexion 160 

40. Effect of passive stretch and muscle shortening of rat 
hindlimb muscles on amino acid production 162 

41. High energy phosphate compounds in incubated rat hindlimb 
muscles ••••••••••••••••••••••••• 163 

42. Effect of suspension with one limb immobilized in plantar 
flexion on the weight of rat hindlimb muscles •• • • • • 172 

43. Effect of limb immobilization in plantar flexion on protein 
and RNA concentration of rat hindlimb muscles •• • • • • •• 174 

44. Effect of limb immobilization in plantar flexion on protein 
metabolism in suspended rat hindlimb muscles • • • • • • • •• 175 

45. Protein synthesis in the sarcoplasmic and myofibrillar 
fractions of muscles from free and immobilized rat hindlimbs. 176 

46. Amino acid metabolism in muscles from rats suspended with one 
hindlimb immobilized in plantar flexion • • • • • • • • • •• 177 



LIST OF TABLES- Continued 

Table 

47. High energy phosphate compounds in incubated soleus and 
extensor digitorum longus muscles •• • •• 

48. Effects of muscle inactivity on metabolism. 

xi 

Page 

179 

183 



LIST OF ILLUSTRATIONS 

Figure Page 

1 • Tail-cast suspension model • • • • • 21 

2. Growth rate and urinary excretion of urea and ammonia 24 

3. Location of the hindlimb muscles examined in this study 28 

4. Relationship between body weight and soleus and extensor 
digitorum longus muscle weight • • • • • • • • • 29 

5. Relationship between body weight and skeletal muscle weight 30 

6. Relationship between animal weight and rates of protein 
synthesis and protein degradation ••••••••••• 46 

7. Phosphocreatine, adenine nucleotides and metabolite content 
of incubated muscles • • • • • • • • • • • • • • • • • • 69 

8. Stimulation of glutamine production by ammonium chloride 
administration ~ vitro • • • • • • • • • • • • • • • • 70 

9. Relationship between ATP utilization, the purine nucleotide 
cycle and amino acid synthesis and utilization • • • • •• 80 

10. Insulin stimulation of a-aminoisobutyric acid in the soleus 
and extensor digitorum longus muscles of weight bearing and 
suspended rats • • • • • • • • • • • • • • •• 98 

11. Growth rate of limb casted rats 151 

12. Soleus and extensor digitorum longus muscles from weight 
bearing and suspended, limb-casted rats • • • • • • 155 

13. Protein concentration of sarcoplasmic and myofibrillar protein 
fractions 156 

14. Comparison of animal growth . . . . . . 171 

15. Effect of muscle inactivity on metabolic pathways 186 

xii 



ABSTRACT 

The metabolic response to muscle unloading and disuse was 

studied in rats subjected for six days to tail-cast suspension which 

leads to non-weight bearing hindlimbs, while the forelimbs are utilized 

for mobility. Under these conditions the soleus muscle atrophied, 

growth of the gastrocnemius and plantaris muscles declined, and the 

extensor digitorum longus and tibialis anterior muscles grew normally. 

Differences in muscle weight and protein content were associated with 

slower protein synthesis, particularly in the sarcoplasmic fraction, and 

faster protein degradation. Atrophy was accentuated by the administra

tion of glucocorticoids to adrenalectomized rats causing a further 

reduction in protein synthesis. The effects of disuse and glucocorti

coids were additive. Amino acid metabolism is altered in disuse of the 

soleus muscle as demonstrated by higher concentrations of tyrosine and 

glutamate and lower concentrations of glutamine, aspartate and aspara

gine. The lower glutamine concentration is the result of slower de novo 

synthesis despite higher glutamine synthetase activity, the result of 

glucocorticoid action. Slower glutamine synthesis was due to a lack of 

free ammonia for its synthesis, probably due to slower flux through AMP 

deaminase as a result of decreased muscle use and ATP utilization. 

Alanine production by the atrophied soleus muscles was higher and gluta

mate and aspartate utilization lower than by muscles from weight bearing 

controls. Branched chain amino acid degradation is faster in both the 

soleus and extensor digitorum longus muscles of suspended rats; a 

xiii 



xiv 

difference partially mediated by glucocorticoids. The resistance of 

amino acid uptake to insulin in these muscles was abolished in adrenal

ectomy. Passive stretch of the non-weight bearing soleus muscle, by 

immobilization in dorsiflexion, prevented the metabolic changes asso

ciated with hindlimb suspension while plantar flexion had no effect on 

the atrophy. Muscles subjected to hypokinesia/hypodynamia demonstrated 

a loss of muscle protein due to slower protein synthesis and faster 

degradation. The increased availability of free amino acids from pro

tein coupled to differences in hormone responsiveness and slower 

utilization of energy stores results in a SUbstantial shift in the 

metabolic equilibrium of the muscle cell, particularly with regard to 

amino acid interconversions. 



CHAPTER 1 

SKELETAL MUSCLE MASS AND STRUCTURE: 

REGULATION BY ACTIVITY AND HUMORAL FACTORS 

Skeletal muscle comprises greater than 40% of the human body and 

as such, plays a large role in the overall physiological and biochemical 

homeostasis of the body (Guyton 1981). In addition to the obvious role 

of skeletal muscle in mobility, muscle acts as an important storage site 

for amino acids should they be required. Many physiological and patho

logical states cause the mobilization of amino acids from muscle protein 

either by; the absence of anabolic hormones or nutritional factors as in 

diabetes (Dahlman et ale 1979) or starvation (Goldberg 1979, Tischler 

1981), the presence of excess catabolic hormones as in Cushing's 

Syndrome (Muller and Kugelberg 1959, Pleasure, Walsh and Engel 1970), 

the loss of neuromuscular control and transmission as in myasthenia 

gravis or various dystrophies (Kao and Drachman 1977, Lisak and Barachi 

1982), or simply by the lack of use of the muscles (Booth and Kelso 

1973, Booth, Nicholson and Watson 1982). It is this latter state which 

is primarily dealt with here. However many common features are observed 

in these states not the least of which is the loss of muscle mass and 

function. 

Adaptation Of Muscle To Functional Demands 

Muscle is known to have the ability to adapt in proportion to 

the demands applied. The changes that take place are both in structure 

1 
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and biochemistry (Close 1972, Nemeth, Meyer and Kark 1980). When 

muscles are exposed to a greater workload than they are accustomed, the 

muscle hypertrophies with a gain in muscle mass, protein and nucleic 

acids (Hamosh et ale 1967, Goldberg et ale 1975). In contrast, when the 

muscle workload is withdrawn, the muscle loses mass and protein and 

atrophy occurs (Booth, Nicholson and Watson 1982). While this may 

appear to be a simple relationship, it is actually complex because 

muscles not only adapt in size, but also in the capability to oxidize 

fuels (Nemeth, Meyer and Kark 1980), in contractile characteristics 

(Fischback and Robbins 1969, Maier, Eldred and Edgerton 1972), by 

changes in myosin isozyme types (light and heavy myosin chains) (Brown, 

Salmons and Whalen 1983), and in ATPase capability (Close 1972). 

Muscle fibers have been characterized into types on the basis of 

contractile properties and oxidative ability (Close 1972). Histologi

cally these can be differentiated by various staining procedures 

(ATPase, NADH diaphorase, SDH and glycerophosphate dehydrogenase activi

ties, etc.) into 3 principle groups: Type I, slow oxidative (slow 

twitch), Type II a, fast oxidative glycolytic, and Type lIb, fast glyco

lytic (both fast twitch) (Edgerton and Simpson 1969, Burke et al. 1971). 

Most muscles are heterogeneous with respect to muscle fiber type however 

some muscles such as the soleus, extensor digitorum longus, plantaris, 

and anterior or posterior latissimus dorsi have a high percentage of a 

single fiber type (Ariano, Armstrong and Edgerton 1973). 

The neurotransmitter in skeletal muscle is acetylcholine but 

innervation is different between fiber types, primarily varying in 

degrees of nerve branching, size and number of neuromuscular contacts 
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and frequency of nerve firing (Harv~v and vanHelden 1981). Slow 

oxidati ve fibers are innervated at many small contact points (multiple 

innervation) and require a number of ~:timuli to evoke a full contraction 

due to an inability to conduct an action potential (Harvey and vanHelden 

1981, Desaki and Uehara 1981). Fast oxid<ltive glycolytic and fast 

glycolytic fibers have fewer large contacts with the neuron (focally 

innervated) and require only a single impulse to evoke an action poten

tial and contraction (Vrbova, Gordon and Jones 1978). There are also 

differences in the morphology of the motor end plate. The sarcolemma 

membrane across the synaptic cleft from the neuron has fairly simple 

folds on the slow oxidative fibers while that of fast twitch fibers has 

many extended folds and branches (Bowden and Duchen 1976, Desaki and 

Uehara 1981). There is good evidence that muscle fiber type depends on 

the frequency at which they are stimulater.. Upon neural rearrangement 

(Vrbova, Gordon and Jones 1978) or electrical stimulation (Salmons and 

Sreter 1976, Brown, Salmons and Whalen 1983), fast twitch muscles can be 

transformed into slow twitch muscles and visa versa. 

These differences may be important in the understanding of 

muscle adaptation to its workload. Whdn muscle activity is restricted 

or workload diminished, the normally chronically stimulated muscles 

containing a high proportion of slow twitch fibers such as the soleus, 

appear to be affected to a grea~er extent than those containing fast 

twitch fibers (Tomanek and Lund 1974). 

Previous Studies Of Hypokinesia/Hypodynamia 

Previous studies of muscle under hypokinetic (decreased move

ment)/hypodynamia (decreased force-energy output) conditions have 
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involved models, which simulate a physiological or pathological state 

where muscle disuse and wasting has been shown to be a problem. These 

models include: the immobilization of limbs by plaster cast (Booth and 

Kelso 1973) or the pinning of joints (Spector et ale 1982), the confine

ment of humans in bedrest studies (Convertino et ale 1981) or animals in 

small cages (Helander 1961, Portugalov et ale 1971) or the loss of _ 

neural control or tension development capability as in limb denervation 

(Goldspink et ale 1974, Thesleff 1974) or tenotomy (Eccles 1944) in 

animal studies. While each of these models serves to investigate the 

pathology involved with a particular condition, extrapolation to the 

normal condition or comparison of the models is occasionally difficult 

because of potential interference of trauma due to surgical intervention 

(Blackburn et ale 1973, George et ale 1980) or stress induced by 

confinement (Pfeiffer 1967). Notwithstanding, these models have proved 

valuable in the understanding of muscle characteristics and adaptive 

abilities. Each model of inactivity results in the loss of muscle mass 

although the magnitude of loss is somewhat dependent on the activity and 

the amount of tension remaining in the muscle. 

Denervation results in the greatest loss of muscle mass particu

larly if the.muscle is held at shorter than resting length (Helander 

1958). The length at which the muscle is held, dictates to some extent 

the degree to which muscle atrophies in immobilization studies 

(Ferguson, Vaughn and Ward 1957, Goldspink et al. 1974). When 

chronically or intermittantly stretched in the presence or absence of 

innervation), muscles maintain their size or grow by the addition of 

sarcomeres in series (Goldspink et ale 1974, Williams and Goldspink 
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1978). This is in contrast to immobilization in the shortened position 

which is reported to result in severe atrophy (Ferguson, Vaughn and Ward 

1957, Goldspink et ale 1974, Simard, Spector and Edgerton 1982), a loss 

in sarcomere number, a narrowing of muscle fiber diameter (Goldspink et 

ale 1974, Holly et ale 1980, Spector et ale 1982) and alterations in the 

proteolytic digestion profile of myosin heavy chains from the soleus 

muscle (Unsworth, Witzman and Fitts 1982). 

The loss in muscle mass in immobilized or denervated limbs is 

due at least in part to a loss of muscle protein (Booth, Nicholson and 

Watson 1982, Goldspink 1977a). This loss affects all proteins to some 

extent however some studies have indicated that chronic restraint 

affects the ratio of myofibrillar to sarcoplasmic proteins in muscle 

(Helander 1958, Helander 1961, Goldberg et ale 1975). Changes in the 

rates of protein synthesis have been clearly associated with the loss of 

muscle protein, however the role of protein degradation is not clear 

(Goldberg et ale 1975, Goldspink 1977a,b, Booth, Nicholson and Watson 

1982). The concentration of RNA in muscles change in relation to the 

growth or atrophy of the muscle with increases during hypertrophy and 

decreases during atrophy. DNA content does not fluctuate as readily as 

that of RNA. 

The above mentioned models address most of the known physio

logical states involving muscle atrophy caused by inactivity. However 

the weightlessness of space provides a unique hypokinetic/ hypodynamic 

environment which is just now being realized. As astronauts spend more 

time in space, it becomes imperative that we understand the physiologi

cal and biochemical changes associated with the loss of muscle mass in 



zero gravity (Tipton 1983). One problem with studies in this area is 

that the number of flights and the number of biological experiments on 

those flights has been few in comparison with, for example, the number 

of limb casting or denervation studies (Booth and Gollnick 1983). As a 

result, the data base from which to work is somewhat limited. The data 

on humans that has been accumulated has been obtained chiefly as a 

result of the Apollo and Skylab missions (Leach, Altchuler and Cintron

Trevino 1983) and that of rats as part of the Cosmos biological 

satellite series (Heinrich and Souza 1981). 

Results from the human studies have been primarily in the form 

of serum levels and urinary excretion rates of various hormones, com

pounds and elements (Leach, Altchuler and Cintron-Trevino 1983). Those 

of the animal studies have involved histological, electron microscopic 

and physiological measurements of muscle and bone mass and structure 

following spaceflight (Portugalov et ale 1976, Ilyina-Kakueva and 

Portugalov 1977, Rokhlenko and Savik 1981). Losses of muscle and bone 

mass were assoc1ated with fluid shifts and alterations in the endocrine 

status of the body (Tipton 1983). 

Muscle atrophy in rats during spaceflight is chiefly associated 

with the extensor muscles which oppose gravity (Oganov et ale 1980). 

The soleus and gastrocnemiUs muscles are affected to a greater extent 

than the extensor digitorum longus muscle (Morey-Holton and Wronski 

1981). These losses in muscle weight have been associated with 

decreased numbers of sarcomeres and fiber diameters and a decrease in 

the ratio of slow to fast fiber area in the gastrocnemius muscle (Chui 

and Castleman 1980) and soleus muscle (Roklenko and Savik 1981), and 

6 



increased cathepsin activity in many skeletal muscles (Qganesyan and 

E10yan 1981). Shifts in the relative proportions of myosin isozymes by 

increases in the quantity of the LC-3 fast myosin subunit type in the 

soleus and extensor digitorum longus muscle have also been observed 

following 18.5 days of spaceflight (Szilagyi et ale 1980). 

7 

Along with the changes in muscle protein and structure, histo

logical and electron microscopic stUdies have shown an accumulation of 

muscle glycogen and lipids along with decreases in the amount of func

tional capillaries, enlargement of nerves at the motor end plate and 

decreased volume and number of synaptic vesicles following spaceflight 

(Kaplanskiy and Savina 1981, Baranski 1983). There is also a loss of 

body calcium stores, preferentially from the locations on the skeleton 

which are stressed in the presence of gravity (Morey 1979). Urinary 

excretion of cortisol, vasopressin, hydroxyproline, calcium and 3-

methylhistidine are increased, while urinary catecholamines are lower in 

humans during spaceflight (Morey 1979, Leach, Altchuler and Cintron

Trevino 1983). 3-Methylhistidine excretion is utilized as a qualitative 

measure of muscle protein breakdown because it is found primarily in 

actomyosin and once the free amino acid is released via protein 

degradation, it is not reutilized (Munro and Young 1978). Serum 

glucose, insulin and albumin are also lower in weightlessness. These 

differences illustrate the wide ranging effects the absence of gravity 

has on the the previously adapted body. 

While these results appear to lay a good basis from which to 

pursue future studies, the measurements of substances or structures that 

may change quickly must be taken with some caution since some of the 



sampling was restricted to 1 to 3 hours following reentry for the human 

studies and generally up to 48 hours following touchdown for the animal 

studies (Ilyina-Kakueva et al. 1976, Portugalov et al. 1976). In 

addition, hypergravity could occur during the reentry. To circumvent 

the obvious technical and economic difficulties associated with space 

experiments, ground based models have been devised to simulate a 

weightless environment. These models have ranged from water immersion 

studies with humans to a number of suspension models for rats. 

Ground Based Models For Studies Of Muscle Response To Weightlessness 
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The use of rats in these models greatly increases the flexibi

lity in the type of experiment that may be conducted to obtain a better 

understanding of the effect of hypokinesia on skeletal muscle 

metabolism. The suspension models generally attach the rats either by 

dorsal bonding (Mor~y 1979, Wronski and Morey 1983), denim harness 

(Musacchia et ale 1980, Musacchia and Steffen 1983), back suture 

(Templeton et al. 1984), or tail-cast (Morey-Holton and Wronski 1981) to 

various overhead suspension systems which elevate the hindlimbs above 

the cage floor while still permitting the forelimbs to be utilized for 

feeding, grooming, etc. As with the spaceflight studies, the number of 

completed studies is small. Also the aims of each study depend chiefly 

on the priority and expertise of the laboratory carrying out the work so 

that most studies have involved physiological or histological 

measurements which can be compared to those observed in animals exposed 

to weightless conditions (Morey 1979, Morey-Holton and Wronski 1981, 

Musacchia and Steffen 1983). 



Generally, the results of ground based suspension models have 

agreed well with those of the Cosmos series. The effects observed 

include the loss of muscle mass, protein and RNA content, predominant 

atrophy occurring in the ankle extensor muscles containing slow 

oxidative fibers (Templeton et ale 1982, Templeton et ale 1984a), 

changes in fluid balance as evidenced by diuresis, natriuresis and 

kaliuresis (Deavers, Musacchia and Meininger 1980, Hargens 1983), 

increased bone resorption (Morey 1979, Morey-Holton and Wronski 1981), 

decreased muscle fiber diameter (Templeton et ale 1984b), and decreased 

muscle performance capabilities (Templeton et ale 1984a,b). 

9 

The studies thus far have identified some of the physiological 

changes which take place in simulated weightlessness and muscle inactiv

ity. However, it is also of interest to determine the biochemical basis 

for these changes. In muscle, a large loss of muscle protein may lead 

to an inability to function properly. To determine the causes of these 

potential changes, the turnover of muscle protein and its regulating 

factors must be considered. 

Factors Affecting Muscle Protein Balance 

The gain or loss of muscle protein can be accomplished by 

either changes in the rate of protein synthesis, degradation or both of 

these processes (Goldberg and Goodman 1969b, Millward et ale 1976, 

Jefferson, Flaim and Peavy 1981). A large number of hormones and growth 

factors are known to influence the balance of protein in muscle 

(Tischler 1981). 
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Insulin is thought to be one of the primary factor regulating 

the balance of protein in the fed state (Fulks, Li and Goldberg 1975, 

Goldberg and st. John 1976). By stimulating protein synthesis and 

inhibiting protein d~gradation, this anabolic hormone maintains muscle 

protein. The importance of this effect is seen in diabetes or 

starvation (Fagan 1983). In these conditions, the low levels or absence 

of insulin permits expression of the full response of the catabolic 

hormones present so that muscle wasting occurs (Tischler and Fagan 1982, 

Tomas, Murray and Jones 1984). 

The glucocorticoid hormones are probably the most important 

catabolic hormones and are known to have potent affects on protein 

balance (Mayer et ale 1976, Rannels and Jefferson 1980, Tischler and 

Fagan 1982, Tomas, Murray and Jones 1984). These hormones may play an 

important part in the catabolic response to muscle unloading and disuse 

since increased plasma and urine cortisol levels have been observed in 

astronauts (Noskov et ale 1981) and an increase in the number of 

glucocorticoid receptors has been observed in the muscles of joint 

pinned (DuBois and Almon 1980), denervated (DuBois and Almon 1981), and 

harness suspended rats (Steffen and Musacchia 1982). In addition, 

should the animals be stressed at any point in the treatment, activation 

of the adrenal-hypophyseal system could result in increased plasma 

levels of these hormones (Pfeiffer 1967, Dohler et ale 1977, Axelrod and 

Reisine 1984). Elevated plasma glucocorticoids has been shown to 

increase the net breakdown of protein in muscle as noted by increased 

urinary excretion of 3-methylhistidine (Tomas, Munro and Young 1979, 

Santidrian and young 1980, Odedra, Bates and Millward 1983). While the 
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affect of glucocorticoids in inhibiting overall protein synthesis is 

wel~ established (Ryan et ale 1974, Rannels and Jefferson 1980 s Kelly 

and Goldspink 1982, McGrath and Goldspink 1982), the effects on protein 

degradation measured in vitro are somewhat varied (Goldberg 1969, 

Goldberg et ale 1980, Rannels and Jefferson 1980, Tischler 1981, 

Tischler and Fagan 1982). The effect of glucocorticoids on muscle also 

appears to be somewhat fiber type specific under normal conditions with 

Type II fibers usually being affected to a greater extent than Type I 

fibers (Goldberg and Goodman 1969, Kelly and Goldspink 1982, Roy et ale 

1983). 

Testosterone is a hormone thought to compete for sites on the 

glucocorticoid receptor (Mayer and Rosen 1977) in addition to acting at 

its own receptor. While it is known to be an anabolic hormone and 

result in the stimulation of protein synthesis (Grigsby, Bergen and 

Merkel 1976), the· exact mechanism by which this occurs or to what extent 

protein degradation may be affected is uncertain (Mayer and Rosen 1977, 

Santidrian et ale 1982). 

The effect of thyroid hormones on muscle protein turnover is 

varied (Tischler 1981). When thyroxine or triiodothyronine is given to 

hypophysectomized or thyroidectomized rats, protein synthesis is 

increased along with protein degradation although a larger effect on 

synthesis leads to muscle growth (Flaim, Li and Jefferson 1978). However 

large doses of thyroxine or triiodothyronine leads to thyrotoxicosis and 

muscle wasting (Ramsey 1966, Winder and Holloszy 1977). Under these 

conditions, the stimulatory effect on protein degradation exceeds that 

on protein synthesis and is associated with changes in the predominant 
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fiber types (McKeran et ale 1975) of muscle. This response is somewhat 

different in heart where hyperthyroidism results in hypertrophy and 

myosin isozyme switching (Morkin, Flink and Goldman 1983). The ability 

of insulin to stimulate the uptake of glucose has also been shown to be 

influenced by thyroid status (Czech et ale 1980). Growth hormone also 

increases protein and DNA synthesis and content (Beach and Kostyo 1968, 

Goldspink and Goldberg 1975) and RNA content (Flaim, Li and Jefferson 

1981) in hypophysectomized rats but does not appear to affect protein 

degradation. 

Calcium is invol ved in the control of a large number of cellular 

processes including protein synthesis and degradation (Kameyana and 

Etlinger 1979) and the increased concentration in denervated or immobil

ized muscles makes it a likely controlling factor in muscle disuse 

(Drahota 1962, Booth and Seider 1979). Recently, calcium has been 

implicated in the control of protein synthesis and degradation by its 

effect on the synthesis of prostaglandins, probably through activation 

of phospholipase A2 (Rodemann, Waxman and Goldberg 1982). Upon calcium 

or arachidonic acid administration, muscle protein synthesis and 

degradation are both stimulated, synthesis through the formation of 

prostaglandin A1 and F2a(Rodemann and Goldberg 1982, Smith, Palmer and 

Reed 1983), and degradation by prostaglandin E2 (Rodemann and Goldberg 

1982, Rodemann, Waxman and Goldberg 1982). These effects have been 

shown to be inhibited either by indomethacin, aspirin, or meclofenamate, 

which are inhibitors of cyclooxygenase or by mepacrine, an inhibitor of 

phospholipase A2 (Rodemann, Waxman and Goldberg 1982, Smith, Palmer and 

Reed 1983). studies utilizing intermittant stretching of muscles 
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in vitro have shown a correlation between muscle stretch, and 

prostaglandin mediated increases in protein synthesis (Palmer et ale 

1983). The catabolic response to trauma (Tischler and Fagan 1983) or 

sepsis (Blackburn et ale 1973, Clowes et ale 1983) has been linked in 

some studies (Baracos et ale 1983, Goldberg et ale 1984) with PGE2 

effects on protein degradation, potentially through leukocytic pyrogen 

(interleukin-1) (Baracos et ale 1983). Calcium has also been asso

ciated with activation of phosphoinositol metabolism (Takai et ale 1981, 

Berridge 1984). Upon acetylcholine activation of muscle (or other 

hormones or transmitters), calcium uptake is increased along with an 

increase in the hydrolysis of m~mbrane phospholipids, the latter process 

requiring calcium (Berridge 1984). Whether or not the inositol triphos

phate, diacylglycerol, calcium, or arachidonic acid which results from 

these processes is the second messenger regulating protein metabolism in 

muscle is not currently known. Calcium and phosphoinositol metabolism 

has also been implicated in the activation of membrane protein kinase 

activity (Kuo et ale 1984, Berridge 1984). 

Leucine and catecholamines are known to slow protein degradation 

(Buse and Reid 1975, Garber, Karl and Kipnis 1976) and leucine 

stimulates protein synthesis although the exact mechanism by which this 

occurs is not known (Buse and Reid 1975, Tischler 1981, Tischler, 

Desautels' and Goldberg 1982). 

The inherent characteristics of a protein play a role in the 

determination of its susceptibility to proteolysis and hence its 

half-life (Goldberg and st. John 1976). In normal cells, large, acidic 

or glycoproteins are degraded at a faster rate than small, neutral or 
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basic, or nong1ycoproteins. However this relationship does not appear 

to hold in severe catabolic states such as starvation and diabetes (Dice 

et ale 1978, Goldberg 1979). 

Studies with reticulocytes and cultured cells have indicated 

that the initial events in the proteolytic pathway have been linked to 

the protein ubiquitin; found in the nuclear fraction as a histone 

conjugate or in its free form in both the nuclear and cytosolic 

fractions. The binding of ubiquitin to other cell proteins (an ATP 

dependent process) (Ciechanover et ale 1980) results in the protein 

complex being "marked" for proteolysis and selectively degraded (Hershko 

and Ciechanover 1982). This is thought to be a principle mechanism by 

which proteins are selectively degraded in the normal (non-catabolic) 

state (Hershko and Ciechanover 1982). 

"The reduction-state of tissues may also influence the rate of 

protein degradation in muscle (Tischler 1980). Studies have shown a 

strong negative correlation between the reduction-oxidation state of 

tissues and the overall rate of protein degradation (Tischler 1980, 

Tischler and Fagan 1982, Fagan 1983). This has been shown in normal 

muscles or those subjected to anabolic or catabolic states such as 

diabetes, fasting, or refeedin& after fasting (Tischler and Fagan 1982, 

Fagan 1983). 

Aim Of This Study 

It is clear that many factors influence the overall regulation 

of muscle metabolism. It is also evident that many of these factors are 

invol ved simultaneously in the regulation of muscle protein balance, 
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amino acid metabolism and ener'gy metabolism, and that muscle activity 

may be intricately involved. The aim of this study is to determine how 

muscle activity or inactivity can regulate muscle homeostasis and to 

what extent hormones, growth f~ctors, etc. are involved in this 

regulation. In order to address this problem, the study has been sub

divided into 5 principle goals: 1) evaluate a modified tail-cast 

suspension model for rats and determine any restrictions that the model 

may have, 2) Characterize any changes in protein, amino acid and 

carbohydrate metabolism associated with hypokinesia/hypodynamia and 

muscle atrophy, 3) identify (where possible) the mechanism by which 

these changes are mediated, 4) compare results from the tail-cast 

suspension model with those available from rats exposed to the weight

lessness of space, and, 5) evaluate the effect of various treatments 

(such as passive stretch) on muscle to determine if they can prevent or 

at least minimize the metabolic changes associated with muscle disuse. 



CHAPTER 2 

CHARACTERIZATION OF A MODEL FOR TAIL-CAST SUSPENSION: 

ATROPHY AND GROWTH INHIBITION IN RAT HINDLIMB MUSCLES 

Abstract 

Atrophy and growth inhibition were studied in hindlimb muscles 

of female Sprague-Dawley rats subjected to tail-cast suspension. Based 

on measurements of food consumption, animal growth rate, urinary excre

tion of urea and ammonia, and muscle size, six days seemed to be the 

optimum duration of suspension for studying muscle unloading. After six 

days, the soleus, plantaris and gastrocnemius muscles from suspended 

animals were 27%, 10%, and 11% smaller (P(0.001), respectively, than 

those from tail-casted weight bearing animals. The extensor digitorum 

longus and tibialis anterior· muscles were unaffected by suspension(~6 

days) while the triceps brachii hypertrophied (8%, P(0.005). Wet 

weight/dry weight ratios were smaller in the plantaris (-0.19~ P(0.001) 

and gastrocnemius (-0.19, P(0.005) muscles from suspended rats. Anal

ysis showed the differences in the weights of the soleus was due to an 

inhibition of growth and muscle atrophy while those found with the 

gastrocnemius and plantaris muscles were due to an inhibition of growth 

coupled to a loss of tissue water during the six days of suspension. 

These studies served as the basis for evaluating other metabolic 

responses to muscle unloading (Chapters 3-9). 

16 
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Introduction 

Muscle atrophy has been studied in a wide variety of human and 

animal models, including bed rest (Convertino et ale 1981), limb casting 

(Booth and Kelso 1973, Goldspink 1977), tenotomy (Eccles 1944, McMinn 

and Vrbova 1962), joint pinning (Max, ltlayer and Vogelsang 1971), or the 

confinement of animals to small cages (Federov and Shurova 1973). 

Animal suspension models have been developed recently (Morey-Holton and 

Wronski 1981, Musacchia et ale 1980, Templeton et ale 1984a,b) to mimic 

the muscle response to reduced load bearing conditions in weightlessness 

(Chui and Castleman 1980, Ilyina-Kakueva, Portugalov and Krivenkova 

1976, Morey-Holton and Wronski 1981). Although each of these models 

limits growth of and causes the loss of mass from certain leg muscles, 

the mechanism by which these changes occur or the factors which control 

the selective catabolic responses may differ. 

The muscle atrophy which occurs during unloading may be muscle 

and fiber type specific. Muscles containing slow oxidative fibers 

(Type I) appear to be more susceptible to disuse atrophy than muscles 

having predominantly fast glycolytic (Type II a) or fast oxidative glyco

lytic (Type lIb) (Chui and Castleman 1980, Ilyina-Kakueve, Portugalov, 

and Krivenkova 1976, Szilagyi et ale 1980, Unsworth, Witzmann and Fitts 

1982). However, these responses also may be linked closely to muscle 

function. For example, ankle extensor muscles, such as the soleus and 

gastrocnemius, are affected more so in non-weight bearing conditions 

than muscles used for ankle dorsal flexion, such as the extensor 

digitorum longus (Chui and Castleman 1980, Ilyina-Kakueva, Portugalov 

and Krivenkova 1976, Morey-Holton and Wronski 1981, Szilagyi et ale 



1980). Therefore, muscles differing in both fiber type and function 

must be studied to obtain a complete picture of the alterations which 

occur under reduced load bearing conditions and decreased activity. 
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The current study was undertaken to evaluate a modified tail

cast suspension model as a prelude to identifying metabolic factors 

which control or are associated with muscle atrophy. In severely stres

sed animals, high levels of corticosteroids released into the plasma 

(Dohler et ale 1977) could abnormally affect the response to unloading 

through their own catabolic effects on muscle protein metabolism (Mayer 

and Rosen 1977, Rannels and Jefferson 1980). Therefore, two different 

control conditions (normal and tail-casted weight bearing) were eval

uated in this study to determine the appropriate control for tail-cast 

suspension. A wide range of animal sizes was also evaluated to test: 

1) the dependency of the response on animal size or age, 2) if tail-cast 

suspension is limited by the size of animals that may be used and 3) 

whether differences in muscle mass following suspension are due to 

atrophy, inhibition of growth or both. The most appropriate length of 

time for suspension also was evaluated. 

Materials and Methods 

Animal Model 

Female Sprague Dawley rats (25-200 grams) were bred and housed 

by the Division of Animal Resources, University of Arizona where they 

were provided Wayne Lab-Blox (Allied Mills, Inc. Chicago, IL) and water 

ad libitum. The original tail-cast suspension model (Morey-Holton and 

Wronski 1981) was modified. The suspension framework (Figure 1), 
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composed of 18 gauge, gal vanized sheet metal (C), was designed for use 

on 7" x 9 1/2" x 7" or 8 1/2" x 10 3/4" x 8" hanging cages, which have a 

wire mesh floor. A steel screw acts as a central pivot (B) allowing 

3600 motion of the horizontal runner (D). Additional mobility is 

derived from linear movement of a nylon coated, steel ball bearing wheel 

(E) which can travel the length of the runner, as well as from a swivel 

(G) connected to the wheel. The animal is attached to the swivel by a 

paper clip, which is imbedded in a tail cast (H). The cast is composed 

of Hexcelite orthopaedic tape and Dow Corning Silastic 382 medical grade 

elastomer (Factor II, Lakeside, AZ). All tail-casting procedures were 

performed under ether anesthesia. Suspended animals were elevated in a 

head down position so that the hindlimbs could not touch the floor of 

the cage while the forelimbs could be used for maneuvering, feeding and 

grooming. 

Muscle Preparations 

Animals were killed between 8 and 10 A.M. Muscles were dis

sected free of adjoining tissues, and immediately weighed. Wet weight 

to dry weight ratios were determined by weighing muscles immediately 

after excision and following lyophilization of the frozen (_700 C) 

muscles. 

Urine, free of fecal matter, was collected daily from animals 

housed in metabolic cages. All residual urine was washed from the 

screens and collection funnels with distilled water. The urine and 

washings were pooled, taken to a constant volume with water and an 

aliquot frozen (_70 0 C) until assayed for urea and ammonia using 
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glutamate dehydrogenase (Boehringer-Mannheim Corp., Indianapolis, IN) 

and urease (Sigma Chemical Co., St. Louis, MO) (Gutmann and Bergmeyer 

1974). Differences between control and experimental conditions were 

evaluated by the F-test or unpaired Studen~s t test utilizing P<0.05 as 

the level of statistical significance. 

RESULTS 

The suspension apparatus (Figure 1) was designed to provide 

maximal freedom for the animal to move about the cage, to feed and 

groom. Potential adverse effects of tail-casting were evaluated using 

two different controls; either normal weight bearing (NWB) animals or a 

second group composed of tail-casted weight bearing (TCWB) animals. 

Weight bearing animals are those whose muscles are exposed to "normal" 

load bearing (1 x g) on the hindlimb muscles. An extension of the clip 

(Figure 1H) allowed normal load bearing of all four limbs in the tail

casted weight bearing group. 

Food Consumption, Growth and Urinary Nitrogen Excretion 

Food consumption was monitored to determine whether pair feeding 

was necessary. Rats in all three groups consumed similar amounts of 

food up to 12 days following tail-casting (Table 1). Although three 

time points after tail-casting showed significant differences in food 

consumption, these were always less than or equal to the differences 

noted prior to tail-casting. This observation indicates that these 

differences were characteristic of a particular group of animals and not 

due to suspension. 
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Figure 1. Tail-cast suspension model. 

The components of the apparatus are: A) lead counterweight (3 oz.) to 

minimize the torque requirement for rotation at the center pivot, 

B) center pivot screw with plastic washer, C) sheet metal bracket with 

stabilizing attachments for use on either large or small hanging type 

cages, D) brass runner, E) nylon coated, steel ball bearing wheel, 

F) tape to maintain leverage for turning at the center pivot, 

G) fishhook swivel, H) paper clip-orthopaedic tape-elastomer cast. 
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Table 1. Effects of tail-casting and suspension on food consumption by rats 

Average initial body weights for the 3 groups were similar to those in Figure 2. Values are 

means ~ SEM for 10 animals for the food consumed during the preceding 24 hour period. 

Before tail-casting values are the means ~ SEM for daily food consumption measured over the 

2 days prior to tail-casting procedures. ap(0.05 versus both weight bearing groups. 

bp(O.05 versus normal weight bearing. 

Normal 
Weight Bearing 

Tail-casted 
\-leight Bearing 

Tail-casted 
Suspended 

Before 
Tail-casting Day 2 

16.1~0.6 15.0~0.1 

16.9~0.8 11.2~0.4 
b 

13.8~0.6a 14.1~1.2a 

Food Consumed 

gf 100 g body wt • day 

Day 4 Day 6 Day 8 Day 10 Day 12 

13.3~0.1 14.3~O.6 13.3~O.4 11.1~O.5 11.4~0.4 

13.5~0.3 14.8~O.4 13.3~0.4 11.5~0.4 11.1~O.5 

13.5~0.5 14.6~0.4 11.5~0.5a 11.8~0.5 9.2.:!:.0.8a 

----------_ ... _--_._---

N 
N 
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With this model, animal growth inhibition did not appear to be 

significant during short periods (~6 days) of suspension (Figure 2A) 

when compared to tail-casted weight bearing controls. On the first day 

of tail-casting, the growth rate of both groups was slowed. However, 

overall growth appeared normal up until day 5 when the body weights of 

tail-casted animals fell significantly below (P<0.05) those of the 

normal (no tail-cast) weight bearing group. Body weights of the two 

tail-casted groups were not significantly different through day 6 fol

lowing tail-casting. By day 7, the stress of suspension was evidenced 

by significant differences (P<0.001) in body weight between weight 

be~ring and suspended animals (Figure 2). Any differences in growth 

rate were not associated with a change in the rate of food consumption. 

The stress of prolonged suspension was also apparent at approximately 

day 8, by a pronounced curvature of the spine and noticeable tail necro

sis. However, stress was never severe enough to cause total growth 

inhibition or weight loss. The normal growth of suspended animals was 

only observed in animals whose initial body weight was less than 200 

grams. When larger animals were used, they either ceased growing or 

lost weight (10-20 grams) during the first six days of suspension. 

Measurements of the urinary excretion of nitrogenous waste as 

urea and ammonia showed no meaningful differences (Figure 2B). No dif

ferences were significant below 'the 0.025 level and in no instance were 

the values for tail-casted suspended animals significantly different 

from the tail-casted weight bearing animals. 
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Figure 2. Growth rate and urinary excretion of urea and ammonia. 

Values are means ~ SEM for 5-15 determinations from normal weight 

bearing ([J ,II), tail-casted weight bearing (tI., A) and tail-casted, 
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suspended (hypokinetic) (0,.) rats. 
.. 

P(O.05 when compared to normal 

weight bearing. +P(O.001 when compared to the tail-casted weight 

bearing and normal weight bearing groups. 
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Response of Muscle Mass to Hindlimb Suspension 

The masses of rat hindlimb muscles were measured at 3, 6, and 12 

days following initiation of suspension and were compared to muscles 

from age matched, normal weight bearing or tail-casted weight bearing 

controls (Tables 2 and 3). As previously observed (Morey-Holton and 

Wronski 1981), the mass of the triceps surae group muscles (i.e. soleus, 

plantaris and gastrocnemius) showed the greatest response when expressed 

relative to body weight (Table 2). The location of these muscles in the 

rat hindlimb can be observed in Figure 3. The soleus muscle was most 

responsive, being 19% and 16% smaller (P<O.001) at 6 days, and 42% and 

36% smaller (P<O.OO1) at 12 days. The plantaris muscle was less' 

responsive being only 12%, 10%, and 11% smaller (P<O.02) than this 

muscle from the tail-casted control at 3, 6, and 12 days, respectively. 

The gastrocnemius muscle showed results qualitatively similar to that of 

the plantaris muscle being 7%, 11%, and 18% smaller than this muscle of 

tail-casted weight bearing animals at 3, 6, and 12 days, respectively. 

However, the differences between gastrocnemius muscles were only 

statistically significant (P<O.001) after 6 and 12 days of suspension. 

The extensor digitorum longus muscle from both tail-casted weight 

bearing animals and suspended animals was significantly (P<O.05) smaller 

than those of normal weight bearing animals only at 12 days following 

tail-casting while no significant differences were noted in this muscle 

or the tibialis anterior in comparisons of the two tail-casted groups. 

The muscle masses at 6 days following tail-casting were also 

measured in various sized animals (Figures 4 and 5). The weight loss of 

the soleus muscle relative to animal size (Figure 4A) was reflected in 
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Table 2. Effects of duration of tail-casting and suspension on the 

mass of the soleus and extensor digitorum longus muscles 

Values are means ~ SEM for 10-25 animals taken 3 days after tail-

casting, 60-75 animals taken at 6 days and 15 animals taken at 12 days. 

ap(0.05 when compared to normal weight bearing. bp(0.001 when compared 

to both weight bearing groups. 

Condition 

Normal 
weight bearing 

Tail-casted 
weight bearing 

Tail-casted 
suspended 

Day 3 

37.8 ~ 1.1 

36.6 ±. 0.8 

b 30.6 ~ 0.7 

Muscle Weight 

mg/ 100 g body wt 

Day 6 

Soleus 

39.4 ~ 0.4 

. a 
35.4 ±. 0.5 

b 25.9 ~ 0.5 

Extensor Digitorum Longus 

Normal 
weight bearing 

Tail-casted 
weight bearing 

Tail-casted 
suspended 

44.4 + 1.0 46 .• 9 ~ 0.5 

46.9 ~ 1.0 49.0 ~ 0.4a 

46.0 ~ 0.9 47.8 ±. 0.5 

Day 12 

39.0 ~ 0.9 

35.2 ~ 1.0a 

22.7 + 1.0b 

50. 1 ~ 0.9 

47.7 ~ 0.8a 

46.0 ±. 1.0a 



Table 3. Effect of duration of suspension on the mass of hindlimb 

muscles of tail-casted rats 

Values are means ~ SEM for 5 animals taken at 3 or 12 days after tail

casting and 31-39 animals taken at 6 days. ap(0.05 when compared to 

weight bearing group. bp(0.001 when compared to weight bearing group. 

Condition Day 3 

Weight bearing 90 ~ 2 

Suspended 79 + 4a 

Weight bearing 1149 ~ 13 

Suspended 416 + 11 

Weight bearing 196 ±. 5 

Suspended 187 + 4 

Muscle \'leight 

mg/ 100 g body wt 

Day 6 

Plantaris 

91 ~ 1 

82 ~ 1b 

Gastrocnemius 

469 ±. 6 

419 ~ 5a 

Tibialis Anterior 

202 ±. 2 

200 ~ 3 

Day 12 

88 ~ 2 

78 ~ 2a 

470 ±. 7 

386 ~ 5a 

192 ±. 1 

187 + 4 

27 



28 

SOLEUS 

LATERAL VIEW OF RAT HINDLIMB 

Figure 3. Location of the hindlimb muscles examined 1n this study. 
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Figure 4. Relationship between body weight and soleus and extensor 

digitorum longus muscle weight. 

Comparison of the relationship between body weight and leg muscle weight 

in normal weight bearing (NWB), tail-casted weight bearing (TCWB).and 

tail-casted suspended (hypokinetic) (TCH) rats. Rats were tail-casted 

andl or suspended for six days. Lines indicate regression of data for 

63-75 animals. Regression analysis shows for NWB animals: soleus, 

r = 0.96 and extensor digitorum longus, r = 0.91, for TCWB animals 

r = 0.92 and r = 0.97, respectively, and for TCH animals r = 0.90 and 

r = 0.95, respectively. 
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Figure 5. Relationship between body weight and skeletal muscle weight. 

Relationship between body weight and muscle weight in tail-casted weight 

bearing (TCWB) and tail-casted, suspended (hypokinetic) (TCH) rats six 

days following tail-casting. Lines indicate regression of data for 26-

39 animals. Regression analysis of TCWB animals shows r = 0.96, 0.98, 

0.95, and 0.90 for plantaris, gastrocnemius, tibialis anterior and 

triceps brachii respectively, and r = 0.95,0.97,0.94, and 0.90 

respectively in these muscles from TCH rats. 
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significant decreases of the slopes, intercepts and correlation 

coefficients. Differences were also observed for the plantaris and 

gastrocnemius muscles (Figure 5)~ The slopes and intercepts for the 

gastrocnemius muscles from suspended animals differed (P<0.005) from 

that for this muscle from tail-casted control animals. The intercept of 

the line for the plantaris muscle from suspended animals was signifi

cantly (P<0.005) smaller than for this muscle from tail-casted controls. 

The long head of the triceps brachii showed a significant (P<0.005) 

hypertrophy following hindlimb elevation in tail-cast suspension (Figure 

5C), as demonstrated by a displacement of the regression without a 

change in slope. These plots held true only for tail-casted animals 

weighing less than 200 grams. 

The wet weight to dry weight ratios of muscles from suspended 

animals was lower in the plantaris and gastrocnemius muscles (P<0.001 

and P<0.05 versus tail-casted weight bearing controls, respectively) 

(Table. 4). This result suggests that these tissues may have lost water, 

which could explain the differences observed for the weights of the 

plantaris and gastrocnemius muscles. 

By following the weights of various muscle after six days of 

suspension, it is possible to evaluate the magnitude of muscle atrophy, 

the apparent contribution to growth inhibition and the relationship 

between these factors in muscles differing in function and fiber type. 

This analysis (Table 5) showed a significant growth failure and atrophy 

of the unloaded soleus muscle. This same response was not apparent for 

the plantaris and gastrocnemius muscles. Evaluation of their changes in 

mass (Table 3) and apparent water content (Table 4) suggested that the 
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Table 4. Wet weight/dry weight ratios in muscles of tail-casted weight 

bearing and tail-casted suspended rats 

Values are means ~ SEM for 15 muscles. ap(0.05, bp(0.001 when compared 

to tail-casted weight bearing. 

Muscle 

Posterior Hindlimb Muscles 

Soleus 

Plantaris 

Gastrocnemius 

Anterior Hindlimb Muscles 

Extensor Digitorum 
Longus 

Tibialis Anterior 

Forelimb Muscle 

Triceps Brachii 
(long head) 

Wet Weight/Dry Weight Ratios 

Tail-casted 

Weight Bearing 

4 .22 ~ 0.05 

4.21 ~ 0.03 

4.26 ~ 0.03 

4.36 .±. 0.04 

4.12 ~ 0.03 

4.26 .±. 0.04 

Tail-casted 

Suspended 

4. 1 0 .±. O. 06 

b 4.02 .±. 0.04 

4.07 .±. 0.06 a 

4 • 34 .±. O. 05 

4. 10 .±. 0.02 

4.25 .±. 0.05 
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Table 5. Comparison of muscle weights before and after tail-casting 

with or without suspension 

aValues for the initial weights are the average calculated from the 

ratio of muscle weight to body weight for approximately 100 gram 

animals. Average body weight increases for these tail-casted animals 

was 23.5 grams during the course of the experiment (Figure 2). Final 

muscle weights were then calculated from the data of the relationship of 

muscle weight to body weight for weight bearing and suspended animals 

(123.5 grams) at six days following tail-casting (Figures 4 and 5). 

Muscle 

Initiala 

Soleus 39 

Plantaris 89 

Gastrocnemius 439 

Extensor digitorum longus 47 

Tibialis anterior 196 

Triceps brachii (long head) 343 

Muscle Weights 

mg 

Tail-casted 
weight bearing 

44 

113 

583 

61 

249 

414 

Tail-casted 
suspended 

32 

101 

516 

59 

249 

450 
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smaller mass of the unloaded plantaris and gastrocnemius muscles was due 

largely to an inhibition of growth coupled to a loss of tissue water. 

The extensor digitorum longus and tibialis anterior muscles were 

unaffected by hindlimb suspension when growth was considered. The 

increase in muscle mass over the six days of suspension essentially was 

identical for the tail-casted weight bearing and suspended groups. 

Analysis of the changes in the triceps brachii (long head) showed hyper

tropy during suspension. Therefore, this model is potentially useful 

for investigations of both muscle atrophy and hypertrophy. 

DISCUSSION 

This model is most useful for studying atrophy of hindlimb 

muscles when: 1) suspension does not exceed six days, 2) animals 

weighing less than 200 grams are used and 3) tail-casted weight bearing 

animals are used as controls to correct for responses due to tail

casting. When this model is used within these limitations, direct 

comparisons can be made between muscles from control and suspended 

animals since overall growth of the animals is similar. 

If body weight loss or growth inhibition occurs in the experi

mental but not in the control animals, as reported for some models of 

restricted muscle use (Booth 1978, Musacchia et al. 1980, Musacchia, 

Steffen and Deavers 1983), comparisons are then made between growing and 

non-growing animals. This characteristic difference between the various 

models can be important in interpreting results relative to the proces

ses which control muscle atrophy. For example, measurements of net 

nitrogen balance could vary with differential growth. Urinary excretion 
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of urea and ammonia are a function of: a) the acid-base balance of the 

animal, b) dietary nitrogen intake, c) the rate of protein and amino 
) 

acid catabolism and d) body growth rate. If growth rates differ under 

conditions of normal food intake, the slower growing animals would be 

expected to excrete more of these metabolites. Thus, amino acids nor-

mally deposited in muscle protein would be catabolized instead and used 

for the synthesis of urea. This idea may explain why these results 

differ somewhat from those of other studies (Musacchia et ale 1980, 

Musacchia, Steffen and Deavers 1983). With similar growth rate and food 

consumption for the suspended and control groups, the contributions to 

the total body production of urea (and ammonia) by catabolism of a 

limited group of muscles might not be easily distinguished from day-to-

day variations of these parameters. In addition, the contribution of 

free amino acids from protein as a consequence of growth inhibition and 

atrophy of hindlimb muscles may be offset to a large extent by hyper-

trophy of forelimb muscles (see Figure 5). Normal growth also was 

reported for another modification of the tail suspension model, however, 

no measurements of urinary metabolites were performed in that study 

(Templeton et ale 1984a). 

To control for differences unrelated to suspension, use of tail-

casted weight bearing animals was necessary. Differences of growth 

rates (Figure 2) and relative muscle weights (Figure 4 and Table 2) 

between normal and tail-casted weight bearing animals make it clear that 

simply attaching the animals to the suspension framework could affect 

the response of the animal. Adequate controls required an environment 

similar to that of the experimental group; the only difference being 



unloading of the hindlimbs. This control is particularly important 

since stress or trauma (Tischler and Fagan 1983), can alter the para

meters being assessed. 

Muscle Response 

Qualitatively, the muscle atrophy was similar to that reported 
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in previous limb immobilization and suspension studies (Booth 1978, Booth 

and Kelso 1973, Musacchia et ale 1980, Musacchia, steffen and Deavers 

1983). The soleus muscle was most responsive and the extensor digitorum 

longus the least responsive to a reduction in hindlimb use. The soleus 

appeared to both stop growing and to atrophy while the extensor digit

orum longus grew normally (Table 5). The difference in water content of 

the gastrocnemius and lack of a difference for the extensor digitorum 

longus agrees well with results obtained using harness suspended animals 

(Musacchia et ale 1980). It is noteworthy that while the plantaris and 

gastrocnemius muscles function similarly to the soleus (ankle exten

sion), they are made up of a higher percentage of Type II fibers (like 

the extensor digitorum longus) (Ariano et ale 1973). 

In conclusion, this model provides a basis with which to pursue 

future investigations of the biochemical processes associated with the 

control and promotion of muscle atrophy. Other studies (Fagan 1983) 

have shown that it may be important to use control muscles of a similar 

size as experimental muscles. Because the magnitude of muscle loss is 

consistent with this model, it is easy to choose appropriately sized 

control animals. Although the potential limitations of this model can 

be alleviated, they must be addressed so that metabolic responses 



associated with stress or trauma do not mask those due to muscle 

unloading. 
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CHAPTER 3 

PROTEIN TURNOVER IN TAIL-CAST SUSPENSION 

Abstract 

Protein metabolism was studied in the hindlimb muscles of rats 

following six days of tail-cast suspension. No significant differences 

in the total protein concentration were observed in the soleus, extensor 

digitorum longus, tibialis anterior, gastrocnemius or triceps brachii 

muscles, however, a redistribution of the relative proportion of sarco

plasmic and myofibrillar protein was evident. The total protein 

concentration of the plantaris muscle from suspended rats was greater 

than that from weight bearing controls probably in concert with the 

differences in tissue water content observed previously. In vitro 

measurements of protein turnover showed the atrophied soleus muscle from 

female Sprague-Dawley rats to have slower protein synthesis (P(O.005) 

and faster protein degradation (P(O.005) than the muscles of weight 

bearing controls. Protein turnover was similar in the extensor digi-

to rum longus muscles from these animals. When male rats were evaluated, 

comparable results were observed except protein synthesis was slower in 

the extensor digitorum longus of the suspended rats (P(O.005). This 

apparent sex related difference in responses may be a consequence of an 

earlier onset of growth inhibition or potentially the result of less 

circulating testosterone. In these animals testicular atrophy was 

observed (13%, P(O.001); a result of induced cryptorchidism in the 

suspended animals. The slower protein synthesis in the atrophied soleus 
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muscles was most evident in the sarcoplasmic protein fraction while no 

differences were observed in the myofibrillar fraction. Both protein 

fractions were equally affected in the extensor digitorum longus from 

male rats. 

Introduction 
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Decreased use of muscle results in atrophy and a loss of muscle 

mass and protein content (Goldberg 1969, Booth and Kelso 1973, Musacchia 

et ale 1980). The loss of muscle protein could be due to slower protein 

synthesis, faster protein degradation or concurrent changes in both 

processes (Goldberg 1969, Goldspink 1977a). Atrophy of muscles in 

immobilized rat hindlimbs showed changes of both processes to be respon

sible. Whether this is also true in unrestricted, non-weight bearing 

muscles has yet to be fully established. 

Previous studies have indicated that some selectivity may be 

involved in the process of muscle atrophy with regard to sarcoplasmic or 

myofibrillar proteins (Helander 1958). In casted, tenotomized or dener

vated rat hindlimbs, the ratio of myofibrillar to sarcoplasmic protein 

appeared to decrease (Helander 1958). Muscle hypertrophy is associated 

with faster synthesis of muscle protein, especially in the sarcoplasmic 

fraction (Goldberg et ale 1975). Whether the changes in protein 

composition during atrophy is due to selective protein synthesis or 

protein degradation in one or both of the protein fractions is not 

known. 

The goal of this study is to determine the extent to which 

muscle protein concentration and content vary in muscles following 



hindlimb suspension. The mechanism by which muscles lose protein will 

be investigated as to whether it occurs by changes in the rate of 

synthesis, degradation or both. The relative contribution of changes in 

protein synthesis in the sarcoplasmic and myofibrillar protein fractions 

found in muscle following tail-cast suspension is also evaluated. Since 

the turnover rate of muscle proteins varies with the age of the animal 

(Millward et ale 1975, Fagan 1983), it is of interest to determine 

whether animal age has any bearing on the response of protein synthesis 

or protein degradation to tail-cast suspension. In addition, both male 

and female rats are examined since both hormonal and anatomical differ

ences could affect the response to hypokinesia/hypodynamia, particularly 

in tail-cast suspension. 

Materials and Methods 

Animals 

Male (130-170 g) or female (25-200 g) rats were provided food 

and water ad libitum except where noted. All animals were tail-casted, 

divided randomly into weight bearing or suspended groups and killed six 

days later (Chapter 2). 

Muscle Preparation and Incubation 

Animals were killed between 8 and 10 A.M. Muscles were dissect

ed free of adjoining tissues, blotted and weighed, placed in stoppered 

25 ml Erlenmeyer flasks and then preincubated for 30 minutes in Krebs

Henseleit buffer (Krebs and Henseleit 1932) equilibrated with 95% 02 : 

5% CO2, and containing 5 mM glucose and amino acids. Amino acids were 
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added at normal rat plasma concentrations (Mallette, Exton and Park 

1969) but lacking glutamine, glutamate and alanine, and either lacking 

tyrosine and containing 0.5 mM phenylalanine or vice-versa. After 

preincubation, muscles were transferred to flasks containing fresh 

medium to which radioactive compounds had been added. After 2 hours, 

the incubation was terminated by removing the tissue and heating the 

medium in boiling water for 3 minutes. The medium was centrifuged at 

2000 x g for 10 minutes. Muscles were blotted, immediately placed in 

2.5 ml of ice cold 0.2 M perch10ric acid, homogenized and centrifuged 10 

minutes at 2000 x g. The protein pellet was washed 3 times with 10% 

trichloroacetic acid and twice with 95% ethanol : diethyl ether (1:1). 

This pellet was solubilized by the addition of 0.05 ml water and 0.25 m1 

Protosol (New England Nuclear, Boston, MA) and counted in 5 ml Cyto

scint (West Chern. Products, San Diego, CA) in a Beckman LS250 liquid 

scintillation counter. 

Protein Metabolism 

Synthesis and degradation of total muscle protein was measured 

simultaneously and expressed in tyrosine equivalents (Tischler, 

Desautels and Goldberg 1982). Muscles were incubated with 0.5 mM 

[U_14CJ phenylalanine (0.1 mCi/mmol; ICN, Irvine, CA) for measuring 

protein synthesis. This concentration of phenylalanine or tyrosine has 

been shown to allow equilibration of the specific activity of the extra

cellular incubation medium with that of the transfer RNA and cytosolic 

fraction in heart (McKee et a1. 1978). Protein degradation was calcu

lated from the sum of protein synthesis (incorporation of 



14C-phenylalanine into protein x ratio of tyrosine to phenylalanine 

(0.11) found in muscle protein) and net protein breakdown (release of 

tyrosine into the incubation medium) (Tischler, Desautels and Goldberg 

1982). Tyrosine was assayed fluorometrically (Waalkes and Udenfriend 

1951). 
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Protein synthesis also was measured separately in the myofibril

lar and sarcoplasmic fractions of muscles incubated with 0.5 mM [U_14 CJ 

tyrosine (0.2 mCi/mmol; ICN). The protein fractions were separated 

following incubation by differential centrifugation, essentially as 

described by Perry (1914). After blotting, muscles were placed in 3 ml 

of ice cold 10 mM Tris-HCL buffer, pH 1.4, containing 0.5 mM cyclohex

imide (Boehringer-Mannheim Corp., Indianapolis, IN) to inhibit potential 

cell free protein synthesis during homogenization and subsequent centri

fugation (15 minutes at 10,000 x g at 40 C). After removing the 

supernatant (sarcoplasmic fraction), the pellet (myofibrillar fraction) 

was washed 3 times with 2 ml of buffer. Supernatant fractions were 

pooled, made 10% in trichloroacetic acid, and centrifuged. Pellets of 

the myofibrillar and sarcoplasmic protein fractions were then washed 3 

times with 3 ml of 10% trichloroacetic acid and solubilized in 1 ml of 

1 N sodium hydroxide. An aliquot (0.5 ml) of each sample was removed 

and counted in 5 ml ACS (Amersham Corp., Arlington Heights, IL). Since 

this procedure does not separate the myofibrillar and stromal fractions, 

all references to the myofibrillar fraction include the sum of these 

fractions. 

The concentration of protein in the sarcoplasmic and myofibril

lar fractions was determined for muscles treated as described above 
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(with or without incubation). For measurements of total muscle protein, 

muscles were homogenized in 10% trichloroacetic acid and centrifuged at 

2000 x g for 20 minutes. All protein pellets were solubilized in 1 N 

sodium hydroxide and were assayed by the Lowry procedure (Lowry et ale 

1951) using bovine serum albumin as a standard. 

RNA concentration was determined in alkaline extracts of the 

pellet resulting from homogenization of muscles in 0.2 M perchloric acid 

as previously described (Fleck and Munro 1962). The acid insoluble 

pellets were solubilized in 0.3 N potassium hydroxide and incubated for 

60 minutes at 370 C. Following the incubation, muscle proteins were 

precipitated with 1.5 M perchloric acid and the supernatant assayed for 

the hydrolyzed RNA by measuring the absorbance at 260 nm. 

The induced cryptorchidism which occurs in male rats during 

suspension was also investigated. The testes of 12 hour fasted male 

rats (15 for each of the weight bearing and suspended groups) were 

removed and dissected free of connective and adipose tissues. The 

pooled testicle weight was measured and normalized to the body weight of 

the animal~ 

Results 

The protein concentration of muscles from weight bearing or 

suspended female rats was measured to determine if the loss in muscle 

weight was due to less protein or some other component of muscle. In 

accord with the decreased wet weight to dry weight ratio data 

(Chapter 2), the protein concentration of the plantaris was increased in 

suspension (P<0.001) while this parameter in the soleus, gastrocnemius, 



extensor digitorum longus, tibialis anterior or triceps brachii showed 

no differences between weight bearing and suspended groups (Table 6). 
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No differences were observed in the total protein concentration of 

soleus or extensor digitorum longus muscles from male rats. The soleus 

muscles contained 139 ~ 20 and 139 ~ 39 mg protein per gram wet weight 

for weight bearing and suspended rats, respectively, while the extensor 

digitorum longus muscles contained 147 ~ 19 and 154 ~ 18 mg protein per 

gram wet weight for the weight bearing and suspended groups, 

respectively. 

Differences in protein synthesis and protein degradation mea

sured in vitro corresponded qualitatively to the differences in muscle 

weights. The soleus muscles of suspended female rats showed slower 

protein synthesis (P<0.005) and faster protein degradation 

(P<0.005) than these muscles from tail-casted weight bearing animals 

over a wide range of animal sizes (Figure 6). Protein metabolism in the 

extensor digitorum longus muscles from suspended rats was similar to 

that of controls. Therefore, changes in both protein synthesis and 

protein degradation seem to be responsible for the atrophy of specific 

muscles in non-weight bearing conditions and these changes are rela

tively independent of animal size. The magnitude of the differences in 

protein synthesis in the soleus muscle appeared greater in young, rapid

ly growing animals. However the slopes of the regression lines were not 

significantly different. 

When the turnover of protein was examined in the soleus muscles 

of male rats, the results were comparable to those found with female 

rats. These included slower protein synthesis (-36%; P<O.001) and 
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Table 6. Protein concentration of muscles from weight bearing 

and suspended female rats 

Values are means ~ SEM for 15 muscles. ap<0.001 when compared 

to the weight bearing group. 

Protein Concentration 

mg protein/ g muscle 

Muscle Ueight bearing Suspended 

Soleus 137 ~ 2 132 ~ 4 

Plantaris 143 + 2 155 + 2a 

Gastrocnemius 151 ±. 4 161 ~ 3 

Extensor Digitorum 
Longus 142 ±. 2 145 + 2 

Tibialis Anterior 166 + 2 171 ~5 

Triceps Brachii 150 ±. 3 149 ±. 5 
(long head) 



Figure 6. Relationship between animal weight and rates of prote~n 

synthesis and protein degradation. 

Values are for the soleus (SOL) and extensor digitorum longus 

(EDL) muscles from tail-casted weight bearing (TCWB) and tail-

casted, suspended (hypokinetic) (TCH) female rats six days 

following tail casting. Equations for the lines of protein 

synthesis (Y) and animal size eX) are: TCWB-SOL Y=0.1443 -

0.00045X, 
If 

TCH-SOL Y=0.1103 - 0.00028X, TCWB-EDL Y =0.1022 -

0.000365X, TCH-EDL Y= 0.0902 - 0.000298X and for protein 

degradation (Y) and animal size: TCWB-SOL Y=0.3176 - O.000146X, 

If 
TCH-SOL Y=O.4866 - 0.000491X, TCWB-EDL Y=O.3186 - 0.000381X, 

TCH-EDL Y= 0.3498 - 0.000484X. 
If 
P(0.005 when compared to the 

tail-casted weight bearing group. Lines indicate regression of 

data from 25-35 animals. 
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faster protein degradation (56%; P<0.001) in the atrophied soleus 

compared to those of weight bearing animals. The extensor digitorum 

longus muscle however gave somewhat different results. While protein 

degradation was not different between groups, protein synthesis appeared 

to be slower (16%; P<0.05) in this muscle from suspended rats (Table 7). 

Suspension had no apparent effect on the RNA concentration in 

the soleus, extensor digitorum, plantaris, gastrocnemius or tibialis 

anterior muscles. Qualitatively, the amount of RNA in the tissues 

appeared to change at or about the same rate as the changes in muscle 

weight (Table 8). 

Distribution and Synthesis of Sarcoplasmic and Myofibrillar 

Protein Fractions 

The relative distribution of muscle proteins was shifted as a 

result of hindlimb suspension. The concentration of sarcoplasmic pro

teins was higher in the atrophied soleus (P<0.001) than in those of 

weight bearing animals while no difference was observed in the myo

fibrillar fractions (Table 9). The plantaris and gastrocnemius muscles 

showed no differences in the relative concentrations of either fraction. 

No redistribution of proteins was evident in the extensor digitorum 

longus or tibialis anterior muscles of the suspended rats. 

The incorporation of [U_14 CJ tyrosine into sarcoplasmic and 

myofibrillar protein of soleus and extensor digitorum longus muscles was 

followed to determine the method by which redistribution of these frac

tions occur in male rats (Table 10). The slower synthesis of protein in 

the atrophied soleus appeared to be confined to the sarcoplasmic 



Table 1. Effects of suspension on protein synthesis and protein 

degradation in male rats 
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Values are means ~ SEM for 15-18 rats. ap(0.001, bp(0.005 when compared 

to weight bearing animals. 

Weight bearing 

Suspended 

Weight bearing 

Suspended 

Protein Synthesis Protein Degradation 

nmol tyrosine/ mg protein • 2 h 

0.126 ~ 0.030 

0.426 ~ 0.018 a 

Soleus 

1.616 ~ 0.049 

2.613 ~ 0.062 a 

Extensor Digitorum Longus 

0.469 ~ 0.019 

0.391 ~ 0. 012b 

1.415 ~ 0.031 

1.356 ~ 0.021 
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Table 8. Concentration of RNA in hindlimb muscles of weight bearing 

and suspended male rats 

Values are means ~ SEM for 10 animals. 

RNA 

II gf mg muscle 

Muscle Weight bearing Suspended 

Soleus 1. 92 ~ 0.07 1.73 ~ 0.10 

Plantaris 2.61 ~ 0.12 2.50 ~ 0.12 

Gastrocnemius 1.83 ~ 0.09 1.66~0.10 

Extensor Digitorum 1.88 ~ 0.12 1.87 ~ 0.13 
Longus 

Tibialis Anterior 2.36 ~ 0.17 2.27 ~ 0.18 



Table 9. Protein concentration of the sarcoplasmic and myofibrillar 

fractions in muscles from weight bearing and suspended rats 

Values are means ~ SEM for 5 animals. ap(0.001 when compared to 

weight bearing animals. 

Weight bearing 

Suspended 

Weight bearing 

Suspended 

Weight bearing 

Suspended 

Weight bearing 

Suspended 

Weight bearing 

Suspended 

Protein Concentration 

(mg protein/ mg wet wt) x 100 

Sarcoplasmic Myofibrillar 

Fraction 

4.66 ~ 0.07 

5.73 ~ 0.17 a 

4.95 ~ 0.21 

5.21 ~ 0.11 

Soleus 

Plantaris 

Gastrocnemius 

3.48 ~ 0.17 

4.15 ~ 0.24 

Fraction 

7.80 ~ 0.28 

7.30 ~ 0.52 

11.73 !. 0.25 

12.73 ~ 0.55 

12.31 ~ 0.28 

12.83 ~ 0.32 

Extensor Digitorum Longus 

4.82 !. 0.06 

4.88 ~ 0.08 

9.97 !. 0.15 

10.31 ~ 0.18 

Tibialis Anterior 

3.37 ~ 0.08 

3. 72 ~ 0.15 

12. 17 ~ 0.28 

11.67 ~ 0.21 
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Table 10. Effect of hindlimb suspension on protein synthesis in the 

sarcoplasmic and myofibrillar protein fractions of soleus and extensor 

digitorum longus muscles 

Values are means ~ SEM for 5 animals. Myofibril1ar fraction refers to 

the sum of myofibrillar and stromal protein. ap<0.001, bp<0.05 when 

compared to the weight bearing group; 

Weight bearing 

Suspended 

Weight bearing 

Suspended 

Protein Synthesis 

nmo1 tyrosine! mg protein • 2 h 

Sarcoplasmic 

Fraction 

0.91 ~ 0.05 

0.63 ~ 0.05 a 

Soleus 

Myofibrillar 

Fraction 

0.71 ~ 0.03 

0.65 ~ 0.03 

Extensor Digitorum Longus 

0.65 ~ 0.03 

b 0.55 ~ 0.02 

0.46 ~ 0.03 

b 0.38 ~ 0.01 
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fraction (-31%; P<0.001) as no difference was observed in the synthesis 

of myofibrillar proteins. The extensor digitorum longus muscles showed 

a significantly slower synthesis of protein in both fractions (15-17%; 

P<0.05). 

The differences in the response to suspension of the extensor 

digitorum longus by male and female rats led to an investigation as to 

whether hormonal and anatomical differences could contribute to the 

observed changes. The induced cryptorchidism which results from the 

elevation of the hindlimbs of male rats and causes the testes of 

suspended rats to be 13% (P<0.001) smaller than those of weight bearing 

controls. The pooled testes weights were 1.031 ± 0.031 grams per 100 

grams body weight for suspended animals and 1.188 ± 0.027 grams per 100 

grams body weight for weight bearing controls. 

Discussion 

Suspension of the rat hindquarters for six days inhibits growth 

of the triceps surae group muscles (soleus, plantaris, gastrocnemius). 

The growth inhibition and atrophy of the soleus muscle (Chapter 2) could 

be accounted for by slower protein synthesis, especially involving the 

sarcoplasmic proteins, and faster protein degradation. Synthesis of the 

sarcoplasmic proteins also seems to be more responsive to hypertrophy 

(Goldberg et ale 1975). Despite the slower protein synthesis, the 

relative proportion of sarcoplasmic protein was higher in the atrophied 

soleus in agreement with other studies of muscle inactivity (Helander 

1958) while total protein concentration was unaltered. This observation 

suggests that the faster degradation of protein which accompanies muscle 



unloading probably affected the myofibrillar protein fraction to a 

greater relative extent than the sarcoplasmic protein fraction. 
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Six days of hindlimb unloading had little effect on the anterior 

muscles (extensor digitorum longus, tibialis anterior). However, the 

somewhat slower synthesi~ of protein in both fractions of the extensor 

digitorum longus muscles of male rats may indicate the onset of growth 

inhibition in this muscle. 

Another contributing factor in this apparent sex related differ

ence is that of anatomical and hormonal differences. When male rats are 

suspended, the elevation of the hindlimbs results in an induced 

cryptorchid state.' Previous studies have shown that the elevation in 

temperature of the testes as a result of their being withdrawn into the 

abdominal cavity, results in atrophy of these organs (Inano and Tamaoki 

1968). This atrophy is also associated with dysfunction of the enzymes 

involved in androgen synthesis and result in lower circulating testost

erone levels (Clegg 1960, Llaurado and Dominguez 1963). Testosterone is 

known to stimulate protein synthesis (Grigsby, Bergen and Merkel 1976). 

The atrophy of these organs and apparent sex related differences in the 

response of protein synthesis in the extensor digitorum longus, suggests 

that testosterone could play a role in the catabolic response to hind

limb suspension, at least when cryptorchidism occurs. Testosterone has. 

been shown previously to affect the extent of atrophy in limb casted 

rats (Evans and Ivy 1982). However, the role of this hormone is probab

ly quite small during short term suspension studies (~6 days) since no 

differences were observed in the weight or protein content of those 

muscles where testosterone could possibly be implicated. 



The differing response by sarcoplasmic and myofibrillar frac

tions in the soleus and extensor digitorum longus muscles also suggest 

that the slower protein synthesis associated with muscle inactivity from 

hindlimb suspension is due to selective decreases in the synthesis of 

sarcoplasmic protein while the slower protein synthesis as a result of 

other factors (probably humoral) can be associated with a more general 

inhibitory effect. 

The results presented reflect only qualitative differences since 

in vitro muscle preparations are in negative nitrogen balance. While 

some of the results for protein metabolism in this study agree with 

those determined in previous limb immobilization studies (Goldspink 

1977a, Booth and Seider 1979), they differ from those of Feller et ale 

(1981). However, the latter study used muscle homogenates which may not 

accurately show differences associated with the acute regulation of 

these processes. For instance, Seider and coworkers reported that 

protein turnover ;n vitro can be changed significantly by disrupting the 

structural integrity of the muscle (Seider et ale 1980). 

Clearly, the catabolic response to hindlimb unloading involves 

both the synthetic and degradative processes of muscle protein. As a 

result, large amounts of free amino acids are liberated however little 

is known about the fate of these amino acids once produced. Consequent

ly, this model provides a unique opportunity to study the relationship 

between muscle protein breakdown, amino acid synthesis and degradation, 

and the role of muscle activity in the control of these interrelation

ships. 
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CHAPTER 4 

ROLE OF MUSCLE ACTIVITY IN THE REGULATION OF AMINO ACID METABOLISM 

Abstract 

To study the regulatory factors in muscle disuse, amino acid 

metabolism was investigated in rat soleus muscle following 6 days of 

tail-cast, hindlimb suspension. The fresh tissue concentrations of 

tyrosine and glutamate were higher and of aspartate, asparagine and 

glutamine were lower after suspension. In vitro production of alanine 

and tyrosine was faster and utilization of glutamate and aspartate were 

slower in the soleus muscle of suspended animals. Despite a greater 

activity of glutamine synthetase, glutamine synthesis was slower in the 

soleus muscle of suspended rats than in control muscle. Provision of 

ammonium chloride showed that this slower glutamine synthesis was due to 

limiting amounts of free ammonia •. Reduced availability of ammonia was 

probably due to slower flux through AMP deaminase when ATP utilization 

declined with lower muscle activity. The extensor digitorum longus 

muscles from suspended animals showed greater glutamine production, 

glutamine synthetase activity and aspartate utilization. Data from 

muscles of intact, adrenalectomized and adrenalectomized-cortisol 

treated rats suggested that the greater glutamine synthetase activity 

was mediated by higher circulating glucocorticoid hormones and a greater 

response of the soleus muscle to these hormones. Glutamine synthesis in 

skeletal muscle appears to be primarily regulated by the availability of 
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ammonia, which is associated with the rate of ATP utilization, and 

secondarily by the amount of glutamine synthetase in the tissue. 

Introduction 
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Production of glutamine and alanine by muscle is important for 

the export of nitrogen from this tissue (Odessey, Khairallah and 

Goldberg 1974, Ruderman and Berger 1974, Chang "and Goldberg 1978a,b). 

This function is in addition to the role of these amino acids in gluco

neogenesis, urea synthesis and acid-base balance (Felig et ale 1970, 

MacDonald et ale 1976, Cahill, Aoki and Smith 1981, Schrock and 

Goldstein 1981). The pathways for the synthesis of these amino acids 

and the potential role of glucose, glutamate, aspartate, and the 

branched chain amino acids in providing carbon and nitrogen for the 

production of glutamine and alanine have been described in some detail 

(Felig et ale 1970, MacDonald et ale 1976, Chang and Goldberg 1978a,b, 

Goldberg and Chang 1978, Snell and Duff 1980). Further work must consi

der which factors regulate the direction and rate of flux through these 

pathways. Hormones (e.g. insulin, glucocorticoids, growth hormone, 

(Riggs and McKirahan 1973, Jefferson, Flaim and Peavy 1981, Shotwell, 

Kilberg and Oxender 1983», nutritional state (Ruderman 1975) and 

increased muscle activity (Goldberg and Goodman 1969a) influence the 

uptake and release of amino acids by muscle and their incorporation into 

muscle protein or liberation via protein degradation. While these 

factors are undoubtedly important in the delivery of glucose and amino 

acids into the muscle cell, it is unclear what role, if any, they play 

in directing the flow of amino acid synthesis and degradation; 
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particularly of glutamine (Snell and Duff 1980, Blackshear, Holloway and 

Alberti 1975). 

Flux through glutamine synthetase probably depends on the con

centration of NH4+ found in the tissue (Iqbal and ottaway 1970). This 

hypothesis is supported by reports of increased release of glutamine 

from skeletal muscle during acidotic conditions, as occurs in severe 

diabetes (Felig et ale 1970, Goldstein et ale 1983) or following NH4Cl 

administration (Felig et ale 1970, Goldstein et ale 1983). While these 

observations suggest that glutamine synthesis depends solely on ammonia 

availability in the muscle, this conclusion becomes somewhat uncertain 

in light of studies showing increased enzyme activity under these condi

tions (King, Goldstein and Newsholme 1983). 

Normally, deamination of AMP via adenyl ate deaminase provides 

the primary source of NH3 in muscle. This enzyme, as part of the purine 

nucleotide cycle, has been implicated in the regulation of muscle energy 

state particularly during exercise (Lowenstein 1972, Lowenstein and 

Goodman 1978, Meyer and Terjung 1980). However, this idea is based 

primarily on the physical properties of the enzyme, its allosteric 

effectors, and the potential involvement of the purine nucleotide cycle 

in the maintenance of tissue energy charge (Coffee and Solano 1977, 

Lowenstein and Goodman 1978). 

Most studies concerning the relationship between muscle activity 

and amino acid synthesis and utilization have used exercise models 

(Ruderman and Berger 1974, Goodman and Lowenstein 1977, Meyer and 

Terjung 1979). While these studies provide some insight into the 

factors regulating amino acid metabolism, differences in the type, 



intensity and duration of the exercise or the length of recovery time 

after exercise make interpretation difficult. 
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Previous studies using the tail-cast, hindlimb suspension model 

showed that suspension for 6 days resulted in atrophy of the soleus 

muscle (Chapter 2 and 3). In contrast, the extensor digitorum longus 

muscle of these animals grew at the same rate as those of weight bearing 

animals. Therefore, investigation of the soleus and extensor digitorum 

longus muscles from suspended and weight bearing animals permits the 

comparison of muscles whose activity is considerably or insignificantly 

impaired, respectively, by short-term suspension. This comparison also 

permits evaluation of metabolic changes which may be due to humoral 

responses to suspension rather than a function of muscle activity. 

Since the soleus muscle atrophies during suspension (Chapter 2), the 

contribution of amino acids from net breakdown of protein (Chapter 3) 

potentially may alter intracellular pools, as well as amino acid synthe

sis and degradation. Hence, this suspension model is used to study the 

effects of muscle inactivity on amino acid metabolism. 

Materials and Methods 

Animals 

Female sprague Da~ley rats (100-150 g) were tail-casted and 

randomly divided into weight bearing (control) and suspended (experimen

tal) groups as described in Chapter 2. Some animals were subjected to 

bilateral adrenalectomy 4 days prior to tail-casting and suspension and 

were maintained on 1% sodium chloride drinking solution for the duration 

of the experiment. Beginning the day of tail-casting, these rats 



received daily injections of either 2 mg cortisol acetate (Sigma 

Chemical Co., st. Louis, MO) per 100 grams body weight suspended in 

0.5 ml of 0.9% NaCI - 0.4% polyoxyethylene sorbitan mono-oleate 

(Tween 80, Sigma Chemical Co., st. Louis, MO) or 0.5 ml of the vehicle 

per 100 grams body weight. 

Muscle Preparations 
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Animals were killed between 8 and 10 A.M. Muscles were dissect

ed free of adjoining tissues, blotted and weighed. For analysis of 

fresh tissue metabolites, muscles were frozen in liquid nitrogen 

immediately after excision and then homogenized in 2.5 ml of 0.2 M 

perchloric acid. The homogenates were centrifuged (10 minutes at 2000 x 

g) and an aliquot (2 ml) of the supernatant solution was neutralized to 

pH 5.5 - 6.5 with 2.5 M potassium hydroxide, 0.1 M piperazinediethane 

suI fonic acid. The tissue extract was centrifuged (10 minutes at 2000 

x g) to remove the potassium perchlorate precipitate. 

Muscle Incubations 

Amino acid production was measured in muscles placed in 

stoppered 25 ml Erlenmeyer flasks containing 3 ml of Krebs-Henseleit 

buffer (Krebs and Henseleit 1932), pH 7.4, equilibrated with 95% O2 : 

5% CO2, and including 5 mM glucose and amino acids added at normal rat 

plasma concentrations (Mallette, Exton and Park 1969), except for lack

ing tyrosine, glutamine, glutamate, alanine, aspartate, and asparagine. 

After preincubation for 30 minutes, muscles were transferred to flasks 

containing fresh medium and incubated for 2 hours. The incubation was 

terminated by removing the tissues and heating the medium in boiling 
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water for 3 minutes. The medium was then centrifuged at 2000 x g for 10 

minutes. The muscles were blotted and then treated as for fresh 

tissues. To obtain a zero time sample, the contralateral muscles were 

only preincubated and then treated as above. 

Metabolite Analysis 

The incubation medium and tissue extracts were assayed fluoro

metrically for tyrosine (Waalkes and Udenfriend 1957), glutamate (Bernt 

and Bergmeyer 1974), glutamine (Lund 1974), alanine (Williamson 1974), 

and aspartate (Williamson and Corkey 1969). Asparagine was assayed 

fluorometrically, following the measurement of aspartate, by adding 3 

units of asparaginase (Sigma) to deamidate the asparagine (Bergmeyer et 

ale 1974a). Net production of amino acids was calculated as: release 

into the incubation medium + (final - initial tissue content); a nega

tive value indicating net utilization. This calculation includes both 

de novo synthesis or utilization of each amino acid and its liberation 

during the net breakdown of muscle proteins. 

The extracts of incubated tissues were analyzed spectrophoto

metrically for phosphocreatine (Lamprecht et ale 1974) and ATP 

(Lamprecht and Trautchold 1974) and fluorometrically for ADP and AMP 

(Jaworek, Gruber and Bergmeyer 1974). IMP was assayed by conversion to 

inosine with 5'-nucleotidase (Sigma) (Frick and Lowenstein 1976). The 

inosine concentration following 5'-nucleotidase treatment and the 

inosine and hypoxanthine (+xanthine) content of tissue extracts and 

incubation media were determined spectrophotometrically (Coddington 



1974). The sum of hypoxanthine and xanthine is reported since this 

method of anal ysis can not distingui.sh these two metabolites. 

Enzyme Activity Analysis 
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Glutamine synthetase activity was determined in dialyzed tissue 

homogenates by measuring the glutamylhydroxamate formed (A500) following 

incubation at 37°C, as described by Iqbal and Holloway (1980). 

Aspartate aminotransferase (glutamate-oxaloacetate transaminase) 

(Bergmeyer and Bernt 1974), and alanine aminotransferase (glutamate

pyruvate transaminase) (Bergmeyer and Bernt 1974) activities were also 

assayed in these homogenates. AMP deaminase (adenylate deaminase) 

activity was assayed (Smiley, Berry and Suelter 1967) in the 20,000 x g 

supernatant of muscles homogenized in buffer consisting of 180 mM KCl, 

54 mM KH2P04, 35 mM K2HP04 and 2 mM 2-mercaptoethanol, pH 6.5 (Coffee 

and Kofke 1975). Creatine kinase activity was measured in muscle homo

genates prepared as described by Dawson and Fine (1967). The activity 

of the homogenates was assayed spectrophotometrically as previously 

described (Foster, Bernt and Bergmeyer 1974). The protein concentration 

of tissue homogenates was determined by the Lowry procedure (Lowry et 

ale 1951). Data were analyzed for statistical differences by using the 

unpaired Student's t-test. 

Results 

Tissue Concentration of Amino Acids 

Fresh frozen tissue concentration of amino acids differed 

between the soleus muscles of suspended and weight bearing animals 
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(Table 11). Tyrosine was higher in the atrophied soleus, probably as a 

result of the larger negative protein balance of this muscle (Chapter 

3). The concentration of alanine was unaffected by suspension, while 

glutamate concentration was higher and glutamine, aspartate and aspara

gine concentrations were lower in the soleus of suspended rats. Only 

the concentrations of glutamate and asparagine were significantly lower 

in the extensor digitorum longus muscle from suspended animals (Table 

11) • 

Amino Acid Production In Vitro 

To determine whether differences in the tissue amino acid con

centrations were associated with changes in amino acid synthesis or 

degradation, we measured their production by isolated muscles (Table 

12). Production of tyrosine was ~igher in the soleus muscle of the 

suspended rats than of the weight bearing controls in accord with 

earlier findings of greater net protein breakdown under these conditions 

(Chapter 3). The production of alanine was also higher in the atrophied 

soleus (Table 12). While a portion of the difference in alanine produc

tion can be accounted for by a larger contribution from net protein 

breakdown, the difference is too large to be due solely to this factor. 

Glutamine production in the soleus muscle was unaltered by suspension. 

However, if the greater contribution from net protein breakdown is taken 

into account, the synthesis of glutamine must be somewhat slower in the 

atrophied soleus than in the control muscle. Slower utilization of 

glutamate (Table 12) and a smaller ratio of glutamine to glutamate in 

the experimental soleus (1.4 ::!:. 0.1 and 2.7 ::!:. 0.1 for suspended and 



Table 11. Amino acid concentrations in fresh frozen muscles 

Results are expressed as mean ~ SEM. Numbers in parenthesis are the number of animals. 

ap(0.05, bp(0.001 when compared to the weight bearing group. 

Soleus Extensor Digitorum Longus 

Amino Acid \-leight Suspended Difference Weight Suspended Difference 

bearing bearing 

nmol/ mg muscle percent nmol/ mg muscle percent 

Tyrosine (20) 0.064 ~ 0.005 0.086 ~ 0.001 +34 ~ 14a 0.066 ~ 0.006 0.061 ~ 0.006 0 

Alanine (20) 2.21 ~ 0.06 2.26 ~ 0.06 0 2.59 ~ 0.08 2.65 ~ 0.08 0 

Glutamine (20) 9.98 ~ 0.25 5.91 ~ 0.18 -40 ~ 3b 8. 11 ~ 0.19 1.63 ~ 0.21 0 

Glutamate (20) 3. 72 ~ 0.14 4 .16 ~ 0.09 +12 + 4a 2. 13 ~ 0.09 1.80 ~ 0.05 -15 + 2a 

Aspartate (25) 2.53 ~ 0.19 0.91 ~ 0.01 -61 ~ 8b 0.45 ~ 0.05 0.52 ~ 0.53 0 

Asparagine (15) 0.29 ~ 0.02 O. 16 ~ 0.02 -45 ~ 15 a O. 14 ~ 0.01 0.09 ~ 0.01 -31 + 13a 

a
w 



Table 12. Amino acid production or utilization by incubated muscles 

Results are expressed as means ~ SEM and include the sum of de ~ synthesis or utilization and 

amino acid release from net protein breakdown. Positive (+) values denote production while 

negative (+) values indicated net utilization during the incubation. Numbers in parenthesis are 

the number of animals. ap<0.05, bp<O.OOl when compared to weight bearing animals. 

Soleus Extensor Digitorum Longus 

Amino Acid l'leight Suspended Difference Weight Suspended Difference 

bearing bearing 

nmoll mg muscle • 2 h 

Tyrosine (20) 0.24~0.01 0.36~0.02 +0. 12~0.02b 0.20~0.01 0.23~O.Ol +0.03~0.02 

Alanine (20) 1.84~0. 10 2.88~0.20 +1.04~0.22b 1. 17~0. 10 1.28~0. 10 +0. 11~0. 14 

Glutamine (20) 1.61~0. 18 1.61~0. 16 O.00~0.24 0.83~0.02 1. 72~O.21 +0.89~0.33a 

Glutamate (20) -0.80~0.11 -0.33~0.14 +0.47~0.17a O. 01.:!:.0. 04 0.O4:!:.0.06 +0.03~0.07 

Aspartate (20) -O.78~O.10 0.O5~0.16 +O.83~0.18b -0.14~O.07 -O.37~0.O8 -O.23~O.10 
a 

0\ 

"'" 
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weight bearing groups respectively, (Table 11» support this conclusion. 

Normal soleus muscle used aspartate at a significant rate during incuba

tion whereas the atrophied soleus muscle showed no utilization of this 

amino acid. In contrast, the extensor digitorum longus of suspended 

rats showed greater production of glutamine, greater utilization of 

aspartate and no differences in the production of tyrosine, glutamate or 

alanine. 

Aspartate aminotransferase (glutamate-oxaloacetate transaminase) 

activity was greater in the atrophied soleus muscle (Table 13). No 

significant difference in alanine aminotransferase (glutamate-pyruvate 

transaminase) activity was observed. There were no differences detected 

in the activity of either of these enzymes in the extensor digitorum 

longus muscles (Table 13). These results indicate that the activity of 

these enzymes was not a factor in the observed differences in amino acid 

production. 

Glutamine Synthesis 

Since glutamine and alanine are important in the transport of 

nitrogenous waste out of muscle, the greater production of alanine by 

the atrophied soleus of suspended rats was not surprising. However, the 

lower tissue levels and apparent depression of glutamine synthesis was 

unexpected. To determine the cause for this apparent reduction of gluta

mine synthesis, the potential controlling factors of this pathway were 

investigated. In muscle, the synthesis of glutamine is catalyzed by 

glutamine synthetase which uses free ammonia and glutamate to form 

glutamine with the stoichiometric hydrolysis of ATP. Possible factors 



Table 13. Enzyme activities in soleus and extensor digitorum longus muscles 

Values are means ~ SEM. Number in parenthesis is the number of muscles analyzed. Enzyme 

activity was assayed at 25 0 C. ap(0.05, bp(O.Ol, cp(O.OOl when compared to weight bearing group. 

Enzyme Animals 

M1P deaminase (10) Weight bearing 

Suspended 

Aspartate Weight bearing 

aminotransferase (5) Suspended 

Alanine Weight bearing 

aminotransferase (5) Suspended 

Creatine kinase (14) Weight bearing 

Suspended 

Tissue Capacity Specific Activity 

Soleus Extensor Digitorum Soleus 
Longus 

Extensor Digitorum 
Longus 

nmol/ mg muscle • min nmol/ mg soluble protein • min 

33.2 ~ 1.3 62.8 ~ 2.9 118 ~ 45 1061 + 66 

31.4 ~ 1.6 62.8 ~ 1.8 536 ~ 33 b 914 ~ 31 

80.6 ~ 5.2 86.8 ~ 6.1 1430 ~ 60 1160 ~ 130 

110.5 ~ 5.2c 89.6 ~ 4.2 1140 ~ 150 1840 ~ 90 

1.1 ~ 0.9 6.4 ~ 0.4 126 ~ 13 129 ~ 8 

9. 1 ~ 0.5 6.6 ~ 0.4 143 ~ 13 138 ~ 4 

544 ~ 39 101 ~ 81 10220 ~ 100 16180 ~ 2110 

620 ~ 56 1010 ~ 91 a 11030 ~ 1000 21360 ~ 2430 

0\ 
0\ 
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controlling this reaction are: the availability of glutamate, ATP and 

free ammonia or the activity of glutamine synthetase. Both tissue 

glutamate (Table 11) and ATP (Figure 1) concentrations were higher in 

the atrophied soleus. Therefore, glutamine synthesis was not slowed for 

lack of these substrates. 

The administration in vitro of up to 1 mM ammonium chloride 

stimulated glutamine production 143% in the soleus muscle of weight 

bearing rats and 136% in these muscles from suspended rats (Figure 8). 

As suggested previously (Iqbal and ottaway 1910), the supply of free 

ammonia appeared to be the primary factor controlling the production of 

glutamine in this muscle. While the administration of ammonium chloride 

stimulated the production of glutamine in the extensor digitorum longus 

muscles of both weight bearing and suspended animals, the magnitude of 

this stimulation was small. Apparently, endogenous free ammonia was 

sufficient to stimulate, to near maximum activity, the enzyme in these 

muscles. The stimulation of glutamine production by ammonium chloride 

was also reflected in greater utilization of glutamate (119 and 525% for 

weight bearing and suspended animals, respectively) (Figure 8) and 

slower production of alanine (22 and 81% for weight bearing and 

suspended animals, respectively); the latter probably in response to the 

increased requirement of glutamate for glutamine synthesis. Ammonium 

chloride administration had little effect on protein synthesis (Table 

14) or net protein breakdown (tyrosine production, Figure 8) so that 

changes in these parameters were not involved in the difference observed 

in amino acid production. 



Table 14. Effect of ammonium chloride on protein synthesis in rat hindlimb muscles 

Values are means ~ SEM for 5 muscles. 

Protein Synthesis 

nmol phenylalanine/ mg muscle • 2 h 

Ammoniuffi Chloride 

Concentration o 0.025 mM 0.2 mM 0.5 mM 1 IiIM 

Soleus 

Weight bearing 0.146 ~ 0.008 O. 1 64 ~ O. 0 13 0.120 ~ 0.015 0.145 ~ 0.008 0.134 ~ 0.015 

Suspended 0.108 ~ 0.016 O. 104 ~ 0.019 o. 108 ~ 0.015 0.089 ~ 0.008 0.077 ~ 0.004 

Extensor Digitorum Longus 

Weight bearing O. 115 ~ 0.006 O. 110 ~ 0.006 0.096 ~ 0.004 0.090 ~ 0.007 0.083 ~ 0.005 

Suspended 0.084 ~ 0.012 0.081 ~ 0.005 0.088 ~ 0.006 0.090 ~ 0.007 0.083 ~ 0.005 

Cl\ 
co 
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Figure 7. Phosphocreatine, adenine nucleotides and metabolite content 

of incubated muscles. 

Phosphocreatine (v,y), ATP (111,0), ADP + AMP (A,6), and IMP + inosine + 

hypoxanthine + xanthine (e,o) were assayed in soleus (A) and extensor 

digitorum longus (B) muscle extracts following preincubation 

(30 minutes) and following incubation (150 minutes total) of the 

contralateral muscle. Values are means ~ for 5 muscles. Inosine 

nucleotides and metabolites were measured in a separate experiment 

(Table 17). Open symbols represent values from weight bearing rats. 

Closed symbols represent values from suspended rats. 
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Figure 8. stimulation of glutamine production by ammonium 

chloride administration in vitro. 

All were preincubated for 30 minutes following excision as 

described in Materials and Methods. At the end of the 

preincubation, muscles from one leg of 5 rats were analyzed for 

amino acid content (zero time) while the contralateral and those 

of other animals were transfered to flasks containing fresh buffer 

containing 0, 0.025, 0.2, 0.5, and 1.0 mM ammonium chloride. 

After 2 hours the incubation was terminated and the incubation 

medium and tissues analyzed for amino acid content. Production 

was calculated as: Production = amino acid release into the 

medium + (tissue concentration following incubation - tissue 

concentration following preincubation). Values are means ~ SEM 

for 5 muscles. Closed symbols are for muscles from weight bearing 

animals. Open symbols are for muscl.es from suspended animals. 
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Figure 8. stimulation of glutamine production by ammonium chloride 

administration in vitro. 
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The difference in the apparent capacity of the soleus muscles to 

synthesize glutamine (Figure 8) suggested that glutamine synthetase 

activity might also be greater following animal suspension. To investi

gate this possibility, this activity was measured in tissue homogenates 

(Table 15). In accord with the data on glutamine production in the 

presence of ammonia, the soleus of suspended rats showed greater (178%) 

glutamine synthetase activity than those of weight bearing animals. A 

significantly greater activity was also observed in the extensor digi

torum longus muscle of suspended rats. 

Since the effect of suspension on glutamine synthetase was 

observed in both leg muscles, and previous studies have indicated that 

glucocorticoid hormones can increase the activity of this enzyme (King, 

Goldstein and Newsholme 1983, Smith et ale 1984), glutamine synthetase 

was assayed in muscle homogenates from suspended and weight bearing 

animals which were adrenalectomized and received daily injections of 

either cortisol acetate or saline (Table 15). Adrenalectomy resulted in 

a substantial loss of glutamine synthetase activity compared to that 

found in the intact rats while glucocorticoid replacement caused a 

stimulation of activity in all muscles studied (Table 15). The activi

ties in the extensor digitorum longus muscles of suspended and weight 

bearing animals were stimulated equally after glucocorticoid treatment 

while the soleus muscle of suspended rats showed a greater response. 

The glutamine synthetase activity in the soleus of weight bearing ani

mals was stimulated approximately 3-fold while the activity in the atro

phied soleus was stimulated almost 5-fold despite administration of the 

same dose of hormone. These results indicate that: 1) suspension 
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Table 15. Glutamine synthetase in fresh frozen muscles from normal and 

adrenalectomized rats 

Values are means + SEM for 4-5 animals. ap<0.02. bp<0.01, cp<0.001 when 

compared to the weight bearing group. cp<0.001 when compared to 

adrenalectomized (-) cortisol group. Activity was assayed at 37°C. 

Animals 

Intact 

Adrenalectomized 

Adrenalectomized + 
cortisol 

Intact 

Adrenalectomized 

Adrenalectomized + 
cortisol 

Soleus Extensor Digitorum Longus 

Weight Suspended \'leight Suspended 

bearing bearing 

Activity 

nmol glutamylhydroxamatel mg muscle • h 

12.0 .:!:. 1.1 33.4 .:!:. 2.0c 24.7 .:!:. 0.9 38.9 .:!:. 4.6a 

3.0 .:!:. 0.4 3.3 .:!:. 0.4 3.5 .:!:. 0.6 3.8 .:!:. 0.4 

10.0 .:!:. 0.4 d 15.9 .:!:. 0.9c ,d 19.9.:!:. 1.4 d 17.6.:!:. 1.0d 

Specific Activity 

nmol glutamylhydroxamatel mg soluble protein • h 

188 .:!:. 12 523 .:!:. 42 c 502 .:!:. 20 629 .:!:. 22b 

60 .:!:. 8 66 .:!:. 18 73 .:!:. 13 73 .:!:. 8 

206 + 14d 297 + 16b,d 368 .:!:. 23 d 325 + 16 d 
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probably lead to greater circulating glucocorticoids as indicated by 

higher enzyme activity in the extensor digitorum longus muscle, 2) the 

soleus muscle of suspended rats was more responsive to a fixed dose of 

glucocorticoids, and 3) the activity in the soleus muscle of suspended 

rats did not limit the rate of glutamine synthesis. 

Purine Nucleotides and Adenylate Deaminase 

DU1'ing incubation, most of the free ammonia found in muscle is 

derived from deamination of adenine nucleotides by the action of AMP 

deaminase (adenylate deaminase) in the purine nucleotide cycle. In 

muscle homogenates the activity of this enzyme normalized to tissue mass 

showed no differences in either the soleus or extensor digitorum longus 

muscles (Table 13). Differences in specific activity in the soleus were 

probably a function of the greater concentration of sarcoplasmic 

proteins in this muscle of suspended rats (Chapter 3). The tissue 

concentration of AMP following incubation in a preliminary experiment 

did not differ in the soleus muscles of suspended and weight bearing 

animals. However, adenylate deaminase is influenced allosterically by a 

number of other factors (i.e., ATP, Pi, K+, tissue energy charge) 

(Solano and Coffee 1979, Wheeler and Lowenstein 1979). Therefore, 

tissue concentrations of AMP may not correlate with the rate of flux 

through the enzyme. 

Measurement of the energy state of the tissues after 30 minutes 

and 150 minutes of incubation showed a differential loss of adenine 

nucleotides during incubation of the soleus muscle from the two animal 

groups (Figure 7). Whereas the soleus muscle from weight bearing 
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animals lost phosphocreatine and ATP during the 2 hour incubation 

period, the soleus of suspended animals maintained these pools. The 

loss of ATP in the soleus from weight bearing animals was associated 

with a nearly constant tissue concentration of ADP and AMP and a drop in 

the energy charge of the tissue fr'om 0.938 after 30 minutes of incuba

tion to 0.899 after 150 minutes. The energy charge of the atrophied 

soleus was maintained throughout incubation at 0.932. The extensor 

digitorum longus muscles from both the weight bearing and suspended rats 

showed similar losses of ATP during incubation and a corresponding fall 

in energy charge; 0.925 to 0.901 and 0.941 to 0.932 for muscles of 

weight bearing and suspe~ded rats, respectively. 

In a separate experiment, the ATP lost during incubation could 

largely be accounted for, by higher tissue concentrations of IMP, 

inosine and hypoxanthine (+xanthine) (Figure 1) or of inosine and 

hypoxanthine (+xanthine) released into the medium (Table 16). The dif

ferences in adenine nucleotides are not due to an inability to mobilize 

phosphocreatine to maintain ATP levels. Phosphocreatine levels followed 

those of ATP with decreases in the tissue concentrations during incuba

tion in proportion to those observed with ATP (Figure 1). Also, 

creatine kinase activity was unaffected by suspension in the soleus 

muscles of weight bearing and suspended rats and was higher in the 

extensor digitorum longus muscles of the suspended animals (Table 13). 

No significant differences were observed in the specific activity of 

creatine kinase in either the soleus or extensor digitorum longus muscle 

homogenate preparation from weight bearing and suspended animals 

(Table 13). 



Table 16. ATP and adenine nucleotide metabolites in incubated rat hindlimb muscles 

Values are means ~ SEM for 5 muscles. 

ATP 

Length of Incubation 

minutes 30 150 

nmol/ mg muscle 

Weight bearing 3.98~0.11 2.42~0.12 

Suspended 4.82~0.11 4.55~0.12 

Weight bearing 5.54~0. 11 3.88~O.18 

Suspended 5. 71~O.15 3.83~O.14 

IMP + Inosine + Hypoxanthine + Xanthine 

Difference 30 150 

nmol/ mg muscle 

Soleus 

1.56~0. 14 O.35~0.04 1. 15~O. 17 

0.26~O. 16 0.30~O.O2 O.48~O.10 

Extensor Digitorum Longus 

1.66~O.23 O.40~O.O3 1.29~0.O3 

1. 88~0. 17 0.36~0.O5 1.41~O.03 

Release 
into 

Medium Production 

nmol/ mg muscle • 2 h 

O.35~O.06 1.16~O.22 

0.08~O.O6 O.25~0. 12 

0.21~0.O6 1. 1O~0. 10 

0.25~0.06 1.30~O.O9 

-...J 
Ln 
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The metabolites of AMP deamination were followed in incubated 

soleus and extensor digitorum longus muscles. Following 30 minutes of 

incubation, only IMP could be detected in most of the muscles tested 

with little or no inosine, hypoxanthine or xanthine found. Although the 

IMP concentration of the tissues was similar in the soleus of both 

weight bearing and suspended animals following 150 minutes of incuba

tion, the concentration of inosine, hypoxanthine and xanthine were quite 

different (Table 11). The loss of adenine nucleotides noted earlier 

(Figure 1, Table 16) was associated with the appearance of inosine, 

hypoxanthine and xanthine in both the tissue and incubation medium of 

the soleus muscles from weight bearing rats. Very low levels of these 

metabolites were detected for the soleus of suspended animals (Table 

11). No differences were observed in the degradation or release of IMP, 

inosine, hypoxanthine and xanthine by the extensor digitorum longus 

muscles from weight bearing and suspended rats (Table 11). 

Discussion 

Withdrawal of the workload of the soleus muscle in tail-cast 

suspension results in muscle atrophy (Chapter 2). This catabolic 

response produces a greater availability of free amino acids due to net 

protein breakdown (Chapter 3). In muscle, several of these amino acids 

(leucine, isoleucine, valine, aspartate, asparagine) are taken up from 

plasma or liberated during net protein degradation can provide nitrogen 

for synthesis of glutamine and alanine (Chang and Goldberg 1918a,b). A 

number of conditions (e.g. diabetes, starvation) show preferent~al syn

thesis of either glutamine or alanine (Schrock and Goldstein 1981, 



Table 17. Inosine metabolites in incubated rat hindlimb muscles 

Values are means + SEM for 5 muscles. aHypoxanthine value includes the sum of hypoxanthine and 

xanthine. bNO = not detectable in this assay system «30 pmoll mg muscle). 

Tissue Concentration Metaboli tes 

nmoll mg muscle Released 

After After 

30 min 150 r.Jin nmoll ms muscle • 2 h 

Incubation Incubation 

IMP + Inosine IMP Inosine Hypoxanthinea Inosine Hypoxanthinea 

Soleus 

Weight bearing 0.35 .:!:. 0.04 0.41 .:!:. 0.07 0.46 .:!:. 0.07 0.29 .:!:. 0.04 0.11 .:!:. 0.05 0.24 .:!:. 0.03 

Suspended 0.30 .:!:. 0.02 0.41 .:!:. 0.04 0.06 .:!:. 0.04 NOb 0.01 .:!:. 0.01 0.07 .:!:. 0.05 

Extensor Oigitorum Longus 

Weight bearing 0.40 .:!:. 0.03 0.59 .:!:. 0.06 0.51 .:!:. 0.07 0.19 .:!:. 0.02 0.08 .:!:. 0.04 0.13 .:!:. 0.02 

Suspended 0.36 .:!:. 0.05 0.68 .:!:. 0.01 0.51 .:!:. 0.10 0.22 .:!:. 0.03 0.08 .:!:. 0.03 0.17 .:!:. 0.03 

....... 

....... 
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Ruderman, Schmahl and Goodman 1977), however, the factors controlling 

this selectivity are uncertain. The results of the present study sug

gest that the isolated soleus muscles of weight bearing animals utilized 

ATP faster than this muscle of suspended animals. This faster utiliza

tion probably resulted in greater AMP formation from ADP (via 

myokinase), a lower energy charge and a greater flux through AMP deamin

ase, thus producing free ammonia for the synthesis of glutamine (Figure 

9). In the non-weight bearing soleus muscle of suspended animals, which 

appear to have a low rate of ATP utilization (e.g., inactive muscle), 

the net reduction in the production of free ammonia, due to low flux 

through AMP deaminase, may limit the ability of muscle to synthesize 

glutamine irrespective of the activity of glutamine synthetase or the 

concentrations of glutamate (Table 11) and ATP. (Figure 7). Under condi

ticins of "normal" muscle activity when ATP is utilized rapidly and 

ammonia becomes readily available, the amount of glutamine synthetase 

present may contribute to the rate of glutamine synthesis. 

Higher glutamine synthetase activity in the muscles from 

suspended rats was probably due to greater circulating glucocorticoid 

hormones and greater response to these hormones by the atrophied soleus. 

The greater response of t~e soleus from suspended rats to a given dose 

of cortisol acetate agrees well with differences in the number of gluco

corticoid receptors found in previous suspension studies (Steffen and 

Musacchia 1982). Following 1 week of suspension, the number of gluco

corticoid receptors in the soleus was increased while no differences 

were observed in the extensor digitorum longus muscles (Steffen and 

Musacchia 1982). These findings suggest that the glucocorticoids may be 
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important in the adaptation of muscle to varying workloads. While the 

administration of cortisol did not completely reverse the effects of 

adrenalectomy, it is unlikely that a dose of cortisol exactly duplicates 

the humoral environment found in intact rats. Adrenalectomy and the 

cortisol treatment of adrenalectomized animals are extreme conditions 

which are most valuable for evaluating the role of glucocorticoids in a 

given condition. 

Previous studies utilizing dichloroacetate indicated that the 

rate of alanine synthesis depended almost solely on the amount of pyru

vate in the tissue (Ruderman, Schmahl and Goodman 1977). The data here 

along with that of other studies (Odessey, Khairallah and Goldberg 1974, 

Chang and Goldberg 1978a,b) suggest that the concentration of glutamate 

is also important in this process. When the synthesis of glutamine 

falls with muscle inactivity, more glutamate becomes available for 

transamination with pyruvate for the synthesis of alanine (Figure 9). 

Conversely increased glutamine synthesis upon the addition of ammonium 

chloride leads to decreased alanine production (Figure 8). 

Aspartate is generally utilized by muscle as a nitrogen source 

and can even be used as an energy source (Lowenstein 1972). Due to 

increased flux through AMP deaminase during muscle activity, reamination 

of nucleotides is required when the muscle recovers. A relative 

decrease in muscle activity would reduce this requirement for reamina

tion and thus the rate of aspartate utilization. In turn, tissue malate 

might decrease due to its reduced production from fumarate derived from 

the purine nucleotide cycle (Figure 9). The high concentration of 

aspartate in fresh frozen tissues from the soleus of weight bearing 
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Figure 9. Relationship between ATP utilization, the purine nucleotide 

cycle and amino acid synthesis and utilization. 

ALA, alanine; AS, adenylosuccinate; ASP, aspartate; ADP, adenosine 5'-

diphosphate; AMP, adenosine 5'-monophosphate; ATP, adenosine 5'-

triphosphate; a -KG, a -ketoglutarate; FUM, fumarate; GLN, glutamine; 

GLU, glutamate; IMP, inosine 5'-monophosphate; MAL, malate; OAA, 

oxaloacetate; PYR, pyruvate. 
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animals probably reflects temporary inhibition by elevated IMP of 

adenylosuccinate synthetase (Goodman and Lowenstein 1977, Aragon et ale 

1981), which requires aspartate as a substrate. This is analogous to 

the conditions found in the soleus muscle during intense stimulation 

when the tissue concentrations of aspartate increase (Meyer and 

Terjung 1979). Following muscle activity the higher levels of aspartate 

could facilitate the reamination process during recovery. The concen

tration of malate also appears to be proportional to the activity of 

muscle. In the soleus of suspended animals the concentration of malate 

is lower than that found in weight bearing controls (Chapter 6) while 

electrical stimulation of muscle is known to increase the malate concen

tration of muscle (Goodman and Lowenstein 1977). 

The relationship between muscle activity and amino acid synthe

sis and degradation are probably most important at low to moderate 

activity levels. In high intensity exercise or acidotic conditions such 

as in diabetes, other factors (e.g., pH, orthophosphate, high ADP or low 

ATP) could potentially influence the flux through glutamine synthetase 

or adenylate deaminase and thus overcome the regulatory role of sub

strate availability. Earlier studies indicate that this possibility may 

occur under these extreme conditions (Meyer and Terjung 1979, Goodman 

and Lowenstein 1977). 

The faster glutamine production and greater utilization of 

aspartate by the extensor digitorum longus muscles of suspended rats 

suggested greater flux through the purine nucleotide cycle. This 

greater flux could provide free ammonia for glutamine synthesis without 

affecting the concentration of adenine nuc1eotides (Figures 8 and 9). A 



shift in the ratio of asparagine to aspartate from 0.31 in the control 

extensor digitorum longus muscle to 0.11 in the experimental muscle 

(Table 11) suggested increased asparagine deamination which might be 

another source of ammonia. 
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The differences observed in ATP levels and the energy charge of 

the soleus muscles may also influence the rate at which the inosine 

nucleotides are degraded (Fox 1981). 51-Nucleotidase, an enzyme found 

in the microsomal fraction (Fox and Marchant 1916) and which converts 

inosine 5'-monophosphate (IMP) to inosine has been shown to be inhibited 

by ATP, orthophosphate (Fox and Marchant 1916) and ADP (Frick and 

Lowenstein 1916, Fox 1918) at normal physiological concentrations. In 

the presence of the normally high concentrations of these inhibitors, 

the degradation of nucleotides would be minimal. However, under condi

tions where ATP concentrations fall and IMP concentrations are high, as 

in exercise (Sutton et ale 1980) the inhibition would be absent and 

degradation would take place (Nasrallah and AI-Khalidi 1964). This is 

probably the case with the inosine metabolites in the incubated soleus 

of weight bearing rats. As the energy charge drops during incubation, 

more of the IMP is degraded to inosine which can either be released 

intact or degraded further to hypoxanthine (Nasrallah and AI-Khalidi 

1964, Sutton et ale 1964). This finding could explain the higher tissue 

concentrations 'and release of inosine, hypoxanthine and xanthine into 

the incubation medium by the weight bearing soleus (Table 11). 

The non-weight bearing soleus, shows low ATP utilization, low 

concentrations of IMP and high ATP tissue concentrations under condi

tions where flux through 51-nucleotidase would be expected to be slow. 



83 

During the incubation of these muscles, little inosine, hypoxanthine or 

xanthine is produced (Table 17). 

While many aspects of the regulation of amino acid and purine 

nucleotide metabolism remain to be resolved, the evidence presented 

supports an important interaction between muscle activity and control of 

these metabolic fluxes. This suspension model, while useful for studying 

inactivity of the soleus, also provides a novel approach for investiga

ting the interactions and regulation of metabolic processes, other than 

amino acid metabolism. 



CHAPTER 5 

BRANCHED-CHAIN AMINO ACID METABOLISM AND AMINO ACID UPTAKE 

IN MUSCLE DISUSE: . ROLE OF INSULIN AND GLUCOCORTICOIDS 

Abstract 

The degradation of the branched-chain amino acids (leucine, iso

leucine, valine) and the insulin stimulated uptake of a-aminoisobutyric 

acid were evaluated in the soleus and extensor digitorum longus muscles 

of weight bearing and suspended rats. The degradation of leucine, 

isoleucine and valine in vitro was faster in the soleus and extensor 

digitorum longus muscles from suspended rats when compared to those of 

weight bearing controls. This differences was generally reflected in 

faster flux through leucine transaminase and a-ketoisocaproate dehydro

genase. The differences observed in leucine degradation in the extensor 

digitorum longus muscles appeared to be mediated by glucocorticoids 

since adrenalectomy abolished the differences and cortisol treatment 

increased leucine degradation. The soleus and extensor digitorum longus 

muscles of suspended rats exhibited insulin resistance with respect to 

a-aminoisobutyric acid uptake. This apparent resistance to insulin was 

abolished by adrenalectomy. Tr.ese findings suggest that increased 

glucocorticoid action and the apparent involvement of glucocorticoids in 

causing an insulin resistant state is an important part of the response 

of muscles to hindlimb suspension. 

84 
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Introduction 

Branched-chain amino acids (leucine, isoleucine and valine) play 

an important role in muscle function. During fasting (Goldberg and 

Odessey 1972, Hutson et ale 1980, Paul and Adibi 1982), trauma (Ryan et 

ale 1974), exercise (Rennie et ale 1981, Goodman and Ruderman 1982) or 

in diabetes (Paul and Adibi 1982), the branched chain amino acids and 

leucine in particular, can be utilized as fuel sources (Chang and Gold

berg 1978b). In catabolic states, the ketoacids from isoleucine and 

valine can either be oxidized in muscle or released into the circulation 

to potentially act as gluconeogenic precursors in the liver (Chang and 

Goldberg 1978b, Goldberg and Chang 1978, Williamson, Walajtys-Rode and 

ColI 1919, Harper and Zapalowski 1981, Goodman and Ruderman 1982) al

though the degradation of these amino acids is probably not great under 

normal (noncatabolic) conditions (Wagenmakers et ale 1984). Leucine is 

also a potential regulator of protei~ turnover in muscle. Providing 

leucine in vitro results in a stimulation of protein synthesis and a 

slowing of protein degradation (Buse and Reid 1915, Morgan et ale 1981). 

The administration of the ketoacid of leucine, a-ketoisocaproic acid, is 

also effective in inhibiting protein degradation (Tischler, Desautels 

and Goldberg 1982). The regulation of branched-chain amino acid degra

dation is primarily in the form of modulation of the flux through the 

ketoacid dehydrogenase enzyme complex (Odessey and Goldberg 1979, Olson 

et ale 1981, Wagenmaker et ale 1984). This complex is known to be 

influenced by allosteric effectors and by phosphorylation

dephosphorylation (Parker and Randle 1980, Randle, Lau and Parker 1981, 

Paxton and Harris 1984). The administration of glucocorticoids to 



animals results in an increase in leucine oxidation (Ryan et ale 1974) 

but how this occurs or how insulin may also be involved in the regula

tion of this process is not well understood (Manchester 1965, Hutson, 

Cree and Harper 1978, Paul and Adibi 1982). 
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Another mechanism by which amino acid metabolism is regulated in 

muscle is through the transport of amino acids into the tissue (Goldberg 

and Goodman 1969). A number of transport systems have been described in 

muscle however the A system appears to be one of the principle hormone 

responsive systems in this tissue (Shotwell, Kilberg and Oxender 1983). 

The A system is sensitive to insulin, is sodium dependent, sensitive to 

pH (Cooper and Kohn 1980, Riggs and McKirahan 1973), and the flux of 

amino acids into the tissue is also influenced by amino acid starvation 

(Gazzola et ale 1972, Shotwell, Kilberg and Oxender 1983) and muscle 

work (Goldberg and Goodman 1969a, Goldberg, Jablecki and Li 1974). 

Glucocorticoids and catecholamines may also be involved in the regula

tion of this transport system (Shotwell, Kilberg and Oxender 1983). The 

A system transports small neutral amino acids such as alanine or gly

cine. By using non-metabolizable analogues such as a -aminoisobutyric 

acid, the system can be evaluated without a change in tissue pools due 

to incorporation into protein or by synthesis or degradation of the 

amino acid (Shotwell, Kilberg and Oxender 1983). The investigation of 

amino acid transport during hypokinesia is very important in light of 

evidence indicating increased amino acid uptake in denervated or teno

tomized muscles (Bombara and Bergamini 1968) and upon muscle stimulation 

(Goldberg 1979). 



The goal of this study was to determine whether branched-chain 

amino acid metabolism or amino acid uptake in muscle as indicated by 

a-aminoisobutyric acid uptake, is affected by muscle inactivity. The 

involvement of insulin and glucocorticoids in the regulation of these 

processes during muscle atrophy was also evaluated. 

Materials and Methods 

Animals 
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Male (100-150 g) or female (100-150 g) rats were provided food 

and water ad libitum except where noted. All animals were tail-casted 

and divided randomly into weight bearing or suspended groups (Chapter 

2). In experiments utilizing adrenalectomized animals, rats were 

treated as described in Chapter 4. For all experiments in which insulin 

response was evaluated, animals were fasted 12 hours prior to the start 

of muscle incubations. All studies of branched-chain amino acid 

metabolism utilized female rats while for those studies of amino acid 

transport, male rats were used. Comparisons between groups or treat

ments were analyzed by either unpaired or paired Studen~s t test. 

Muscle Preparations and Branched-Chain Amino Acid Metabolism Analysis 

Branched-chain amino acid degradation was determined in vitro by 

incubating muscles in buffer containing radiolabeled leucine, isoleucine 

or valine as previously described (Tischler and Goldberg 1980). By 

incubating muscles with [U_14CJ labeled amino acids, the 14C02 found in 

the incubation medium can be taken as a measure of degradation of the 

amino acid precursor. By utilizing [1_14 CJ leucine as the precursor, 
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the relative flux through leucine transaminase and ketoisocaproate 

dehydrogenase can be determined. The 14C02 evolved is a measure of the 

flux through the dehydrogenase while the sum of the 14C02 evolved plus 

the 14C-ketoisocaproate found in the medium is a measure of the flux 

through the transaminase. The ratio of the amount of 14 C02 produced 

from [U_ 14 CJ labeled leucine compared to that from [1_14 CJ leucine 

provides an indication of the fraction of the product from the dehydro-

genase reaction which undergoes further catabolism by the tissue. If 

the ratio is approximately 0.17 then the isovaleryl-CoA is not degraded 

further while if it is 1.0, this product must be completely oxidized by 

the tissue (Odessey and Goldberg 1972). 

Following excision, muscles were placed in 25 ml Erlenmeyer 

flasks containing 3 ml Krebs-Henseleit buffer (Krebs and Henseleit 1932) 

equilibrated with 95% 02: 5% CO2, and containing 5 mM glucose and 

0.25 mM leucine, isoleucine or valine and preincubated for 30 minutes. 

After preincubation, muscles were transferred to flasks containing fresh 

buffer which included [1_14 CJ leucine, [U_14CJ leucine, [U_14 CJ iso

leucine or [U_ 14 CJ valine (ICN, Irvine, CA) where noted. After 2 hours, 

the muscles were removed from the flasks and the incubation medium 

acidified with 0.5 ml of 1.5 M perchloric acid. The 14 C02 evol ved was 

collected by adsorption into 0.2 ml phenylethylamine which was con-

tained in a well suspended above the incubation medium. The 

14C-ketoisocaproate released during incubation was determined by 

replacing the well with one containing fresh phenylethylamine and the 

ketoacids decarboxylated by the addition of 1.5 ml of 30% hydrogen 

peroxide to the acidified incubation medium. The radioactivity 
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collected upon peroxide addition was taken as the amount of a-ketoiso

caproic acid released by the muscle (Tischler and Goldberg 1980). In 

all experiments where the response to insulin was evaluated, bovine 

serum albumin (1% fatty acid free, Sigma) was added to the incubation 

medium and the preincubation period was for 1 hour. 

Amino Acid Uptake 

The uptake of amino acids and the sensitivity of this process to 

insulin was measured by following the uptake of a [methyl-3H] aminoiso

butyric acid in the presence and &bsence of insulin. Muscles were 

preincubated for 60 minutes in Krebs-Henseleit buffer as before. The 

buffer contained 5 mM glucose, 1% fatty acid free bovine serum albumin 

(Sigma), 0.1 mM aminoisobutyric acid (Sigma) and varying amounts of 

bovine insulin (up to 1 munit per ml) (Calbiochem, LaJolla, CA). After 

preincubation, muscles were transferred to flasks containing fresh 

buffer which included a [methyl-3H] aminoisobutyric acid (1 mCi/mmol, 

ICN) and [carboxyl-14C] inulin (0.01 pCi/ml, ICN). Inulin was utilized 

to determine the sum of extracellular space and nonspecific uptake by 

endocytosis (Libel ius, Josefsson and Lundquist 1979, Libelius et ale 

1978). Following 1 hour of incubation, the muscles were removed from 

the flasks, blotted and placed in scintillation vials containing 0.5 ml 

of 1 N sodium hydroxide. The vials were heated to 37 0 C to solubilize 

the muscles and then 5 ml ACS (Amersham Corp., Arlington Heights, IL) 

was added and the radioactivity present was determined (3H and 14c in 

dpm) by counting the samples in a Beckman 7500 scintillation counter. A 
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preliminary experiment showed insulin stimulated uptake to be linear for 

at least go minutes following the preincubation. 

Results 

The degradation of leucine, isoleucine and valine was investi

gated by incubating isolated soleus and extensor digitorum longus 

muscles with 0.25 mM [U_14 CJ labeled precursors. The 14 C02 evolved was 

taken as a measure of the oxidation of these amino acids (Table 18). 

The atrophied soleus muscle from suspended rats showed greater degrada

tion of leucine, isoleucine and valine than muscles from the weight 

bearing group. The extensor digitorum longus muscles from suspended 

rats also showed faster degradation of leucine, isoleucine and valine 

than those of weight bearing controls. 

Investigation of the flux through leucine transaminase and 

ketoisocaproate dehydrogenase enzymes qualitatively reflected the degra

dation of leucine, isoleucine and valine. The soleus muscles from 

suspended rats showed greater flux through both the transaminase and 

dehydrogenase enzymes (Table 19) than the muscles of weight bea~ing 

controls. Results from the extensor digitorum longus muscles showed no 

differences in the rate of flux through either the transaminase and 

dehydrogenase although trends indicated slightly faster flux in the 

muscles from suspended rats. 

The extent of total oxidation of leucine was similar in the 

soleus of both weight bearing and suspended groups as indicated by the 

similar ratios of the 14 C02 produced from [U_14CJ and [1_14 CJ leucine 

precursors (Table 19). The ratio of 0.38 for the soleus muscles 
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Table 18. Degradation of [U_14 CJ labeled branched chain amino acids by 

muscles of weight bearing and suspended rats 

Values are means ~ SEM for 10-15 animals. ap(0.05, bp(0.02, cp(0.005, 

Significance of the difference. 

Leucine Isoleucine Valine 

pmol 14C02/ mg muscle • 2 h 

Soleus 

Weight bearing 56.9 ~ 4.5 30.8 ~ 4.9 9.4 ~ 2.5 

Suspended 76.2 ~ 6.7 68.3 ~ 6.7 31.6 ~ 3.1 

% Difference +34 ~ 2a +122 ~ 27 c +236 ~ 41 c 

Extensor Digitorum Longus 

Weight bearing 93.7 ~ 4.7 39.5 ~ 3.2 7.1 ~ 0.6 

Suspended 112.3 ~ 4.8 56.9 ~ 4.2 13.3 ~ 1.6 

% Difference +20 ~ 7b +44 ~ 14b +86 ~ 13b 



Table 19. Effects of suspension on leucine metabolism in rat hindlimb 

muscles 

Values are means:!::. SEM for 10-15 animals. ap(0.05, bp(0.01 when 

compared to the weight bearing group. 
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Enzyme Flux Production of 14 C02 

from 14C-Leucine 

Weight bearing 

Suspended 

Weight bearing 

Suspended 

Leucine Ketoisocaproate 

Transaminase Dehydrogenase 

pmol/ mg muscle • 2 h 

Ratio for 

[U_14CJ/[ 1_14CJ 

Soleus 

230 :!::. 15 161 + 11 0.387 :!::. 0.040 

298 :!::. 20 a 231 + 13b 0.388 :!::. 0.029 

Extensor Digitorum Longus 

354 .:t. 24 229 .:t. 21 0.466 :!::. 0.050 

370 :!::. 27 269 :!::. 27 0.452 :!::. 0.029 
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indicates that approximately 20% of the carbons in isovaleryl-CoA, the 

product of the ketoisocaproate dehydrogenase, were oxidized to CO2 in 

this in vitro preparation. The ratio of 14 C02 from [U_14 CJ leucine and 

[1_14CJ leucine precursors in the extensor digitorum longus muscles 

showed no differences between weight bearing and suspended groups. The 

ratio for this muscle of 0.46 indicates approximately 35% of the iso-

valeryl carbons were oxidized. 

The finding that both soleus and extensor digitorum longus 

muscles from suspended rats showed faster leucine degradation suggested 

that some humoral factor might be involved in this response to suspen-

sion. Earlier results suggesting increased circulating corticosteroids 

in tailcasted, suspended rats (Chapter 4) and harness suspended rats 

(Popovic, Popovic and Honeycutt 1982) and previous studies showing 

increased oxidation of leucine in muscle upon corticosterone administra-

tion (Ryan et ale 1974) suggested the glucocorticoids as a possible 

regulatory factor. To test whether this was the case, adrenalectomized 

animals were utilized. 

Adrenalectomy had little effect on leucine degradation in the 

soleus muscles (see Tables 18, 19 and 20), in accord with previous 

studies (Caldwell, Lacy and Exton 1978). Results from both adrenal-

ectomized suspended and adrenalectomized weight bearing rats were nearly 

identical to those found in intact rats (see Tables 18, 19 and 20). 

Leucine catabolism was significantly higher in the atrophied soleus 

muscle following hindlimb suspension of adrenalectomized rats. Daily 

administration of cortisol acetate to adrenalectomized rats (2 mg per 

100 grams body weight) resulted in a further differential response in 



Table 20. Leucine metabolism in the soleus and extensor digitorum longus muscles from 

adrenalectomized and adrenalectomized-cortisol treated rats 

Values are means ~ SEM for 13-15 animals. ap(0.05, bp(0.005, cp(0.001 when compared to 

(-) cortisol group. dp(0.001 when compared to weight bearing (+) cortisol group. ep(0.05 when 

compared to weight bearing (-) cortisol group. 

Weight bearing 

Suspended 

Weight bearing 

Suspended 

Enzyme Flux [U_14CJ Leucine 

Leucine 

Transaminase 

Adrenalectomized 
(-)cortisol (+)cortisol 

255 ~ 14 

273 ~ 16 

341 ~ 19 

355 ~ 23 

222 + 16 

393 ~ 29 c 

586 ~ 41 c 

506 ~ 32c 

Ketoisocaproate Degradation 

Dehydrogenase 

pmol/ mg muscle • 2 h 

Adrenalectomized 
(-)cortisol (+)cortisol 

Soleus 

177 ~ 15 130 ~ 11 a 

224 ~ 14e 257 ~ 22a ,d 

Adrenalectomized 
(-)cortisol'(+)cortisol 

57 ~ 4 

76 + 2e 

44 ~ 4a 

109 :!:. 8c,d 

Extensor Digitorum Longus 

234 ~ 13 

272 ~ 14 

407 ~ 33c 

383 ~ 24 c 

111 + 11 

119 ~ 8 

187 ~ 14c 

169 ~ 13b 
\D 

"'" 
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the soleus muscles from weight bearing and suspended animals. Leucine 

degradation was stimulated (43%, P<0.001) in the soleus muscle of 

suspended rats by the administration of cortisol. These muscles showed 

faster flux through leucine transaminase (44%, P<0.001) and ketoiso

caproate dehydrogenase (15%, P<0.05) than those of weight bearing 

controls. The soleus from weight bearing animals however, showed a 

slower rate of leucine degradation (-23%; P<0.05) and flux through 

ketoisocaproate dehydrogenase (-27%; P<0.05, Table 20) after glucocorti

coid administration. 

Upon adrenalectomy, the differences in leucine degradation that 

were observed between the extensor digitorum longus muscles from weight 

bearing and suspended rats were abolished. This was evidenced by simi

lar amounts of [U_14 CJ leucine degraded and similar flux through the 

transaminase and dehydrogenase enzymes (Table 20). Cortisol treatment 

of the adrenalectomized animals resulted in a stimulation of leucine 

catabolism in this muscle of both weight bearing and suspended animals. 

The faster catabolism was shown by faster [U_14CJ leucine degradation 

(42 and 68%; P<0.005 and P<0.001 for suspended and weight bearing 

animals, respectively) and faster flux through leucine transaminase (43 

and 72%; P<0.001) and ketoisocaproate dehydrogenase (41 and 73%; 

P<0.001) (Table 20). These results indicated that the faster leucine 

degradation observed in the extensor digitorum longus muscle of intact 

suspended rats was at least partially due to elevated circulating 

glucocorticoids in these animals. One point to note is that leucine 

degradation in the extensor digitorum longus muscles from weight bearing 

rats was stimulated to a greater extent upon glucocorticoid 
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administration than was that found in the muscles of suspended rats 

(Table 20 and 21). The reason for this difference in relative response 

is not known. 

The muscles from fasted (12 hours) adrenalectomized and adrenal

ectomized-cortisol treated rats were incubated in the presence and 

absence of insulin (100 units per ml). The administration of insulin 

in vitro had no significant effect on flux through leucine transaminase 

or a-ketoisocaproate dehydrogenase (Table 21). The only apparent effect 

of insulin was a potentiation of the cortisol effect in stimulating 

leucine degradation in the soleus muscles from suspended rats (Table 

21). In the absence of glucocorticoids, insulin had no affect on 

leucine metabolism in the muscles from either weight bearing or 

suspended groups. The mechanism by which this response is mediated is 

not known. 

Amino Acid Uptake and Insulin Responsiveness 

The uptake of aminoisobutyric acid by isolated muscles was 

studied to evaluate: 1) the rate of uptake of ~nino acids and 2) the 

insulin responsiveness of the tissues. Soleus and extensor digitorum 

longus muscles incubated in the absence of insulin showed similar rates 

of amino acid uptake whether from weight bearing or suspended rats 

(Figure lOA and 10B). Upon the administration of insulin (up to 1 munit 

per ml) in vitro, amino acid uptake was greater in the soleus muscle 

from weight bearing rats than in the muscles of suspended rats. The 

atrophied soleus muscles were less sensitive to a given dose of insulin 



Table 21. Effect of insulin on leucine metabolism in 

adrenalectomized and adrenalectomized-cortisol treated rats 

Values are means ~ SEM for 4-7 animals. Insulin was administered 

at a concentration of 100 ~units/ ml during the incubation. 

Cortisol acetate was administered daily at 2 mg/ 100 grams body 

weight. ap<0.05, bp<0.01, cp<0.001 when compared to weight 

bearing animals by unpaired Student's t test. dp<0.05 when 

compared to (-) insulin by paired Student's t test. 

ep<O.05, f p<0.001 when compared to the (-) cortisol group by 

unpaired Student's t test. 



Table 21. Effect of insulin on leucine metabolism in adrenalectomized and adrenalectomized-

cortisol treated rats 

Enzyme Flux 

pmoll mg muscle • 2 h 

Soleus Extensor Digitorum Longus 

Insulin Cortisol Leucine Ketoisocaproate Leucine Ketoisocaproate 

Transaminase Dehydrogenase Transaminase Dehydrogenase 

Adrenalectomized 
Weight bearing 339 .:t. 34 269 .:t. 37 511 .:t. 17 403 .:t. 15 

+ 453 .:t. 43 315 .:t. 28 884 .:t. 34f 682 .:t. 19f 

+ 313 .:t. 24 241 + 21 451 .:t. 30 362 .:t. 29 

+ + 436 .:t. 27 e 324 .:t. 30e 860 .:t. 34f 648 .:t. 30f 

Adrenalectomized 
493 .:t. 22b . Suspended 390 .:t. 17a 533 .:t. 14 428 .:t. 11 

+ 602 .:t. 47 a ,e 431 .:t. 59 631 .:t. 26 e 495 .:t. 27c ,e 

+ 494 .:t. 23c 403 .:t. 21 c 534 .:t. 9a 432 .:t. 8a 

+ + 704 .:t. 45c ,d,e 517 .:t. 45 a ,d,e 665 .:t. 23b,f 493 .:t. 18b,e 

\0 
'-l 



Figure 10. Insulin stimulation of a-aminoisobutyric acid in the 

soleus and extensor digitorum longus muscles of weight bearing and 

suspended rats. 

Values are means ~ SEM for 5 muscle. Muscles were pre incubated 

(60 minutes) in buffer which contained 0.1 mM a-aminoisobutyric 

acid and in the presence or absence of insulin as described in 

Materials and Methods. Following preincubation, the muscles were 

transferred to flasks containing fresh buffer which also contained 

a [3H-methylJ aminoisobutyric acid and [ 14CJ inulin and incubated 

for 60 minutes. Open symbols are for muscles from weight bearing 

animals. Closed symbols are for muscles from suspended animals. 
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Figure 10. Insulin stimulation of a-aminoisobutyric acid in the soleus 

and extensor digitorum longus muscles of weight bearing and suspended 

rats. 



as evidenced by a shift in the concentration-uptake curve to the right 

at > 10-5 units per ml (Figure 10A). 
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The extensor digitorum longus muscles showed results similar to 

those of the soleus. No differences were observed between these muscles 

from weight bearing and suspended rats in the absence of insulin 

(Figure 19B). Stimulation of aminoisobutyrate uptake was maximal in 

this system at insulin concentrations of approximately 100 ~units per ml 

however the maximum stimulation was lower in the extensor digitorum 

longus from suspended rats. 

Previous studies have indicated that glucocorticoids can induce 

insulin resistance in some tissues (Olefsky 1975, Kahn et ale 1978, Caro 

and Amatruda 1982). These findings led to an investigation as to 

whether the depression in insulin response, as indicated by amino acid 

uptake, was due to glucocorticoids. When rats were adrenalectomized 

prior to tail-casting and suspension, the basal rate (- insulin) of 

uptake in the soleus was faster (Table 22) than in muscles from intact 

rats (Figure 10). When the contralateral muscles were incubated with 

insulin (100 ~units per ml), aminoisobutyrate uptake was stimulated to a 

similar extent in both groups (Table 22). These results suggest that 

the insulin resistance observed in the soleus muscles in intact, 

suspended rats may be mediated by elevated circulating glucocorticoids. 

While the results for the soleus muscles appear fairly conclu

sive, those of the extensor digitorum longus muscles were not as clear. 

Adrenalectomy did not affect the basal rate of aminoisobutyrate uptake 

(- insulin) in the extensor digitorum longus muscles from weight bearing 

rats (Table 22, Figure 10) however the basal rate of uptake in the 



Table 22. Effect of insulin on amino acid uptake in muscles of 

adrenalectomized animals 

Values are mean ~ SEM. Number in parentheses is the number of 

animals tested. Insulin was added to the incubation medium at a 

concentration of 100 punits/ml. ap(0.05, bp(0.005 when compared to 

(-) insulin by paired Student's t test. cp(0.001 when compared to 

weight bearing animals by unpaired Student's t test. 

Condition 

Weight bearing 

(8) 

Suspended 

(7) 

Weight bearing 

(8) 

Suspended 

(7) 

Aminoisobutyric Acid Uptake 

pmol/ mg muscle • h 

- insulin + insulin 

Soleus 

62. 1 ~ 2.6 71.0 ~ 1.5 a 

64.6 ~ 2.6 

Extensor Digitorum Longus 

46.8 ~ 1.8 50.2 + 1.9 b 

61.2 ~ 1.7b ,c 

100 
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muscles from suspended rats was significantly higher (P<0.001). Upon 

administering insulin (100 punits per ml) in vitro, aminoisobutryate 

uptake was stimulated to a similar extent in the muscles from both 

groups. While the basal rate of amino acid uptake was different in the 

extensor digitorum longus muscles from adrenalectomized weight bearing 

and suspended rats, the response of these muscles to insulin was 

similar. The reason for the discrepancy in the response of the extensor 

digitorum longus muscle to intact and adrenalectomized rats is not 

known. 

Discussion 

The degradation of the branched-chain amino acids is important 

in providing nitrogen and carbon for the synthesis of glutamine, in 

providing gluconeogenic precursors for the liver (Williamson, Walajtys

Rode and ColI 1979, Corkey et al. 1982) or acting as fuel sources in 

catabolic states (Odessey, Khairallah and Goldberg 1974, MacDonald et 

al. 1976, Chang and Goldberg 1978b). During muscle disuse as induced by 

tail-cast suspension, the degradation of leucine, isoleucine and valine 

is greatly increased (Tables 18 and 19). A portion of the increased 

branched-chain amino acid degradation· may be associated with the stress 

and potentially associated with increased circulating glucocorticoids 

which may accompany suspension (Popovic, Popovic and Honeycutt 1982). 

This is most evident in the faster leucine degradation in the extensor 

digitorum longus muscle of suspended rats (Table 18). However, 

increased glucocorticoids cannot explain all the differences in the rate 

of leucine degradation observed in the soleus of adrenalectomized 
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animals (Table 20). In addition, the stimulation of leucine degradation 

by insulin only in the soleus of suspended animals and only in the 

presence of glucocorticoids (Table 21) suggests a very complex regula

tion of this procesL 

The a-ketoacid dehydrogenase enzyme is known to be regulated by 

a number of allosteric factors in addition to covalent modification 

(Parker and Randle 1980, Paxton and Harris 1984). The complicated 

regulation of branched chain amino acid metabolism makes it difficult to 

determine whether the differences observed in the rate of amino acid 

degradation upon hormone administration are due to direct action of the 

hormone or whether the effects are indirect and merely a consequence of 

hormone activation of some other interrelated process (Hutson, Cree and 

Harper 1978, Paxton and Harris 1984). In the normal (noncatabolic) 

state, the degradation and oxidation of the branched-chain amino acids 

is probably not a major source of nitrogen or acetyl-CoA for use by the 

cell (Wagenmakers et ale 1984). However, the increased degradation of 

these amino acids under adverse conditions could contribute a signifi

cant portion of the nitrogen necessary for alanine or glutamine 

synthesis and the ketoacids needed for gluconeogenesis in the liver 

(MacDonald et ale 1976, Shinnick and Harper 1976, Livesey and Lund 

1980). 

Insulin resistance is a phenomenon which has been observed in: 

diabetic states (Miller 1978, Miller 1983), trauma (Frayn and Maycock 

1979) or upon glucocorticoid administration (Olefsky 1975, Olefsky et 

ale 1975, Kahn et ale 1978, Caro and Anatruda 1982). In tail-cast 

suspension, the apparent resistance of a-aminoisobutyric acid uptake to 
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stimulation by insulin appears to be due to the action of glucocorti

coids. By adrenalectomizing the animals, the differences in the ability 

of insulin to stimulate the uptake of a-aminoisobutyrate by muscles 

from suspended and weight bearing rats, was abolished. This result was 

true of uptake in both the soleus muscle which atrophies in suspension, 

and the extensor digitorum longus muscle, which is minimally affected by 

suspension. The higher concentration of ATP in the incubated soleus of 

intact rats (Chapter 4) could potentially contribute to the reduced 

insulin response since nucleoside triphosphates have been shown to 

inhibit the binding of insulin to its receptor (Trischitta et ale 1984) 

Since insulin and glucocorticoids are known to have important 

and opposite effects on the synthesis of muscle proteins (Jefferson, 

Flaim and Peavy 1981, Kelly and Goldspink 1982), insulin resistance 

could potentially playa role in the slower protein synthesis observed 

in the atrophying soleus in all animals tested (Chapter 3) and in some 

stu~ies using the extensor digitorum longus muscles from weight bearing 

and suspended rats. 

While it is not known what the exact mechanism by which branched 

chain amino acid degradation and amino acid uptake are regulated, it is 

clear that increased action of glucocorticoids and a differential res

ponsiveness to both glucocorticoids and insulin represent an important 

part of the adaptation of muscles to hindlimb suspension. 



CHAPTER 6 

CARBOHYDRATE METABOLISM DURING HYPOKINESIA/HYPODYNAMIA 

Abstract 

Muscle glycogen and glucose metabolism was investigated in the 

hindlimb muscles of weight bearing and suspended rats. The glycogen 

concentration in the soleus muscle of suspended rats was higher (60%, 

P<0.001) than that found in the muscles of weight bearing controls. 

Suspension had no effect on the concentration of glycogen in the exten

sor digitorum longus muscles. The production of 14C02 from exogenous 

[U_14 CJ glucose was higher (38%, P<0.05) in the incubated soleus from 

suspended rats than of weight bearing controls. However this difference 

may be partially due to differences in the dilution of the intracellular 

glucose pool by glycogenolysis. No differences were found in the con-

centration of pyruvate, lactate or fumarate in fresh frozen soleus or 

extensor digitorum longus muscles or in the amount of pyruvate or lac-

tate released during the incubation of muscles from weight bearing and 

suspended rats. The concentration of malate was lower in fresh frozen 

soleus muscles from suspended rats while production of malate by incu-

bated muscles was higher than those of weight bearing controls. 

The administration of ammonium chloride in vitro caused a net 

utilization of malate by incubated muscles. This was probably the 

result of a drain on citric acid cycle intermediates ~-ketoglutarate) 

as a consequence of the ammonium chloride induced stimulation of 

glutamine synthesis. Muscle inactivity as a result of rat hindlimb 

104 
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suspension caused changes in the energy metabolism of the muscle cells. 

Differences were observed in glycogen metabolism and citric acid cycle 

intermediates (malate) of the soleus of suspended rats and appeared to 

be a consequence of the lower muscle activity. 

Introduction 

The regulation of glucose metabolism in muscle is important in 

the normal metabolism of the tissue. The hydrolysis of glucose is 

important in providing energy for muscle contraction (Berger et ale 

1976), the synthesis and degradation of muscle proteins (Goldberg and 

·St. John 1976), and for providing carbon precursors for the synthesis of 

alanine and glutamine (Goldberg and Chang 1978a,b, White and Brooks 

1981). The transport of glucose into the cell (Berger et ale 1976, 

Chiasson et ale 1984), along with the formation or breakdown of glyco

gen (Richter et ale 1982, Chiasson et ale 1984) and the rate of 

glycolytic flux (Tejwani, Ramaiah and Ananthanarayanan 1973), are all 

tightly regulated to maintain the energy state of the cell. While a 

number of hormones (e.g. insulin (Berger et ale 1976, Shikama, Chiasson 

and Exton 1981), glucocorticoids (DeWulf and Hers 1968b), catecholamines 

(Richter et ale 1982), thyroid hormone (Huang and Lardy 1981» are known 

to be important in the regulation of glucose metabolism in the body, the 

activity of muscle also is known to influence the rate of glucose trans

port and catabolism (Berger et ale 1976, Richter et ale 1982, Chiasson 

et ale 1984). During exercise, glucose uptake, glycogenolysis and 

glycolysis are markedly increased (Ahlborg et ale 1967, Berger et ale 

1976, Chiasson et al 1984). The increased glycolytic flux is 
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accompanied by increased lactate production and its oxidation 

(Berger et a1. 1976). In contrast, short term limb immobilization or 

denervation results in decreased uptake of glucose (Nicholson, Watson 

and Booth 1984), increased deposition of glycogen (Moruzzi and Bergamini 

1983). and decreases in the activity of some mitochondrial enzymes 

(Nemeth, Meyer and Kark 1980) while long term (90 days) immobilization 

leads to lower glycogen levels in muscle (Booth and Seider 1979). 

The relationship between muscle activity and glycolytic flux 

could potentially involve phosphofructokinase, a key enzyme in glyco

lysis and one which is regulated by a number of allosteric effectors 

(Passonneau and Lowry 1963, Tejwani, Tamaiah and Ananthanarayanan 1973, 

Uyeda 1979). The regulation of this enzyme has been linked to the 

energy state of the cell and the purine nucleotide cycle (Lowenstein 

1972, Tornheim and Lowenstein 1976, Uyeda 1979). This enzyme may playa 

role in the regulation of glycogen synthesis in muscle through its 

effect on glucose-6-phosphate levels (Tornheim and Lowenstein 1976). 

These previous studies along with the observed differences in protein, 

amino acid and purine nucleotide metabolism and the apparent association 

between muscle activity and these processes (Chapters 3, 4, and 5) 

suggest that glucose metabolism and the flux through the citric acid 

cycle may be altered during tail-cast suspension. The present study 

addresses the question of whether muscle disuse induced by tail-cast 

suspension, affects glucose metabolism or some components of the citric 

acid cycle in muscle. 
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Materials and Methods 

Animals 

Female Sprague-Dawley rats (100-150 g) (Division of Animal Re

sources, University of Arizona, Tucson, AZ) were utilized for this study 

following suspension for six days as previously described (Chapter 2). 

Muscle Preparations 

For measurements of metabolites in fresh frozen tissues, muscles 

were frozen in liquid nitrogen immediately after excision. The neutral

ized, acid soluble fraction of the tissues was then prepared as 

described in Chapter 4. The tissue extract was then assayed spectra

photometrically for lactate (Hohorst 1965) or fluorometrically for 

pyruvate (Passonneau and Lowry 1974), fumarate and malate (Williamson 

and Corkey 1969). 

Fresh frozen muscle glycogen concentration was measured in mus

cles frozen in liquid nitrogen. The frozen muscles were dissolved by 

heating (100oC) in 5 M potassium hydroxide and the glycogen isolated by 

precipitation in ethanol and the resulting pellet was solubilized and 

precipitated twice more as previously described (Hassid and Abraham 

1957). The purified glycogen was hydrolyzed to glucose by heating in 

2 M hydrochloric acid for 2.5 - 3 hours at 100oC. The samples were 

cooled, neutralized to pH 6 - 8 with 4 M sodium hydroxide, 0.1 M tri

ethanolamine hydrochloride and the neutralized sample was then assayed 

spectrophotometrically for glucose (Bergmeyer et ale 1974b). 

Glucose oxidation and the incorporation of glucose into glycogen 

were measured in Vitro. Following excision, muscles were placed in 



stoppered 25 ml Erlenmeyer flasks and preincubated in buffer as 

previously described (Chapter 4). Following 30 minutes of preincuba-
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tion, muscles were transferred to new flasks containing fresh buffer 

which included [U_14CJ glucose (0.02 mCi/mmol, ICN, Irvine, CA). After 

2 hours of incubation, the muscles were removed and the incubation 

medium acidified with 0.5 ml of 1.5 M perch10ric acid. The 14C02 that 

was evolved was collected as for branched chain amino acid degradation 

(Chapter 5), by adsorption to pheny1ethy1amine (0.2 ml) which was con-

tained in a well suspended above the incubation medium. After sealing, 

the flasks were incubated at 370 C for 1 hour to allow for complete 

collection of the 14C02 (Tischler and Goldberg 1980). 

The loss of glycogen during incubation and the amount of [U_14C] 

glycogen in the tissue following incubation were determined by purifying 

and assaying the muscle glycogen as described earlier, and by placing an 

aliquot (0.5 m1) of the glycogen hydrolyzate in a vial to which was 

added 5 m1 ACS (Amersham Corp., Arlington Heights, IL) and counted in a 

Beckman LS 250 liquid scintillation counter. The contralateral muscle 

was incubated as described above for 30 minutes and the glycogen concen-

tration determined following preincubation as the zero time point for 

calculations of glycogen loss during incubation. 

The release of pyruvate and lactate was determined by assaying 

the incubation medium for these components using spectrophotometric 

assays for both pyruvate (Bucher, Czok and Lamprecht 1965) and lactate 

(Hohorst 1965). The production of malate was determined as for amino 

acids (Chapter 4). The incubation medium and the soluble extract of 

muscles following preincubation and following incubation were assayed 
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f1uorometrica11y for malate (Williamson and Corkey 1969). The effect of 

ammonium chloride on the production of malate was determined as for the 

effect on amino acid production previously described (Figure 8). 

Citrate synthetase activity was measured in muscle homogenates as de

scribed by Srere (1969). 

Results 

The concentration of glycogen was measured in fresh frozen 

muscles to determine if tail-cast suspension had any effect on the 

deposition of glycogen in this tissues. The atrophied soleus muscle 

showed a higher concentration of glycogen (61$, P<0.001) than was found 

in the muscles from weight bearing animals (Table 23). In contrast, no 

differences were observed in the concentration of glycogen in the 

extensor digitorum longus muscles from weight bearing and suspended 

rats. 

The metabolism of glucose in these muscles was investigated 

further by incubating muscles in the presence of [U_14CJ glucose and 

measuring glucose oxidation, the change in tissue glycogen levels during 

incubation and the amount of [U_14CJ glycogen present following incuba

tion. Contrary to earlier limb immobilization studies utilizing muscle 

homogenates (Rifenberick and Max 1974), the atrophied soleus muscle 

produced greater amounts of 14C02 from the labeled glucose than did the 

muscles from weight bearing animals (Table 23). This was also accompa

nied by somewhat more 14C_glucose found as glycogen in the soleus from 

suspended rats. These differences in the rate of glucose oxidation by 

muscle must be interpreted with some caution though, since the muscles 



Table 23. Glucose and glycogen metabolism in muscles from weight bearing and suspended rats 

Values are means ~ SEM for 10-15 animals. ap(0.05, bp(0.001 when compared to weight bearing 

group. 

Weight bearing 

Suspended 

Weight bearing 

Suspended 

Glycogen 

Concentration 

In Vivo 

16. 1 ~ 0.1 

b 25.9 ~ 1.9 

21.7 ~ 0.9 

20. 7 ~ 1.9 

Glucose Metabolism In Vitro 

Glycogen Loss [U_14CJ Glycogen Glucose Oxidation 

per 2 hours after incubation per 2 hours 

nmol glucose! mg muscle 

4.96 ~ 1.10 

3.05 ~ 1.55 

Soleus 

0.35 ~ 0.02 

0.46 ~ 0.01 

Extensor Digitorum Longus 

8.36 ~ 1.26 

8.17 ~ 1.41 

0.65 ~ 0.07 

0.92 ~ 0.07a 

0.60 ~ 0.03 

0.83 ~ 0.09 a 

0.88 ~ 0.06 

1.00 ~ 0.01 

...... 

...... 
o 
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from weight bearing rats showed a somewhat larger loss of glycogen 

during the incubation (Table 23) although this difference was not 

statistically significant. The extensor digitorum longus muscles showed 

no differences in the oxidation of exogenous glucose or in the loss of 

tissue glycogen during incubation. In the extensor digitorum longus 

muscles from suspended rats, more exogenous glucose was found as glyco

gen (42%, P<0.05) following incubation than in the muscles from weight 

bearing animals (Table 23). It is not known whether these differences 

are due to an increased rate of glycogen synthesis, slower glycogeno

lysis or changes in both processes. 

The metabolism of pyruvate and lactate were also investigated by 

measuring the concentration of these metabolites in fresh frozen muscles 

and the amount of pyruvate and lactate released during incubation 

(Table 24). There were no significant differences of tissue pyruvate or 

lactate or the release of these metabolites between the soleus or exten

sor digitorum longus muscles from weight bearing and suspended rats 

(Table 24). The values shown for lactate are comparable to those found 

in perfused hindlimbs (Rennie and Holloszy 1977. 

While fumarate and malate are intermediates in the citl'ic acid 

cycle, they are also products of the flux through the purine nucleotide 

cycle, as described in Chapter 4. Since there are apparent differences 

in the flux through the purine nucleotide cycle in the soleus muscles of 

weight bearing compared to suspended rats and muscle disuse has been 

associated with changes in the oxidative capacity of the tissue 

(Rifenberick and Max 1974, Nemeth, Meyer and Kark 1980), the muscle 

concentrations of fumarate and malate were measured. No differences 
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Table 24. Pyruvate and lactate metabolism in muscles of weight bearing 

and suspended rats 

Values are means ~ SEM for 10 animals. 

Fresh Frozp.n Tissue 

Concentration 

Pyruvate Lactate 

nmoll mg muscle 

Release During 

Incubation 

Pyruvate Lactate 

nmoll mg muscle • 2 h 

Soleus 

Weight bearing 0.054 ~ 0.004 

Suspended 0.064 ~ O.OOB 

2.B7 ~ 0.22 

2.65 ~ 0.23 

1.34 ~ 0.11 10.93 ~ 0.92 

1.74 ~ 0.20 11.19 ~ 0.57 

Extensor Digitorum Longus 

Weight bearing 0.049 ~ 0.004 14.45 ~ 0.58 

Suspended 0.048 ~ 0.005 13.10 ~ 1.01 

1 • 82 ~ O. 11 13. 86 ~ 0.47 

1.73 ~ 0.07 14.23 ~ 0.41 



113 

were observed in the concentration of fumarate in either the soleus or 

extensor digitorum longus muscles of control and experimental animals or 

of malate in the extensor digitorum longus muscles. However, the con

centration of malate was lower (23%, P<O.02) in the atrophied soleus 

compared to this muscle of weight bearing animals (Table 25). The 

soleus muscles of suspended rats produced significantly more malate 

(P<O.005) during incubation than the muscles of weight bearing animals. 

While the soleus of weight bearing animals and the extensor digitorum 

longus muscles of both groups showed either no change or a net utiliza

tion of malate, the atrophied soleus produced malate during incubation 

(Table 25). When ammonium chloride was provided in vitro as in Chapter 

4, the difference in malate production found in the soleus muscles was 

decreased (Table 26). While ammonium chloride did little to affect the 

production of malate in the soleus of weight bearing animals, it caused 

a large decrease in the amount of malate produced by the atrophied 

soleus muscles. This finding indicates that the provision of ammonium 

chloride to muscles in vitro may cause a drain on citric acid cycle 

intermediates. Ammonium chloride administration also resulted in a 

decrease in the production (or increa~ed utilization) of malate in the 

extensor digitorum longus muscles from both weight bearing and suspended 

groups (Table 26). 

While suspension appeared to affect citric acid cycle interme

diate levels, it did not affect the activity of the citrate synthetase 

enzyme activity (Table 27). No differences were observed in either the 

activity or specific activity of citrate synthetase in homogenates from 

the soleus or extensor digitorum longus muscles from suspended compared 
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Table 25. Fumarate and malate metabolism in muscles of weight bearing 

and suspended rats 

Values are means ~ SEM for 10-20 animals. 

Fresh Frozen Tissue 

Concentrations 

Fumarate Malate 

nmoll mg muscle 

Weight bearing 0.045 ~ 0.005 

Suspended 0.048 ~ 0.005 

Soleus 

0.301 ~ 0.021 

0.233 ~ 0.014 a 

Malate 

Production 

nmoll mg muscle • 2 h 

-0.060 ~ 0.021 

0.088 ~ 0.035 b 

Extensor Digitorum Longus 

Weight bearing 0.032 ~ 0.002 0.316 ~ 0.012 

Suspended 0.034 ~ 0.002 0.352 ~ 0.017 

-0.004 ~ 0.013 

-0.055 ~ 0.025 



Table 26. Effect of ammonium chloride on malate production in vitro 

Values are means ~ SEM for 5 animals. Negative (-) values indicate net utilization during the 

incubation period. ap<0.05, bp<0.02 when compared to weight bearing group. 

Malate Production (Net) 

nmoll mg muscle '. 2 h 

Ammonium Chloride 

° 0.025 mM 0.2 mM 0.5 mM 1 mM 

Soleus 

Weight bearing -0.047:!:,0.038 -0.058:!:,0.057 -0. 060:!:,0. 067 -0. 119:!:,0.041 -0.035:!:,0.040 

Suspended 0. 163:!:,0.041 b 0. 091:!:,0. 016 a 0.033:!:,0.023 0.016:!:,0.015 b -0.021:!:,0.015 

Extensor Digitorum Longus 

Weight bearing 0.026:!:,0.020 0.008:!:,0.021 O.006:!:,0.023 -0.032:!:,0.020 -0.O34:!:,0.018 

Suspended -0. 022:!:,0. 031 -0. 047:!:,O. 033 -0. 067:!:,0. 032 -0. 077:!:,0. 025 -O.082:!:,0.026 

I-' 
I-' 
V1 
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Table 21. Citrate synthetase activity in hindlimb muscles from weight 

bearing and suspended rats 

Values are means ~ SEM for 10 animals. 

Weight bearing 

Suspended 

Weight bearing 

Suspended 

Citrate Synthetase 

Soleus Extensor Digitorum 
Longus 

Activity 

nmoll mg muscle • min 

50.43 ~ 4.94 

61.00 ~ 8.41 

33.36 ~ 1.08 

31.09 ~ 2.24 

Specific Activity 

~moll mg soluble protein • min 

0.87 ~ 0.06 

0.91 .:!:. 0.09 

0.10 ~ 0.04 

0.15 .:!:. 0.01 
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to those of weight bearing rats. While activity in these muscles was 

much higher than reported previously (Winder, Baldwin and Holloszy 

1974), the latter study used whole tissue homogenates which may contain 

potent allosteric inhibitors and also may not represent the total enzyme 

of the tissue, only that enzyme readily accessible following brief 

homogenization. The muscle homogenate preparation used in the present 

study minimizes the interference due to these factors. 

Discussion 

The storage of glucose as glycogen and its oxidation by muscle 

as a fuel source are important in the maintenance of normal muscle 

function (Richter et al. 1982, Chiasson et al. 1984). During muscle 

contraction, muscle derives much of its energy from the hydrolysis of 

glycogen and the degradation of the resulting glucose-6-phosphate by 

glycolysis (Richter et al. 1982, Chiasson et al. 1984). In contrast, 

when muscles are at rest or when muscles are prevented from contracting 

by short term limb immobilization or denervation, there generally 

appears to be a slower rate of glucose utilization and an increase in 

glycogen deposition (Berger et al. 1976, Seider, Nicholson and Booth 

1982, Moruzzi and Bergamini 1983). The data from suspended animals tend 

to support some of these earlier findings. Following six days of sus

pension, the atrophied soleus muscle contained Significantly more 

glycogen than this muscle of weight bearing animals. This finding 

agrees with studies using denervated muscles (Moruzzi and Bergamini 

1983) and immobilized (Seider, Nicholson and Booth 1982) muscles and of 

electron microscopic examination of muscles from rats subjected to the 



118 

weightlessness of space (Baranski 1983). The greater deposition of 

glycogen in muscle disuse can be due to either faster synthesis or 

slower degradation of muscle glycogen. While more 14C-glycogen was 

found in the atrophied soleus following incubation, this does not neces

sarily mean this faster synthesis is the mechanism by which the higher 

glycogen concentrations occur. Studies utilizing denervated rat muscles 

have shown that glycogen synthesis is slower in muscle disuse (Moruzzi 

and Bergamini 1983) and glycogen synthase is known to be inhibited in 

the presence of high concentrations of glycogen (DeWulf and Hers 1968a, 

Nuttall et ale 1916). These previous findings along with: somewhat 

faster depletion of glycogen stores (Table 23), faster utilization of 

ATP by the soleus muscles of weight bearing than of suspended rats 

(Chapter 4) and insulin resistance in the atrophied soleus muscles 

(Chapter 5) and those of immobilized (Seider, Nicholson and Booth 1982) 

or denervated limbs (Moruzzi and Bergamini 1983) suggest that differ

ences observed in the metabolism of glycogen may be due to slower 

glycogenolysis. In addition, previous studies have showed that there is 

an impaired ability to activate glycogen synthase by insulin in muscle 

disuse (Nicholson, Watson and Booth 1984, Moruzzi and Bergamini 1983). 

The greater oxidation of glucose found in the atrophied soleus muscle 

compared to this muscle of weight bearing controls could be an artifact 

due to the differences in glycogenolysis. A greater decrease of the 

intracellular glucose-6-phosphate specific activity of the weight 

bearing soleus due to faster glycogenolysis could result in an appar

ently slower rate of glucose oxidation than in the experimental muscle 

where this dilution would not be as great. Another factor that may be 
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involved in the allosteric regulation of glycolysis and glycogenolysis 

is the energy charge of the ~issue and free ammonia. ATP, ADP, and AMP 

are known to influence phosphorylase activity (Griffiths 1981) and ATP, 

AMP and NH3 are all known to influence phosphofructokinase, a key regula

tory point in the glycolytic pathway (Uyeda 1979). In the presence of 

high ATP, low AMP, low NH3 or all of these conditions. as appears to be 

the case in the soleus of suspended rats (Chapter 4), the enzyme will be 

allosterically inhibited (Abrahams and Younathan 1971, Uyeda 1979) and 

fructose-6-phosphate and its precursors may build up and be accompanied 

by a slowing of glycolysis (Abrahams and Younathan 1971, Tornheim and 

Lowenstein 1975, Wu and Davis 1981) and glycogenolysis (Griffiths 1981). 

This could potentially contribute to the higher glycogen levels found in 

vivo in the atrophied soleus muscles. 

The differences in the tissue concentrations of malate are 

probably the result of decreased production of fumarate as a consequence 

of slower flux through the purine nucleotide cycle in the atrophied 

soleus. In muscle inactivity, as described in Chapter 4, the decreased 

requirement for reamination of purine nucleotides results in slower 

utilization of aspartate and hence probably less fumarate produced and 

result in a lower malate concentration in the tissue in vivo. In vitro 

however, there is a production of malate in the atrophied soleus while 

net utilization occurs in the muscles from weight bearing animals. This 

is probably due to differences in requirements for a-ketoglutarate in 

the weight bearing soleus for the synthesis of glutamate and eventually 

glutamine. This is supported by the data presented in Table 26. Upon 

the administration of ammonium chloride in Vitro, which has been shown 
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to stimulate glutamine synthesis (Figure 8), the production of malate in 

the soleus from suspended rats becomes a net utilization. As the rate 

of glutamine synthesis increases, the requirement for glutamate and 

hence, of a-ketoglutarate increases concommitantly (the latter two com

pounds are involved in a number of (transaminase) reactions where the 

flux is regulated by mass action). The drain of a-ketoglutarate from 

the citric acid cycle would eventually decrease the amounts of citric 

acid cycle intermediates (including malate), providing no other source 

is readily available. 

While the lack of differences in the activity of citrate synthe

tase upon animal suspension implies that this enzyme is not affected by 

muscle disuse, this conclusion may be an oversimplification. Citrate 

synthetase and other enzymes of the citric acid cycle are primarily 

regulated by substrate availability and allosteric factors (Smith and 

Williamson 1971). The lack of differences in enzyme activity simply 

means than no major change in the capacity of the muscles to synthesize 

citrate has occurred. From the data available, one cannot say whether 

the flux through this enzyme is affected by muscle inactivity, only that 

there is adequate enzyme present. Actually, the higher ATP concen

tration in the soleus of suspended animals (Figure 7) might be predicted 

to slow the flux through this enzyme by noncompetitive inhibition (by 

ATP) (Smith and Williamson 1971) thereby slowing the flux through the 

citric acid cycle. 

In conclusion, it is clear that muscle carbohydrate metabolism 

is affected by activity. This was evident in differences in glycogen 

deposition, apparent oxidation of glucose and the concentration and 
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production of malate by soleus muscle from weight bearing and suspended 

rats. While it is clear that these changes occur as a result of muscle 

inactivity, it is uncertain what factors control these changes or the 

mechanism by which they occur. 



CHAPTER 7 

ROLE OF GLUCOCORTICOIDS IN THE RESPONSE OF RAT HINDLIMB MUSCLES 

TO HYPOKINESIA/HYPODYNAMIA 

Abstract 

The role of glucocorticoids in the catabolic response of rat 

hindlimb muscles to tail-cast suspension was studied using adrenalecto

mized and adrenalectomized-cortisol treated animals. Adrenalectomy did 

little to affect the loss of soleus muscle mass associated with hindlimb 

suspension. Although the administration of cortisol caused a loss of 

body weight and soleus and extensor digitorum longus muscle weight, the 

ratiQ of muscle weight to body weight remained constant. The catabolic 

effect of cortisol appeared additive to that of muscle disuse. The 

effects of muscle inactivity were largely associated with slower synthe

sis of the sarcoplasmic protein fraction and faster degradation of total 

muscle protein while the glucocorticoids decreased protein synthesis in 

both the sarcoplasmic and myofibrillar protein fractions. Qualitative

ly, differences in amino acid metabolism in the atrophied soleus of 

adrenalectomized rats were similar to those observed previously with 

intact rats (Chapter 4). Cortisol administration resulted in higher 

muscle concentrations of alanine and lower concentrations of glutamate 

in both the soleus and extensor digitorum longus muscles of weight 

bearing and suspended rats. This treatment was also characterized by 

lower glutamine concentrations in the atrophied soleus muscles. Corti

sol administration resulted 1n higher tissue lactate and malate levels 

122 
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in the soleus and extensor digitorum longus muscles from both weight 

bearing and suspended rats and a lower concentration of pyruvate in the 

extensor digitorum longus muscles of both groups. The adenine nucleo

tide pool of the soleus from adrenalectomized-suspended rats was higher 

than that of weight bearing control muscles and cortisol administration 

had no effect on these pools. In the extensor digitorum longus muscles, 

while suspension had no effect on the pools of adenine nucleotides in 

adrenalectomized animals, cortisol administration resulted in lower 

concentrations of these metabolites. 

Introduction 

Glucocorticoids are known to be important in the regulation of 

muscle protein (Mayer et ale 1976, Tomas, Munro and young 1979, Tischler 

1981, Millward, Odedra and Bates 1983). By decreasing the rate of 

protein synthesis, and by increasing Drotein degradation, glucocorti

coids inhibit muscle growth or cause muscle atrophy (Goldberg 1969, 

Goldberg et ale 1980, Rannels and Jefferson 1980, Roy et ale 1983). 

This response is thought to be due to both direct effects in muscle and 

by decreasing the response of muscle to opposing anabolic hormones (i.e. 

insulin, testosterone) (Mayer and Rosen 1977, Millward, Odedra and Bates 

1983). While glucocorticoid hormones are important in normal muscle 

amino acid metabolism (Caldwell, Lacy and Exton 1978), their increased 

release into the circulation as a result of stress (Dohler et ale 1977, 

Axelrod and Reisine 1984), can cause a loss of protein and increased 

release of amino acids from muscle (Rannels and Jefferson 1980, Muhl

bacher et ale 1984). Muscles containing predominantly Type II fibers 
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appear to be more sensitive to this hormone than those containing Type I 

fibers (Kelly and Goldspink 1982, Roy et ale 1983). 

Evaluation of the results from previous studies suggests that 

glucocorticoids may be influential in the catabolic response of muscles 

to disuse. In limb casted (Seider, Nicholson and Booth 1982), and 

harness suspended animals (Popovic, popovic and Honeycutt 1982)~ in

creased circulating corticosteroids may be linked to the response of 

muscle to inactivity and can be associated with the time period shortly 

after the initiation of limb casting or suspension when the loss of 

muscle mass appears to be the greatest (Chapter 2, Musacchia, Steffen 

and Deavers 1983). In addition, selective increases in the number of 

glucocorticoid receptors in muscles following denervation (DuBois and 

Almon 1981), limb immobilization (DuBois and Almon 1980) or harness 

suspension (Steffen and Musacchia 1982) support the contention that 

increased glucocorticoid action plays an important role in the muscle 

atrophy that accompanies inactivity (Almon and DuBois 1983). Previous 

studies have also shown that glucocorticoid administration increases the 

atrophy observed following nerve section (Goldberg 1969) or immobiliza

tion (McGrath and Goldspink 1978). 

The glucocorticoid hormones may also influence glucose and amino 

acid metabolism (Caldwell, Lacy and Exton 1978 9 Muhlbacher et ale 1984). 

By increasing net protein breakdown (Rannels and Jefferson 1980), or 

affecting the activity and flux through various enzymes (Chapters 4 and 

5, Muhlbacher et ale 1984, King, Goldstein and Newsholme 1983) higher 

endogenous levels or the administration of glucocorticoids can change 

both the synthesis and release of amino acids (Karl, Garber and Kipnis 
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1976, Caldwell, Lacy and Exton 1978, Goldberg et ale 1980). How these 

hormones may influence amino acid metabolism in muscle disuse is not 

known. 

The present investigation was designed to evaluate whether 

glucocorticoids may be involved in the response of muscle growth to 

hindlimb suspension and what effect added stress and the associated 

increase in the levels of glucocorticoids may have on the metabolism of 

muscle in disuse. 

Materials and Methods 

Animals 

Female Sprague-Dawley rats (120-150 grams) were subjected to 

bilateral adrenalectomy under ether anesthesia and thereafter maintained 

on 1% sodium chloride as described in Chapter 4. Four days after 

adrenalectomy, animals were tail-casted and divided into weight bearing 

or suspended groups and received daily injections of either cortisol 

acetate or the vehicle as previously described (Chapter 2). 

Muscle Preparations 

For studies utilizing fresh frozen tissues, muscles were 

immediately frozen in liquid nitrogen. The acid soluble metabolites of 

frozen muscles were extracted and assayed as previously described 

(Chapter 4). The muscle extracts were also assayed fluorometrically for 

pyruvate (Passonneau and Lowry 1974) and malate (Williamson and Corkey 

1969) and spectrophotometrically for lactate (Hohorst 1965). All other 

procedures were performed as noted previously (Chapter 3 and 4). 
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Protein Turnover 

Protein synthesis and protein degradation were measured as pre

viously described (Fulks, Li and Goldberg 1975). Muscles were pre

incubated for 30 minutes in 3 ml of Krebs-Henseleit buffer (Krebs and 

Henseleit 1932) equilibrated with 95% O2 : 5% CO2 and containing 5 mM 

glucose and amino acids. Amino acids were at the level found in normal 

rat plasma (Mallette, Exton and Park 1969) except for containing D~ mM 

tyrosine for measurements of protein synthesis and lacking tyrosine for 

measurements of protein degradation. After preincubation, the muscles 

were transferred to a flask containing fresh buffer and incubated for two 

hours. For measurements of protein synthesis, [U_14CJ tyrosine 

(0.1 mCi/mmol; ICN, Irvine, CA) was included in the incubation buffer 

and the amount of [14cJtyrosine incorporated into protein during the two 

hour incubation taken as a measure of protein synthesis. Following 

incubation, the sarcoplasmic and myofibrillar fractions were extracted 

and the protein content and amount of [U_14 CJ tyrosine present deter

mined as described in Chapter 3. These data are presented as both the 

amount of incorporation into each of the protein fractions and into 

total muscle protein. Protein degradation was determined by measuring 

the production of tyrosine by muscles incubated in buffer containing 

0.5 mM cycloheximide (Boehringer Mannheim, Indianapolis, IN) to inhibit 

reutilization of tyrosine in protein synthesis. Production of tyrosine 

was measured as described in Chapter 4. Amino acid production and the 

concentration of phosphocreatine, ATP, ADP and AMP was determined as 

previously described (Chapter 4). 
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Results 

The body weights of the animals were followed to monitor the 

growth or weight loss associated with adrenalectomy and subsequent 

glucocorticoid treatment. Adrenalectomized, weight bearing rats grew 

somewhat slower and adrenalectomized, suspended animals grew much slower 

than had been observed with intact rats (Figure 2)~ The adrenalecto

mized, weight bearing rats gained 17.7 !. 1.3 grams during the six days 

while the suspended rats gained only 3.1 !. 1.9 grams. Both the weight 

bearing and suspended rats which were receiving daily glucocorticoid 

treatment lost weight at similar rates during the experiment 

(-16.1 !. 1.2 and -17.2 + 1.2 grams for weight bearing and suspended 

groups, respectively). This finding indicated that the dose of gluco

corticoids which was given was inducing a catabolic response and that 

the differential rate of animal growth must be considered when 

evaluating the growth or atrophy of the hindlimb muscles. 

To evaluate the growth or atrophy of the soleus and extensor 

digitorum longus muscles of adrenalectomized rats following suspension, 

the muscle weights and the concentration of protein were determined. 

The muscle weights were normalized to the final body weight or expressed 

as a percent of the muscle weight at the time of suspension (Table 28). 

Experimental percent of initial values less than controls but greater 

than 100~ imply a reduction in the growth rate of the muscle in response 

to treatment, while values of approximately 100~ suggest the absence of 

muscle growth. When the percent of initial values fall below 100~, 

atrophy of muscle must occur in addition to a reduction in the rate of 

muscle growth. Thus, this type of analysis provides insight into the 



Table 28. Effect of suspension on the weight and protein 

concentration of hindlimb muscles of adrenalectomized and 

adrenalectomized-cortisol treated rats 

Values are means ~ SEM for 26-30 animals. apercent of initial = 

(final muscle wt/ estimated initial muscle wt) x 100. The initial 

muscle weight was estimated from the relationship of muscle weight 

to body weight for female rats weighing 77-152 grams at 4 days 

following adrenalectomy. The equations where Y = muscle weight 

and X = body weight, for these correlations were: 

soleus, Y = 0.545X - 8.587 (r = 0.98), extensor digitorum longus, 

Y = 0.523X - 4.089 (r = 0.97). bp(0.05, cp(0.001 when compared to 

the weight bearing group. dp(0.05, ep(0.001 when compared to the 

(-) cortisol group. 



Table 28. Effect of suspension on the weight and protein concentration of hindlimb muscles of 

adrenalectomized and adrenalectomized-cortisol treated rats 

Muscle Weight Percent of Initiala Protein Concentration 

mg/ 100 g body wt mg protein/ g muscle 

Adrenalectomized (-)cortisol (+)cortisol (-)cortisol (+)cortisol (-)cortisol (+)cortisol 

Soleus 

Weight bearing 42.2 :!:. 0.7 46.8 :!:. 1.0e 102.1 :!:. 1.6 85.4 :!:. 1.ge 144 :!:. 3 152 :!:. 3d 

Suspended 33.3 :!:. 0.6c 33.3 :!:. 0.7c 71.6:!:. 1.3c 60.3:!:. 1.3c ,e 144 :!:. 3 151 :!:. 3 

Extensor Digitorum Longus 

Weight bearing 45.8 :!:. 0.6 46.5 :!:. 0.7 107.4:!:. 1.2 82.1 :!:. 1.1 e 152 :!:. 3 167 :!:. 4d 

Suspended 47.8 :!:. 0.7 b 47.0 :!:. 0.6 100.1 :!:. 1.8c 82.5 :!:. 1.2e 155 :!:. 3 167 :!:. 4d 

I-' 
N 
00 



relative contribution of grow~h inhibition and atrophy to the smaller 

muscle mass. 
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Adrenalectomy did little to diminish the atrophy of the soleus 

muscle during hindlimb suspension (Chapter 2, Table 28). The soleus 

from the adrenalectomized, suspended rats was 22% smaller (P<O.001) than 

those of weight bearing controls. This difference in muscle mass was 

also apparent when the percent of initial values were compared. Despite 

the lower muscle mass following suspension, the concentration of protein 

was unchanged. Therefore, protein content diminished proportionately 

(Table 28). This observation suggests that glucocorticoids do not 

mediate the loss of muscle mass associated with muscle disuse. 

Although the administration of cortisol to the adrenalectomized 

animals caused a loss in body weight in the weight bearing and animals, 

the relative mass of the soleus muscle was greater" (Table 28) in the 

weight bearing animals. This finding is consistent with previous re

ports of the soleus being somewhat more resistant to glucocorticoid 

treatment than are other tissues (Goldberg 1969, Goldberg and Goodman 

1969). While the relative weight indicated that the soleus muscle of 

weight bearing animals grew during the experiment, the percent of ini

tial values showed this muscle actually lost 15% of its initial weight. 

Body weight losses were greater in proportion than was the loss of 

muscle mass however a small portion of the loss in muscle mass was 

associated with a change in muscle protein concentration (Table 28) 

Cortisol administration resulted in a 5 and 6% increase in the protein 

concentration of the soleus from suspended and weight bearing rats 

(Table 28), respectively. The loss of soleus muscle mass in suspended 
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rats upon glucocorticoid administration was proportional to that of body 

weight losses. This resulted in no change in relative muscle weight 

while decreasing the percent of initial values. The atrophy which 

resulted from glucocorticoid treatment appeared additive to that caused 

by hypokinesia/hypodynamia. 

The response of the extensor digitorum longus muscle to adrenal

ectomy and cortisol administration was similar in both the weight 

bearing and suspended groups. In general, glucocorticoid treatment 

caused atrophy of the extensor digitorum longus of weight bearing and 

suspended rats as indicated by smaller percent of initial values while 

no difference in the weight of these muscles was observed relative to 

the final body weight (Table 28). These changes were also associated 

with an increase in the protein concentration of muscles upon cortisol 

administration. The relative muscle weight and the percent of initial 

weight values of the extensor digitorum longus muscles from adrenal

ectomized suspended animals were slightly larger (4%, P(0.05) than those 

of weight bearing animals. This may have been a function of the differ

ential growth observed in these animals. 

As noted previously (Chapter 3), suspension resulted in a selec

tive increase in the concentration (proportional) of protein in the 

sarcoplasmic fraction of the soleus muscle with no changes in the exten

sor digitorum longus muscle (Table 29). Cortisol treatment however, 

resulted in an even higher concentration of protein in the sarcoplasmic 

fraction of the soleus from suspended animals and the myofibrillar 

fraction of all the muscles tested (Table 29). 



Table 29. Effect of cortisol on the concentration or protein in the 

sarcoplasmic and myofibrillar fractions of rat hindli.mb muscles 
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Values are means ~ SEM for 8-10 animals. ap(0.01, bp(0.001 when 

compared to the weight bearing group. cp(0.01, dp(0.001 ~,hen compared 

to the (-) cortisol group. 

Protein Concentration 

mg protein/ mg muscle x 100 , 

Adrenalectomized Sarcoplasmic Fraction 

(-)cortisol (+)cortisol 

Myofibrillar Fraction 

(-)cortisol (+)cortisol 

Soleus 

Weight bearing 4.88 ~ 0.07 5.07 ~ 0.09 10.21 ~ 0.13 11.24 ~ 0.14 d 

Suspended 5.27 .:t. 0.06 b 5.78 .:t. 0.14 b,c 10.59 .:t. 0.44 '10.54.:t. 0.20 a 

Extensor Digitorum Longus 

Weight bearing 5.47.:t. 0.09 5.70.:t. 0.09 

Suspended 5.57 ~ 0.07 5.74 ~ 0.16 

10.97 .:t. o. 19 ' 12 .21 .:t. 0.26 c 

10.92 ~ 0.17 12.31 ~ 0.25d 
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Unlike the data for intact rats, no differences were observed in 

the synthesis of total muscle proteins in the soleus or extensor digi

torum longus from adrenalectomized weight bearing and suspended rats 

(Table 30). Administration of cortisol resulted in slower protein 

synthesis in the soleus and extensor digitorum longus of both weight 

bearing and suspended groups. The decrease in protein synthesis in the 

soleus muscle after cortisol treatment was greater in this muscle from 

weight bearing animals and resulted in slower protein synthesis in the 

atrophied soleus muscle than in the weight bearing muscle after cortisol 

treatment. 

Protein synthesis was also evaluated in the separated sarco

plasmic and myofibrillar protein fractions (Table 31). In the extensor 

digitorum longus muscles from weight bearing and suspended rats, no 

differences were observed between the two groups with or without corti

sol treatment. In both groups, cortisol treatment lowered protein 

synthesis in both protein fractions (Table 31). 

Protein synthesis in the two protein fractions in the soleus 

muscle showed differential responses to cortisol and disuse (Table 31). 

In the absence of cortisol, suspension resulted in slower synthesis of 

protein in the sarcoplasmic fraction and faster synthesis in the myo

fibrillar fraction. Cortisol treatment caused slower synthesis of 

proteins in the sarcoplasmic fraction of the soleus from weight bearing 

animals while having no significant effect on this fraction in the 

soleus from suspended rats. The administration of cortisol slowed 

protein synthesis in the myofibrillar fractions of the soleus from both 

weight bearing and suspended animals but appeared to affect the weight 



Table 30. Protein synthesis and degradation in soleus and extensor 

digitorum longus muscles 

Values are means 1:. SEM for 8-15 animals. ap<0.05, bp<0.01, cp<0.001 

when compared to the weight bearing group. dp<0.05, ep<0.001 when 

compared to the (-) cortisol group. fp = approximately 0.051 when 

compared to the weight bearing group. 

Protein Synthesis Protein Degradation 

Adrenalectomized nmol tyrosine/ mg protein • 2 h 

l33 

(-)cortisol (+)cortisol (-)cortisol (+)cortisol 

Soleus 

\-1eight bearing 0.66 :t. 0.02 0.41 1:. 0.02e 2.28 1:. 0.08 2.10 1:. 0.12 

Suspended 0.70 :t. 0.03 0.56 1:. 0.05 b,d 2.49 1:. 0.06 f 2.63 1:. 0.18 a 

Extensor Digitorum Longus 

Weight bearing 0.44 :t. 0.02 0.31 1:. 0.02e 1.991:. 0 •06 1.40 1:. 0.05 e 

Suspended 0.43 :t. 0.02 0.32 1:. 0.03e 1 • 80 1:. o. 07 1.77 :t. 0.04 c 
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Table 31. Effect of cortisol on protein synthesis in the sarcoplasmic 

and myofibri1lar protein fractions 

Values are means ~ SEM for 8-10 animals. ap<0.05, bp<0.005 when 

compared to the weight bearing group. cp<0.05, dp<O.OOl when compared 

to the (-) cortisol group. 

Protein Synthesis 

nmol tyrosine/ mg protein • 2 h 

Adrenalectomized Sarcoplasmic Fraction Myofibril1ar Fraction 

Weight bearing 

Suspended 

(-)cortisol (+)cortisol 

d 0.62 ~ 0.03 0.45 + 0.02 

0.53 ~ 0.02a 0.48 ~ 0.04 

(-)cortisol (+)cortisol 

Soleus 

0.68 ~ 0.03 d 0.39 ~ 0.03 

Extensor Digitorum Longus 

Weight bearing 0.40 ~ 0.02 d d 0.29 ~ 0.02 0.46 ~ 0.03 0.30 ~ 0.02 

Suspended 0.37 ~ 0.02 0.29 ~ 0.02c 0.45 ~ 0.03 0.33 ~ 0.04 c 



bearing muscle (-43%, P<0.001) more so than the inactive one (-23%, 

P<0.05) 
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Protein degradation was somewhat faster in the atrophied soleus 

of nontreated rats (p = 0.051). This difference was accentuated (25%, 

P<0.05) when cortisol was administered (Table 30). Cortisol administra~ 

tion did not affect protein degradation in the soleus from either group 

of animals. No differences were observed in protein degradation between 

the extensor digitorum longus muscles from adrenalectomized, weight 

bearing and suspended rats. Cortisol administration lead to slower 

protein degradation in the extensor digitorum longus from weight bearing 

rats but was without effect on this muscle from suspended animals (Table 

30). 

The concentration of amino acids in the muscles from adrenal

ectomized, weight bearing and suspended rats were qualitatively similar 

to those found in intact animals (Chapter 4, Table 32). The concentra

tion of tyrosine and glutamate was higher in the atrophied soleus 

relative to the weight bearing muscle while the concentration of gluta

mate and aspartate was lower in the atrophied soleus. Suspension did 

not cause any changes in the concentration of amino acids in the exten

sor digitorum longus muscles from adrenalectomized rats (Table 32). 

Cortisol administration resulted in a higher concentration of 

alanine and lower concentration of glutamate in both the soleus and 

extensor digitorum longus muscles from weight bearing and suspended 

rats. In addition, the treatment with cortisol resulted in a lower 

concentration of glutamine in the atrophied soleus (Table 32). 
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Table 32. Amino acid conc~ntration of fresh frozen muscles from 

adrenalectomized and adrenalectomized-cortisol treated rats 

Values are means ~ SEM for 8-10 animals. aP<0.05, bp<0.01, cp<0.001 when 

compared to the weight bearing group. dp<0.05, ep <0.001 when compared 

to the (-) cortisol group. 

Amino Acid Concentration 

nmoll mg protein 

Amino Acid 

Tyrosine 

Alanine 

Glutamine 

Glutamate 

Aspartate 

Adrenalectomized 
Weight bearing 

(-)cortisol 

0.84 ~ 0.02 

10.6 ~ 0.7 

50. 1 ~ 3.0 

22.5 ~ 1.2 

12.0 ~ 1.8 

(+)cortisol 

Soleus 

0.81 + 0.03 

16.6 ~ 0.6e 

55.2 ~ 2.7 

15.8 ~ 1.0e 

13.1 ~ 1.1 

Adrenalectomized 
Suspended 

(-)cortisol 

1.25 ~ 0.05b 

12.5.:!:. 1.0 

40.8 .:!:. 2.9a 

26.5.:!:. 1.1a 

4.8 ~ 0.7c 

(+)cortisol 

b 1.14 ~ 0.08 

d 
15.1~0.7 

24.3 ~ 1.5c ,e 

20.1 ~ 0.7b ,e 

4.7 .:!:. 0.8c 

Extensor Digitorum Longus 

Tyrosine 0.73 ~ 0.06 0.77 ~ 0.03 0.95 .:!:. 0.13 0.71 ~ 0.03 

Alanine 10.6 ~ 0.5 17.8 ~ 0.3e 10.0 ~ 0.9 14.8 .:!:. 0.5e 

Glutamine 34.0 ~ 2.6 30.9 ~ 2.5 30.0 ~ 2.6 27.2 ~ 2.2 

Glutamate 13.9 ~ 0.9 6.9 ~ 0.4e 11.8.:!:. 0.8 6.1 .:!:. 0.5e 

Aspartate 2.5 ~ 0.6 2.0 ~ 0.4 2.0 .:!:. 0.4 1.9 ~ 0.4 
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As with the concentration of amino acids, the production of 

amino acids in vitro by muscles from adrenalectomized rats (Table 33) 

showed results similar to those previously observed with intact rats 

(Chapter 4). The atrophied soleus muscles showed faster production of 

tyrosine and alanine while no differences were observed in glutamine, 

glutamate or aspartate production when compared to weight bearing con

trols. No differences were observed in the production of these amino 

acids in the extensor digitorum longus from the weight bearing or sus

pended animals. 

The administration of cortisol resulted in faster production of 

alanine in the weight bearing soleus while not affecting the already 

faster alanine production in the soleus of suspended rats (Table 33). 

Cortisol treatment also decreased aspartate utilization in the atrophied 

soleus. In the extensor digitorum longus muscle, cortisol treatment 

resulted in faster production of tyrosine by muscles from suspended 

rats, along with faster production of glutamate and slower production of 

alanine by the muscles from weight bearing rats. 

The concentrations of' lactate, pyruvate and malate in fresh 

frozen soleus and extensor digitorum longus muscles were also determined 

(Table 34). Only in the atrophied soleus, and in the absence of corti

sol was there a difference (-27%, P<O.05) observed in the concentration 

of malate in these tissues. No differences were observed in the concen

tration of lactate or pyruvate in the soleus from these groups or in the 

concentration of any of these metabolites in the extensor digitorum 

longus from adrenalectomized, weight bearing and suspended rats. Corti

sol administration, however, resulted in higher concentrations of 



138 

Table 33. Amino acid metabolism by muscles in vitro 

'Values are means ~ SEM for 5 animals. ap(0.02, bp(0.005 when compared 

to the weight bearing group. cp(0.05, dp(0.02, ep(0,001 when compared 

to the (-) cortisol group. 

Amino Acid 

Tyrosine 

Alanine 

Glutamine 

Glutamate 

Aspartate 

Tyrosine 

Alanine 

Glutamine 

Glutamate 

Aspartate 

Amino Acid Metabolism 

nmoll mg protein • 2 h 

Adrenalectomized 
Weight bearing 

Adrenalectomized 
Suspended 

(-)cortisol 

1.6 ~ 0.2 

12.5 ~ 1.3 

(+)cortisol 

1.6 ~ 0.1 

(-}cortisol (+}cortisol 

Soleus 

2.4 ~ 0.1 a b 2.8 ~ 0.2 

18.5 ~ 1.3d 20.2 ~ 2.1 a 24.4 ~ 2.5 

12.3 ~ 3.6 10.9 ~ 3.3 

-1.1 ~ 0.3 -4.1 ~ 2.0 

13.1 ~ 3.5 

-2. 1 ~ 2.1 

14.1 ~ 5.2 

-4.2 ~ 1.3 

-5.9 ~ 1.8 -4.9 ~ 0.4 -2. 7 ~ 1.1 b -1.5 !. 0.8 

1.3~0.1 

9. 1 ~ 0.8 

7.4 ~ 1.0 

-0.1 ~ 0.8 

-1.5 !. 0.7 

Extensor Digitorum Longus 

1.3!. 0.1 1.4!. 0.1 2.1!. 0.1 b ,e 

6.6 !. 0.7 c 9.9!. 1.9 11.7!. 2.4 

14.5 !. 3.4 11.6!. 2.1 15.8!. 1.8 

2.6 ~ 0.4d 1.1 ~ 1.1 3.4 !. 0.6 

-0.3 !. 0.4 0.2 !. 0.5 -0.4!. 0.4 



Table 34. Lactate, pyruvate and malate concentrations of fresh frozen muscles 

Values are means ~ SEM for 8-10 animals. ap(0.05 when compared to the weight bearing group. 

bp(0.005, cp(0.001 when compared to the (-) cortisol group. 

Lactate Pyruvate Malate 

Adrenalectomized nmoll mg protein 

(-)cortisol (+)cortisol (-)cortisol (+)cortisol (-)cortisol (+)cortisol 

Soleus 

Weight bearing 21. 1 ~ 0.9 30. 1 ~ 1.3 c 0.32 ~ 0.03 0.38 ~ 0.06 0.85 ~ 0.06 1.54 ~ 0.11 b 

Suspended 18.3 ~ 2.5 32.8 ~ 2.5 b 0.44 ~ 0.08 0.47 ~ 0.08 0.62 ~ 0.08 a 1.69 ~ 0.02b 

Extensor Digitorum Longus 

Weight bearing 70.6 ~ 4.8 135.8 ~ 8.3c 0.89 ~ 0.04 0.43 ~ 0.05 c 0.94 ~ 0.07 1.85 ~ 0.09c 

Suspended 61.3 ~ 6.6 121.1 ~ 4.2c 0.94 ~ 0.07 0.45 ~ 0.03c 1.07 ~ 0.13 1.96 ~ 0.07c 

I-' 
(.oJ 

\0 
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lactate and malate in the soleus and extensor digitorum longus of both 

weight bearing and suspended groups. A lower concentration of pyruvate 

was observed in the extensor digitorum longus from both weight bearing 

and suspended animals upon glucocorticoid treatment. 

The concentration of phosphocreatine, and the adenine nucleo

tides in incubated soleus muscles following suspension were unaffected 

by adrenalectomy or cortisol treatment (Table 35). The atrophied soleus 

showed a higher concentration of phosphocreatine and ATP and the dif

ference was maintained even on treatment of the animal with cortisol. 

The only difference that was observed from previous studies using intact 

rats, was that of the change in adenine nucleotide concentration over 

the course of incubation (see Table 35). Previous studies using intact 

rats (Chapter 4) showed an apparent differential rate of utilization of 

ATP during incubation. This was not observed with the adrenalectomized 

or adrenalectomized, cortisol treated rats. The reason for this differ

ence in response is not known. 

The extensor digitorum longus muscle from weight bearing and 

suspended animals showed similar concentrations of phosphocreatine and 

adenine nucleotides and changes in concentration of adenine nucleotides 

(-23% and -24%, for weight bearing and suspended, respectively) during 

incubations. The administration of cortisol resulted in a lower (P(O.05) 

concentration of adenine nucleotides in these muscles while the change 

in the concentration of adenine nucleotides over incubation (-15 and 

-25% for weight bearing and suspended groups, respectively) was similar 

to that ohserved in the absence of cortisol (see Table 35). The metabo

lism of the adenine nucleotides was altered by adrenalectomy and 
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Table 35. Phosphocreatine, ATP, ADP and A~IP in incubated muscles 

Values are means ~ SEM for 5 muscles. ap<0.05, bp<0.005 when compared 

to the weight bearing group. 

Animals 
Minutes of Phospho
Incubation creatine 

Adrenalectomized 
Weight bearing 30 

150 

Suspended 30 

150 

49.9 ~ 2.5 

36.6~1.9 

51.7 ~ 3.2 

45. 9 ~ 1.2 b 

Adrenalectomized-cortisol treated 
Weight bearing 30 59.2 ~ 2.7 

150 40.6 ~ 1.9 

Suspended 30 69.5 ~ 3.8 

150 40.7 ~ 3.6 

ATP ADP 

nmol/ mg protein 

Soleus 

36.4 ~ 1.3 4.88 ~ 0.25 

30.1 :!::. 1.4 5.31 ~ 0.18 

45.3~1.0 b 5.53 ~ 0.39 

40.8 ~ 2.5a 5.69 ~ 0.18 

35.2 ~ 1.0 5.22- ~ 0.18 

30.4 ~ 2.0 5.19 ~ 0.29 

42.8 ~ 1.2 b 5.02 ~ 0.28 

36.0 ~ 2.2 5.13 ~ 0.22 

Extensor Digitorum Longus 
Adrenalectomized 
Weight bearing 30 69.6 ~ 3.2 56.3 ~ 5.4 5.78~0.13 

150 59.5 ~ 2.0 42.8 ~ 1.6 5. 14 ~ 0.20 

Suspended 30 76.4 .:!:. 3 .• 4 56.2 ~ 2.0 5.89 ~ 0.34 

150 49.9 ~ 1.1 b 39. 8 ~ 1.1 5.07 ~ 0.19 

Adrenalectomized-cortisol treated 
Weight bearing 30 76.8 ~ 2.0 41.3 ~ 1.2 4.85 ~ 0.25 

150 53.1~2.7 34.1 ~ 1.1 5.21 ~ 0.10 

Suspended 30 74.3 ~ 3.2 43.4 ~ 1.2 5.07 ~ 0.52 

150 58.8 ~ 0.36 36.6 ~ 2.0 5.92 ~ 0.53 

AMP 

0.42 ~ 0.08 

0.51 ~ 0.08 

0.50 ~ 0.05 

0.45 ~ 0.05 

0.42 ~ 0.04 

O. 36 ~ 0.11 

0.29 ~ 0.04 

0.51 ~ 0.03 

0.92 ~ 0.07 

0.67 ~ 0.07 

0.45 ~ 0.12a 

0.61 ~ 0.05 

0.78~0.18 

0.49 ~ 0.10 

0.78 ~ 0.13 

O. 62 ~ 0.1'3 



cortisol administration however it is not known what the cause or 

mechanism by which these alterations occur. 

Discussion 
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Adrenalectomy and 60rtisol treatment of adrenalectomized animals 

represent extreme physiological conditions. While this presents some 

potential problems, these treatments are extremely valuable in investi

gations of the qualitative metabolic responses to glucocorticoids by 

muscle. The potential problems of adrenalectomy become apparent when 

one observes the differential rate of animal growth. As noted earlier 

(Chapter 2), the different rates of animal growth make analysis of the 

data much more complex. Even when these potential complications are 

taken into account, it becomes apparent that glucocorticoids probably do 

not playa major role in the catabolic response of muscle protein turn

over to tail-cast suspension and muscle inactivity. However, it is also 

apparent that any stress which may increase the circulating glucocorti

coids of the animal, can augment the atrophy and inhibition of muscle 

growth previously associated with inactivity (Chapter 2). This is an 

important consideration particularly in light of evidence of increased 

adrenal function in suspension (popovic, Popovic and Honeycutt 1982), 

limb immobilization (Seider, Nicholson and Booth 1982), or in space

flight studies (Leach, Altchuler and Cintron-Trevino 1983). 

Glucocorticoids also appear to affect the concentration of myofibrillar 

protein in muscle (Table 29). Whether this is due to changes in water 

content of the tissues or some other component is not known. 
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Cortisol had a somewhat different effect on protein turnover 

than did suspension. While muscle disuse and atrophy in suspension is 

associated primarily with slower protein synthesis in the sarcoplasmic 

protein fraction (Chapter 3), and faster protein degradation (Chapter 

3), the effect of cortisol administration appeared to be an inhibition 

of protein synthesis. 

G1ucocorticoids are known to inhibit protein synthesis (Ranne1s 

and Jefferson 1980, Kelly and Goldspink 1982, Odedra, Bates and Millward 

1983), and the results presented here suggest that it is a general 

inhibition of protein synthesis that affects both sarcoplasmic and 

myofibrillar protein fractions to a similar extent. While it is not 

known why protein synthesis is faster in the myofibrillar protein frac

tion of suspended r'ats, the situation appears similar to that found in 

dystrophic animals where faster protein synthesis and degradation occur 

simul taneously while the, net result is a loss of muscle mass (Li 1980). 

Protein degradation was either not affected or decreased by 

glucocorticoid administration. This agrees well with previous in vitro 

studies using muscle from adrenalectomized rats (Goldberg et ale 1980) 

or intact rats given catabolic doses of glucocorticoids (McGrath and 

Go1dspink 1982, Odedra, Bates and Millward 1983). However, the litera

ture does contain many conflicting reports with regard to the effect of 

glucocorticoids on protein degradation (Goldberg 1969, Tomas, Munro and 

Young 1979, Goldberg et a1. 1980, Ranne1s and Jefferson 1980, Odedra, 

Bates and Mill ward 1983). 

One may conclude that muscle inactivity can be associated with 

faster protein degradation and slower protein synthesis and that 
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glucocorticoids potentiate the loss of muscle protein by slowing the 

synthesis of protein in the myofibrillar fraction. The latter conclu

sion supports previous studies which showed that corticosterone 

administration resulted in a disproportionate slowing of actin synthesis 

(Odedra, Bates and Millward 1983). 

The role of glucocorticoids in the metabolic alterations of some 

aspects of amino acid and carbohydrate metabolism in tail-cast suspen

sion is probably not large. This is evident by qualitatively comparing 

the responses observed in adrenalectomized rats (Table 32, 33, 34, and 

35) with those noted earlier with intact animals (Chapters 4 and 6). 

The differences in the tissue concentrations and production of alanine, 

tyrosine, glutamine, glutamate, aspartate and malate were similar to 

those observed in intact rats (Chapter 4 and 6). The administration of 

glucocorticoids however can change the control and metabolism of amino 

acids, pyruvate, lactate and malate. 

One aspect of amino acid metabolism that predictably might be 

altered by glucocorticoid administration is that of glutamine. Previous 

experiments (Chapter 4) and studies (King, Goldstein and Newsholme 1983) 

have shown that glucocorticoids increase the activity of glutamine 

synthetase. However, in the present study (Table 33) and others 

(Caldwell, Lacy and Exton 1978), the production of glutamine was not 

affected to a large extent. Previous studies have indicated that the 

concentration of muscle glutamine decreases upon glucocorticoid adminis

tration (Muhlbacher et al. 1984) in agreement with the findings of the 

atrophied soleus (Table 32). It is unclear what mechanism or factors 

cause these changes to occur. 
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One possibility is that adrenalectomy and glucocorticoid treat

ment may affect the metabolism of adenine nucleotides in these tissues. 

The concentration of adenine nucleotides was higher in the soleus of 

suspended rats than of weight bearing controls in both adrenalectomized 

and adrenalectomized-cortisol treated rats animals. The loss of these 

nucleotides during incubation was similar. The latter finding differs 

from that observed with intact rats (Chapter 4). If adrenalectomy and 

cortisol treatment change the metabolism of purine nucleotides, 

differences in the amount of adenine nucleotides degraded could in turn 

affect the regulation of glutamine synthesis through the supply of free 

ammonia, as discussed in Chapter 4. This could explain the similar 

rates of glutamine production in the absence or presence of glucocorti

coids and in weight bearing or suspended adrenalectomized animals. 

While glutamine synthetase activity may vary with glucocorticoid levels, 

as noted previously (Chapter 4), the primary factor regulating glutamine 

synthesis in muscle is the availability of free ammonia. While the loss 

of glucocorticoids and mineralocorticoids upon adrenalectomy could 

conceivably cause problems of plasma volume and sodium and potassium 

balance, it is not known whether this would alter the basal rate of ATP 

utilization in muscle. However, earlier studies using kidney have shown 

increased sOdium-potassium ATPase activity upon corticosterone adminis

tration (Chignell' and Titus 1966). 

While it is not clear to what extent glucocorticoids mediate the 

changes in protein, amino acid, carbohydrate and purine nucleotide 

metabolism during muscle inactivity, it is apparent that these hormones 

can influence these processes in both weight bearing and suspended 
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animals. It is also certain that should circulating glucocorticoids be 

elevated in models for muscle disuse or in the weightlessness of space, 

they will most certainly add to the metabolic alterations and catabolic 

response to muscle inactivity. 



CHAPTER 8 

PROTEIN AND AMINO ACID METABOLISM IN RAT HINDLIMB MUSCLES PASSIVELY 

STRETCHED OR CHRONICALLY SHORTENED BY IMMOBILIZATION IN DORSIFLEXION 

Abstract 

Protein, amino acid and purine nucleotide metabolism were 

studied following passive stretch of the triceps surae group muscles 

(soleus, plantaris, gastrocnemius) and chronic shortening of two 

anterior hindlimb muscles (extensor digitorum longus, tibialis 

anterior). Immobilization in dorsiflexion of the hindlimb of rats 

subjected to tailcast suspension resulted in hypertrophy of the soleus 

muscle, faster growth of the plantaris and gastrocnemius muscles and 

slower growth of the extensor digitorum longus and tibialis anterior 

muscles compared to those of the contralateral non-weight bearing free 

limb. Hypertrophy of the stretched soleus was associated with a greater 

concentration of RNA, faster protein synthesis, especially in the sarco

plasmic protein fraction, and slower protein degradation than the 

contralateral muscle. The stretched soleus also showed faster produc

tion of glutamine, slower production of alanine, greater utilization of 

aspartate and lower concentrations of adenine nucleotides than the 

soleus of the contralateral free limb. In contrast, chronic shortening 

and the resulting slower growth of the extensor digitorum longus muscle 

was associated with: a lower concentration of RNA and slower protein 

synthesis. No significant difference was observed in protein degrada

tion or the production of glutamine, glutamate, alanine or aspartate, or 

U7 
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in the concentration of adenine nucleotides in this muscle. Passive 

stretch of the triceps surae group prevented or reversed those changes 

in muscle size and metabolism associated with hindlimb unloading while 

chronic shortening of the anterior muscles produced changes in muscle 

metabolism associated with muscle disuse. 

Introduction 

The rate at which muscles atrophy or hypertrophy depends on the 

position at which a limb is immobilized or the frequency at which a 

muscle is passively stretched (Sola, Christensen and Martin 1973, Holly 

et al. 1980). Chronic stretching of muscle reportedly increases the 

cross sectional area of fibers (Holly et al. 1980), the number of total 

fibers (Sola, Christensen and Martin 1973) and sarcomeres in series 

(Williams and Goldspink 1978), while shortening decreases their number 

as well as the cross-sectional area of fibers (Goldspink et al. 1974, 

Spector et al. 1982, Williams and Goldspink 1978). Work induced muscle 

hypertrophy is associated with faster synthesis of muscle protein 

(Goldspink 1978), especially the sarcoplasmic fraction (Goldberg et al. 

1975), while the effect on protein degradation may be variable (Goldberg 

et al. 1975, Goldspink 1977a, Laurent and Sparrow 1977, Goldspink 1978). 

The factors controlling these processes are not known. 

Passive stretch of muscles has also been associated with an 

increase in the metabolic rate (as measured by heat production) (Feng 

1932, Clinch 1968), and increased sodium-potassium ATPase activity (Van

denburgh and Kaufman 1981). Also, the rate of ATP utilization appears 

to be tightly associated with amino acid synthesis and degradation 
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(Chapter 4). These findings suggest that amino acid metabolism could be 

altered by passive stretch however outside of amino acid uptake studies 

(Vandenburgh and Kaufman 1981), this has not been investigated. 

The objective of this study was to determine what effect passive 

stretch of the triceps surae group (soleus, plantaris, gastrocnemius) 

and chronic shortening of the anterior muscles (extensor digitorum 

longus, tibialis anterior) has on muscle size and metabolism in the 

absence of workload. This study included measurements of protein, amino 

acid and purine nucleotide metabolism. 

Materials and Methods 

One potential problem that has not been addressed in limb 

immobilization studies is the choice of an appropriate control muscle 

for evaluating the response to passive stretch. Some studies utilize 

normal weight bearing animals (Booth and Kelso 1973, Rifenberick and Max 

1974) while others used the contralateral nonimmobilized limb (Goldspink 

1977a,b). The latter control seems more favorable with regard to 

subjecting control and experimental muscles to identical hormonal and 

nutritional states. However, it does not control for the potential 

increased use of the free control limb. This question has been addres

sed in the current study by placing the rat in tail-cast suspension and 

evaluating passive stretch in the absence of a muscle workload. 

Male Sprague-Dawley rats (130-170 g) were tail-casted and 

suspended for six days as previously described (Chapter 2) and one limb 

was immobilized in an orthopaedic tape-medical elastomer cast (Hexcelite 

orthopaedic tape, Dow Corning Silastic medical grade elastomer, Factor 
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II, Lakeside, AZ) in dorsal flexion. This immobilized position results 

in a stretching of the posterior muscles (soleus, plantaris, gastrocne

mius) while holding the anterior muscles (extensor digitorum longus, 

tibialis anterior) in a shortened position. All animals were suspended 

for six days. 

All muscle preparations and measurements of: protein synthesis, 

protein degradation, protein concentration of sarcoplasmic and myo

fibrillar fractions and RNA concentrations were performed as described 

in Chapter 3. Analysis of amino acid production was performed as des

cribed in Chapter 4. The absence of an identical contralateral muscle 

resulted in a requirement of separate animals to determine muscle amino 

acid concentrations following preincubation and incubation. Therefore, 

production was calculated as for Figure 8: Production = amino acid 

release into the incubation medium + (tissue concentration following 

incubation - tissue concentration following preincubation). 

Results 

Animal weights were monitored during the six days of suspension 

to determine whether limb casting might affect their rate of growth 

(Figure 11). Although the growth rate of weight bearing and suspended 

(noncasted) animals was similar (Chapter 2, Figure 11), animals 

subjected to suspension and limb casting lost weight during the first 

two days of treatment. Thereafter, growth resumed albeit at a slower 

rate. Overall growth of the limb casted animals during suspension was 

approximately one-third that of the weight bea,ring and suspended 
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Growth rate of weight bearing (e), suspended (nonlimb casted) (4), and 

suspended, limb casted (a) animals. Rat hindlimbs were casted in 

dorsiflexion. Food consumption was·similar in all groups. Values are 

means ~ SEM for 10 rats. 



controls. Since food consumption was similar in all groups, this 

difference in growth was not due to reduced nutritional intake. 
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Comparisons of muscle weight (normalized to body weight) between 

the noncasted limbs of the suspended groups showed few differences 

(Table 36). Muscle weight was also expressed as a percent of the esti

mated initial muscle weight at the start of the experiment (see Chapter 

7 for discussion of this approach). The percent of initial values indi

cated that the differential rate of animal growth between the suspended 

groups had masked certain changes in muscle size of the free limb of 

casted animals. The soleus muscle showed a greater apparent atrophy, 

while the extensor digitorum longus and gastrocnemius muscles exhibited 

significantly less growth in the free limb of casted than of suspended 

(non-casted) animals. Therefore, the stress of limb casting seemed to 

enhance the catabolic response of hindlimb muscles to tail-cast suspen

sion. 

To determine whether passive stretch of non-load bearing 

posterior muscles could prevent their reduced growth and atrophy, one 

hindlimb of suspended rats was immobilized with the ankle in dorsi

flexion. The relative weights of the soleus, plantaris and 

gastrocnemius muscles of the immobilized limb were all greater than in 

the free limb (Table 36). The data for percent of initial muscle weight 

showed that the gastrocnemius and plantaris muscles of the casted limb 

grew significantly faster than these muscles in the contralateral non

casted limb. Passive stretch of the soleus muscle not only prevented 

its atrophy, but also allowed growth (hypertrophy) to occur. 



Table 36. Weights of_hindlimb muscles from weight bearing, 

suspended and suspended limb casted 

rats. 

Values are means ~ SEM for 15-25 animals. Percent of initial = 

(final muscle wt/estimated initial muscle wt) x 100. The initial 

muscle weight was estimated from the relationship of muscle weight 

to body weight for male rats weighing 100-200 g. The equations 

where y = muscle weight and x = body weight, for these 

correlations were: soleus, y = O.37x = 4.20 (r = 0.98) and 

extensor digitorum longus, y = 0.46x + 1.56 (r = 0.99), (Fagan 

1983). The equations for the other muscles were based on 

measurements from 26 rats: plantaris, y = 1.15x - 40.88 (r = 

0.93); gastrocnemius, y = 6.19x - 248.99 (r = 0.96) and tibialis 

anterior, y = 2.17x - 53.80 (r = 0.96). ap<0.001 when compared to 

weight bearing group. bp(0.05 when compared to suspended 

(noncasted) group. cp<0.005 when compared to the contralateral 

free limb. 



Table 36. Weights of hindlimb muscles from weight bearing, suspended and suspended-limb casted f'ats 

Weight Suspended Suspended- Weight Suspended Suspended-

Bearing Limb Casted Bearing Limb Casted 

Free Casted Free Casted 

mg • 100 g body wt-1 percent of initial 

Posterior Muscles 

Soleus 39 ~ 1 29 ~ 1a 28 ~ 1 51 ~ 1c 123 ~ 3 86 ~ 3a 16 ~ 2b 151 ~ 3c 

Plantaris 81 ~ 2 19 ~ 1a 81 ~ 1b 86 ~ 2c 135 ~ 5 101 ~ 2a 102 + 2 109 ~ 3c 

Gastrocnemius 458 ~ 8 410 ~ 8a 394 ~ 6 411 ~ 1c 138 ~ 5 101 ~ 2a 91 ~ 2b 116 ~ 3c 

Anterior Muscles 

Extensor Digitorum 49 ~ 1 50 ~ 50 ~ 1 46 + 1 133 ~ 3 121 ~ 2 119 ~ 2b 101 ~ 2c 

Longus 

Tibialis Anterior 191 ~ 3 191 ~ 4 196 ~ 3 188 ~ 3c 139 ~ 4 130 ~ 3 120 + 2 115 ~ 2c 

t-' 
V1 
\.0.) 
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While dorsiflexion passively stretched the posterior muscles, it 

chronically shortened the anterior muscles. As a result, both the 

extensor digitorum longus and the tibialis anterior muscles of the 

immobilized limb showed significantly (P(0.005) slower growth than in 

the noncasted limb of these animals (Table 36). The magnitude of the 

growth and atrophy of the soleus and extensor digitorum longus muscles 

following suspension with one limb casted can be observed in Figure 12. 

The response of muscle growth to suspension and immobilization 

of the hindlimbs was studied further by measuring the concentration of 

tissue protein (Figure 13). The casting of one hindlimb did not affect 

the total concentration of protein in the soleus and extensor digitorum 

longus muscles of the free limb when compared to suspended, noncasted 

animals. However, the relative distribution of proteins in the soleus 

muscle was altered. The myofibrillar protein concentration was greater 

(P(0.05) in the soleus muscle of the free limb of the suspended limb 

casted animals than of the suspended noncasted group. In the soleus and 

plantaris muscles of the casted limb, the protein concentration in both 

fractions was smaller (P(0.05) than in the contralateral muscle. This 

change resulted in a large difference in total protein concentration 

between the soleus muscles (138 ~ 18 and 122 ~ 20 mg protein per gram 

wet weight for free and stretched soleus muscles, respectively P(0.001). 

Despite this lower concentration, the tot~l protein content of the 

stretched soleus was 80% greater than that of the contralateral muscle. 

In the extensor digitorum longus, chronic shortening increased slightly 

(P(0.05) the concentration of protein in the myofibrillar fraction 

however no differences were observed in total protein concentration 



Figure 12. Soleus and extensor digitorum longus muscles from 

weight bearing and suspended, limb-casted rats. 

Muscles are proportional to those found in a 100 gram animal. 

Muscles are: the soleus from weight bearing (top left), free limb 

of suspended limb-casted (top center), and casted limb of 

suspended, limb-casted (top right) animals and the extensor 

digitorum longus from weight bearing (bottom left), free limb of 

suspended, limb-casted (bottom center) and casted limb of 

suspended, limb-casted animals (bottom right). 



Figure 13. Protein concentra~ion of sarcoplasmic and myofibrillar 

protein fractions. 

Protein concentration of the sarcoplasmic and myofibrillar protein 

fractions of hindlimb muscles of weight bearing (WB), suspended 

(non-limb casted) (S), and suspended, limb-casted (SC) rats. 

* Values are means ~ SEM for 5 animals. P(O.001 when compared to 

the weight bearing group. +P(O.05 when compared to the suspended 

(non-limb casted) group. *P(O.05 when compared to the 

contralateral muscle. 
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between contralateral muscles (149 ± 21 and 150 ± 18 mg protein per gram 

wet weight for free and immobilized muscles, respectively). 

Protein turnover was also measured in the isolated soleus and 

extensor digitorum longus muscles (Table 37). Passive stretch of the 

soleus muscle resulted in 62% faster protein synthesis and 21% slower 

protein breakdown than in the contralateral noncasted limb. Chronic 

shortening of the extensor digitorum longus produced slower protein 

synthesis (-14%) and no difference in protein degradation relative to 

the contralateral muscle. 

The response of protein synthesis was examined further by 

measuring the incorporation of [U_14CJ tyrosine into protein of the 

sarcoplasmic and myofibrillar protein fractions (Table 38). Protein 

synthesis in the sarcoplasmic and myofibrillar fractions of the 

stretched soleus muscle was 39% (P(0.01) and 23% (P<O.01) faster, res

pectively, than in these fractions of the contralateral muscle. No 

difference was found for protein synthesis between these fractions of 

the extensor digitorum longus muscles of the suspended limb casted 

animals. 

Measurements of muscle RNA concentration generally agreed with 

the differences found in protein synthesis (Table 39). Passive stretch 

of the soleus produced a 56% greater (P<O.001) concentration than in the 

contralateral muscle. This difference was also reflected in the gas

trocnemius muscle which showed a greater (11%, P<O.005) concentration of 

RNA. Stretching the plantaris muscle however resulted in lower RNA 

concentration (-17%, P<O.001). Chronic shortening of the extensor digi

to rum longus resulted in a lower (-6%. P<O.02) concentration of RNA 
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Table 31. Effects of suspension and limb casting on protein metabolism 

Values are means ~ SEM for 15-18 animals. ap(0.005 when compared to 

weight bearing animals. bp(0.01 when compared to the contralateral free 

limb. 

Soleus Extensor Digitorum Longus 

Protein Protein Protein Protein 

Synthesis Degradation Synthesis Degradation 

nmol tyrosine/ mg protein • 2 h 

Weight bearing 0.126~0.030 1.616~0.049 0.469~0.019 1.415~0.031 

Suspended 0.462~0.018a 2.613~0.062 0.391!.0.012 1 • 356~0. 021 

Suspended 
limb casted 

Free limb 0.453~0.016 2.112~0.093 0.364~0.014 1.394~0.012 

Casted limb o .133~0 .034 b 2.144~0.088b 0.313~0.012 1.480~0.089 
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Table 38. Effects of suspension and limb casting on protein synthesis 

in the sarcoplasmic and myofibri11ar protein fractions 

Values are means ~ SEM for 5 animals. Myofibri11ar fraction refers to 

the sum of myofibri11ar and stromal proteins. ap<0.05, bp<0~001 when 

compared to weight bearing animals. cp<0.01 when compared to the 

contralateral free limb. 

Soleus Extensor Digitorum Longus 

Sarcoplasmic Myofibri11ar Sarcoplasmic Myofibrillar 

nmol tyrosine/ mg protein • 2 h 

Weight bearing 0.91 ~ 0.05 0.71 ~ 0.03 0.65 ~ 0.03 0.46 ~ 0.02 

Suspended 0.63 ~ 0.05 b 0.65 ~ 0.03 0.55 ~ 0.02a 0.38 ~ 0.02 

Suspended 
limb casted 

Free limb 0.62 ~ 0.06 0.60 ~ 0.03 0.50 ~ 0.04 0.36 ~ 0.03 

Casted limb 1.01 ~ 0.66c 0.74 ~ 0.04c 0.44 ~ 0.01 0.36 ~ 0.01 



Table 39. RNA concentration in hindlimb muscles following immobilization in dorsal flexion 

Values are means + SEM for 10 animals. ap(0.02, bp(0.005, cp(0.001 when compared to the 

contralateral muscle by paired Student's t test. 

Free limb 

Casted limb 

Soleus 

1.47 !. 0.12 

2.63 !. 0.15 c 

Posterior Muscles 

Plantaris 

2.42 !. 0.12 

2.02 !. 0.14 c 

RNA Concentration 

jlgl mg muscle 

Anterior Muscles 

Gastrocnemius Extensor Digitorum Tibialis 

1.63 !. 0.08 

b 1.81 !. 0.12 

Longus 

1.62 !. 0.09 

1.53 !. 0.09 a 

Anterior 

2.18!. 0.17 

2.37 !. 0.15 

...... 
a
o 
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while no differences were observed between the tibialis anterior muscles 

of the casted and free limbs. 

Measurements of amino acid production showed passive stretch to 

prevent or reverse the changes associated with suspension and disuse 

atrophy (Table 40). Passive stretch of the soleus muscle resulted in 

faster synthesis of glutamine (182%, P(0.01), slower synthesis of ala

nine (38%, P(0.05) and the net utilization of aspartate (P(0.005) 

relative to the contralateral limb. No significant differences were 

observed in glutamate utilization by the soleus or glutamate, glutamine, 

alanine or aspartate metabolism in the extensor digitorum longus (Table 

40) however the lack of statistical difference is potentially due to the 

large variances which resulted from utilizing muscles of different 

animals for determining the tissue amino acid concentrations following 

preincubation and incubation tissue concentration values. General 

trends seemed to indicate that passive stretch prevented the changes in 

amino acid metabolism associated with muscle disuse (suspension) while 

chronic shortening induces these changes. 

The differences in amino acid metabolism between the muscles of 

casted and free limbs could also be associated with changes of phospho

creatine and adenine nucleotide concentrations following incubation 

(Table 41). Passive stretch of the soleus resulted in lower concentra

tions of phosphocreatine <35%, P(O.oo1), and ATP (37%, P(O.05) while the 

concentrations of ADP and AMP were not affected. Chronic shortening of 

the extensor digitorum longus affected only the concentration of ATP, 

where higher concentrations (12%, P(O.05) were observed when compared to 

the contralateral free limb. These responses probably reflect 



Table 40. Effect of passive stretch and muscle shortening of rat hindlimb muscles on amino acid 

production 

Values are means ~ SEM for 10 determinations. ap(0.05, bp(0.01, cp(0.005 when compared to the 

contralateral muscle by paired Student's t test. 

Glutamate 

Weight bearing -2.53 ~ 0.87 

Suspended limb casted 

Free limb -2.37 ~ 2.71 

Casted limb -5.98 ~ 3.12 

Weight bearing -0.30 ~ 0.57 

Suspended limb casted 

Free limb -0.10 ~ 0.82 

Casted limb 0.10 .:!:. 1.00 

Glutamine Alanine 

nmoll mg protein • 2 h 

Soleus 

11.91 + 3.08 10. 89 ~ 1.71 

9.48 ~ 1.55 20.31 ~ 1.66 

26. 70 ~ 4.88~D 12.66 .:!:. 2.35a 

Extensor Digitorum Longus 

11.09.:!:. 1.47 

13.02 .:!:. 4.27 

7.42.:!:. 4.12 

7.14 .:!:. 0.38 

6.88 .:!:. 1.35 

7.84.:!:. 1.51 

Aspartate 

-5. 19 ~ 0.61 

0.88 ~ 0.94 

-4.61 .:!:. 0.72c 

-0.26 .:!:. 0.31 

-1.13.:!:. 0.41 

-1.08 .:!:. 0.51 
I--' 
0-
N 



Table 41. High energy phosphate compounds in incubated rat hindlimb muscles 

Values are means ~ SEM for 10-18 animals. ap(0.05, bp(0.001 when compared to weight bearing 

animals by unpaired Student's t test. cp(O.05, dp(0.001 when compared to the contralateral 

muscle by paired Student's t test. 

Weight bearing 

Suspended 

Suspended limb casted 
Free limb 

Casted limb 

Weight bearing 

Suspended 

Suspended limb casted 
Free limb 

Casted limb 

Phosphocreatine 

32.9 ~ 3.4 

45.6 ~ 3.8 

39.0 ~ 2.0 

25.4 ~ 2.1 d 

45.8 ~ 3.4 

44.4 ~ 4.2 

40.5 ~ 3.4 

39.8 ~ 1.2 

ATP ADP 
nmol/ mg protein 

16.0 ~ 1.5 

26.0 ~ 1.7 

25.2 + 1.2 

Soleus 

15.8 ~ 1.5c 

2.92 ~ 0.13 

3.51 ~ 0.23 

3.50 ~ 0.38 

3.43 ~ 0.25 

Extensor Digitorum Longus 

18.2 ~ 1.5 

20 0 + 1.0 

20.3 ~ 1.0 

22.7 ~ 1.l c 

3.40 ~ 0.18 

3.52 ~ 0.12 

3.24 ~ 0.17 

3.40 ~ 0.18 

AMP 

0.54 ~ 0.04 

0.35 ~ 0.03 

0.50 ~ 0.05 

0.61 ~ 0.06 

0.68 ~ 0.06 

0.75 ~ 0.05 

0.55 ~ 0.04 

0.54 ~ 0.04 I-' 
0-
W 
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differences in both the relative concentration and rate of utilization 

of adenine nucleotides as noted previously in normal animals (see 

Chapter 4). 

Discussion 

The slower growth of suspended limb casted rats than of 

suspended noncasted animals indicated additional stress in the former 

group (Figure 11). This finding was also manifested by additional 

atrophy of the soleus, further growth inhibition of the gastrocnemius 

and the onset of growth inhibition of the extensor digitorum longus 

(Table 36) in the free limb of these animals. These additional cata

bolic responses compounded those found in suspension. Therefore, it is 

probably inappropriate to compare muscles of the suspended limb casted 

animals with those of weight bearing animals in evaluating the effects 

of passive stretch by immobilization. The apparent additional stress of 

the limb casted rats is particularly important in light of observations 

that in disuse, the soleus muscle shows an increased response to gluco

corticoid hormones (Goldberg and Goodman 1969b, McGrath and Goldspink 

1918) which may be due to greater numbers of glucocorticoid receptors 

(DuBois and Almon 1980, Steffen and Musacchia 1982, Almon and DuBois 

1983). 

Passive stretch of the muscles in the triceps surae group, by 

immobilizing the ankle in a dorsal flexed position, minimized the cata

bolic response to unloading the hindquarters. This change was evidenced 

by growth rather than atrophy of the soleus muscle and less growth 

inhibition of the plantaris and gastrocnemius muscles (Table 36). In 
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addition, the stretchea soleus muscle had faster protein synthesis and 

slower protein degradation relative to the contralateral muscle (Table 

37). This response of protein synthesis was larger in the sarcoplasmic 

fraction (Table 38), which also showed a greater change of pr'otein 

concentration with suspension alone (Figure 13). The greater respon

siveness of this protein fraction coincides with the relatively shorter 

half-lives of sarcoplasmic than of myofibrillar proteins (Perry 1974). 

Chronic shortening of the extensor digitorum longus and tibialis 

anterior muscles decreased their mass by slowing their rate of growth 

(Table 36). This difference in the extensor digitorum longus muscles 

may be primarily the result of slower protein synthesis (14%, P(0.01), 

since protein degradation was not affected (Table 37). These results 

agree with those of Goldspink (1977) where limb casted (not suspended) 

animals were utilized. 

Passive stretch and chronic shortening of muscle appeared to 

affect the amount of RNA found in tissue more so than did hindlimb 

suspension (Tables 10 and 39). Stretching of the soleus muscle resulted 

in increased in RNA concentration in accord with the greater muscle mass 

and faster protein synthesis for this muscle. Chronic shortening of the 

extensor digitorum longus resulted in lower RNA concentration which was 

associated with the slower protein synthesis observed in this muscle. 

These differences were also evident for the stretched gastrocnemius 

muscle which showed a higher RNA concentration while the plantaris and 

tibialis anterior showed no differences. The reason for the absence of 

differences between free and immobilized limbs with the latter two 

muscles is not known. The apparent correlation between RNA 
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concentration and rate of protein synthesis must be taken with some 

caution however since Jablecki and coworkers (Jablecki et ale 1973) have 

shown evidence that the increased synthesis of RNA that occurs during 

passive stretch is located primarily at the distal portion of the muscle 

and appears to be associated with connective tissue cells. Whether this 

is the case in these experiments is not known. 

Earlier studies have suggested that the metabolic rate of muscle 

is increased upon stretching of the muscle (Feng 1932, Clinch 1968) 

while others have shown increases in sodium-potassium ATPase activity 

during passive stretch (Vandenburgh and Kaufman 1981). These results in 

conjunction with evidence to support a close relationship between gluta

mine and alanine synthesis, glutamate and aspartate utilization and the 

rate of ATP utilization (Chapter 4) suggest that these parameters may be 

affected by stretch. The results presented here (Table 40 and 41) 

support this relationship. When the soleus muscle is stretched, a 

condition where one would predict faster ATPase activity, the production 

of glutamine is much higher than in the contralateral limb (Table 40). 

This difference is also associated with slower production of alariine, 

faster utilization of aspartate, somewhat faster utilization of gluta

mate (Table 40) and a much lower concentration of adenine nucleotides 

following incubation (Table 41). These results support the contention 

that passive stretch not only prevented the loss of muscle mass and 

protein, but also helped to maintain near normal muscle amino acid 

metabolism and energy utilization characteristics. 

The study presented here provides a useful approach for investi

gating the effects of passive stretch. Despite the apparent additional 
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stress of limb casting, the unloaded limb provides an ideal control. 

Both limbs were subjected to identical conditions of circulating hor

mones and nutritional state. Also there can be no compensatory use of 

the noncasted limb due to decreased use of the casted leg. While these 

findings do not identify all of the factors regulating protein and amino 

acid metabolism, they do identify the mechanism by which some of the 

changes occur and provide a number of criteria by which muscle size, 

activity and the role of passive stretch can be evaluated. 



CHAPTER 9 

EFFECT OF IMMOBILIZATION OF THE ANKLE IN PLANTAR FLEXION 

ON MUSCLE METABOLISM IN THE RAT HINDLIMB 

Abstract 

The immobilization of rat hindlimbs in plantar flexion did 

little to accentuate atrophy of the soleus in suspended rats. Chronic 

shortening of the plantaris and gastrocnemius in plantar flexion, how

ever, resulted in growth inhibition and atrophy of these muscles. The 

mass and growth rate of the extensor digitorum longus and tibialis 

anterior muscles was unaffected by immobilization in plantar flexion. 

No differences were observed in the concentration of protein in either 

the sarcoplasmic or myofibrillar fractions of muscles from immobilized 

and free limbs. While the mass of the soleus was unaffected by 

immobilization, both protein synthesis and degradation were faster in 

this muscle compared to that of the contralateral free limb. The 

immobilized extensor digitorum longus also showed faster protein degra

dation. The only measurable differences in RNA concentration were a 

lower concentration in the immobilized plantaris and a higher concentra

tion in the immobilized tibialis anterior relative to the contralateral 

free muscle. No differences were observed in amino acid metabolism of 

the soleus and extensor digitorum longus muscle upon immobilization and 

only a few differences were observed in phosphocreatine and adenine 

nucleotide concentration. These included a lower concentration of ATP 

in the immobilized soleus and lower concentrations of phosphocreatine 
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and ADP in the immobilized extensor digitorum longus following 

incubation. 

Introduction 

169 

When the hindlimbs of rats are immobilized in dorsal flexion as 

described in Chapter 8, the triceps surae group muscles (soleus, planta

ris, gastrocnemius) are stretched while the anterior muscles (extensor 

digitorum longus, tibialis anterior) are held in the shortened position. 

Ir. contrast, with plantar flexion, the soleus, plantaris and gastrocne

mius muscles are held in the shortened position while the extensor 

digitorum longus and tibialis anterior are stretched. Theoretically, 

this perturbation should accentuate the catabolic response to hindlimb 

unloading in the triceps surae group while causing either no change or 

hypertrophy of the anterior muscles. These conditions permitted for an 

evaluation of the effects of chronic shortening on the protein and amino 

acid metabolism of those muscles which appear to most responsive most to 

hindlimb suspension (soleus, plantaris, gastrocnemius). 

Materials and Methods 

Male Sprague-Dawley rats (130-170 g) ware subjected to tail

cast suspension with one limb immobilized in an orthopaedic tape

elastomer cast as described in Chapter 8. The only difference in this 

study was that the ankle was immobilized in plantar flexion. All other 

procedures were identical to those described in Chapter 8. 
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Results 

The growth rate of suspended animals which have one limb 

immobilized in plantar flexion was similar to that found in dorsiflexed 

limb casted animals (Chapter 8). The animals ceased growing during the 

two days following limb casting and suspension after which growth re

sumed but at a slower rate than weight bearing or suspended (no limb 

cast) animals (Figure 14). 

Immobilization of the soleus in the shortened position did not 

affect the mass of this muscle. This is shown by no significant dif

ferences in relative muscle weight or percent of initial values when 

compared to the contralateral muscle. In these animals growth of the 

plantaris and gastrocnemius muscles the free limb was not evident while 

chronic shortening caused these muscles to atrophy (Table 42). This is 

evident by comparison of the relative muscle weights and the percent of 

initial values. 

The anterior muscles, which are stretched in plantar flexion, 

showed no diffel'ences in mass when compared to the contralateral free 

limb. Chronic stretching of the extensor digitorum longus and tibialis 

anterior did not affect the mass of these muscles. However, the atrophy 

that was observed when the limb was immobilized in dorsal flexion and 

hence chronically shortened (Table 36 and 42) did not occur when the 

muscle was immobilized with stretch (Table 42). Also, the anterior 

muscles did not hypertrophy like the soleus muscle as a result of 

stretch (Table 36). This differential response may be the result of 

either inadequate tension development in the anterior muscles upon 
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Figure 14. Comparison of animal growth. 

Comparison of the growth rate of weight bearing, suspended 
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(hypokinetic), and suspended, limb-casted (hypokinetic) rats: effect of 

immobilization of the hindlimb in dorsal or plantar flexion. 



172 

Table 42. Effect of suspension with one limb immobilized in plantar 

flexion on the weight of rat hindlimb muscles 

Values are means ~ SEM for 24 animals. apercent of intial = (final 

muscle weight/ estimated initial muscle weight) x 100. The initial 

muscle weight was estimated from the relationship of muscle weight to 

body weight for male rats weighing 100-200 g as for Table 36. bp(0.001 

when compared to the contralateral muscle by paired Student's t test. 

Muscle Weight Percent of Initiala 

mg/ 100 g body wt 

Free limb Casted limb Free limb Casted limb 

Posterior Muscles 

Soleus 28.6 ~ 0.5 27.9 ~ 0.6 76.8~1.5 75.0 ~ 1.6 

Plantaris 82.0 ~ 1.2 66.7 ~ 1.2 b 100.8 ~ 2.1 81.7 + 1.7b 

Gastrocnemius 406 + 6 336 ~ 5b 97.2 ~ 2.0 80.0 + 1.4b 

Anterior Muscles 

Extensor Digitorum 
Longus 50.3 ~ 0.7 49.4 ~ 1.1 115.5 ~ 1.9 113.3 ~ 3.0 

Tibialis Anterior 199 ~ 3 194 ~ 7 119.1 ~ 2.4 117.1 ~ 3.6 



plantar flexion or differences in the predominant fiber type found in 

these muscles (Ariano, Armstrong and Edgerton 1973). 
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The protein concentration of the sarcoplasmic and myofibrillar 

protein fractions was not affected by plantar flexion in any of the 

muscles tested (Table 43). The only significant differences observed in 

the concentration of RNA were a lower concentration of RNA in the plan

taris with chronic shortening (Table 43) while the tibialis anterior 

muscle showed a significantly greater concentration. 

In vitro measurements of protein synthesis showed the shortened 

soleus to have faster protein synthesis than the contralateral muscle. 

However, this apparent anabolic response was offset by faster protein 

degradation in these muscles (Table 44). Protein synthesis in the 

stretched extensor digitorum longus was no different than in the contra

lateral muscle whereas protein degradation was faster in the stretched 

muscle (Table 44) so that net protein breakdown was greater. 

When protein synthesis was measured in the sarcoplasmic and 

myofibrillar protein fractions, no significant differences were observed 

in either the soleus or extensor digitorum longus muscles (Table 45). 

Slightly faster protein synthesis in the myofibrillar protein fraction 

of the shortened soleus was detected, although the variance was to great 

to he significant (P(O.1>. 

The metabolism of alanine, glutamine and glutamate by the soleus 

and extensor digitorum longus muscles was unaffected by immobilization 

of the limb in plantar flexion (Table 46). In addition, few differences 

were observed in the creatine phosphate or adenine nucleotide concentra

tion of these muscles. The shortened soleus had a lower concentration 



Table 43. Effect of limb immobilization in plantar flexion on protein and RNA concentration of 

rat hindlimb muscles 

Values are means + SEM for 5-10 animals. ap(O.OOl when compared to the contralateral muscle - . 

Sarcoplasmic Fraction 

Free limb 

Casted limb 

Myofibrillar Fraction 

Free limb 

Casted limb 

Free limb 

Casted limb 

Soleus 

5.47 .:!:. 0.15 

5.37 .:!:. 0.36 

7.90 .:!:. 0.22 

7.69 .:!:. 0.15 

1.40.:!:.0.16 

1.51.:!:.0.10 

Posterior Muscles Anterior Muscles 

Plantaris Gastrocnemius Extensor Digitorum Tibialis 
Longus Anterior 

Protein Concentration 
(mg protein/ mg wet wt) x 100 

5.31 .:!:. 0.23 

5.13 .:!:. 0.25 

13.88 .:!:. 0.47 

12.31 .:!:. 0.59 

2.39 .:!:. 0.13 

2.06 .:!:. 0.13 a 

4.72 .:!:. 0.25 

5.12.:!:.0.15 

13.43 .:!:. 0.24 

12.88 :!:. 0.30 

RNA Concentration 
llg/ mg muscle 

1.72 !. 0.11 

1.65 !. 0.12 

4.89 !. 0. 11 

5.08 !. 0.12 

9.70 !. 0.35 

9.87 !. 0.19 

1.54 !. 0.10 

1.62 !. 0.07 

4.10!. 0.12 

4.44!. 0.12 

11.73 .:!:. 0.22 

11.66 !. 0.22 

2.22 !. 0.17 

2.64 !. 0.15 a 

t-' 

" .po. 
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Table 44. Effect of limb immobilization in plantar flexion on protein 

metabolism in suspended rat hindlimb muscles 

Values are means ~ SEM for 15 animals. ap<0.05, bp(0.01 when compared 

to the contralateral muscle by paired Student's t test. 

Protein Synthesis Protein Degradation 

nmol tyrosine/ mg muscle • 2 h 

Soleus 

Free limb 0.063 ~ 0.003 0.356 ~ 0.009 

Casted limb 0.076 ~ 0.003 b 0.383 .:!:. O.01Qb 

Extensor Digitorum Longus 

Free limb 0.054 .:!:. 0.003 0.220 .:!:. 0.010 

Casted limb 0.057 ~ 0.004 0.243 .:!:. 0.012a 



Table 45. Protein synthesis in the sarcoplasmic and myofibrillar 

fr'actions of muscles from free and immobilized rat hindlimbs 

Values are means !. SEM for 5 animals. 

Sarcoplasmic Myofibrillar 

nmol tyrosinel mg protein • 2 h 

Soleus 

Free limb 0.75 :!:. 0.10 0.66 :!:. 0.05 

Casted limb 0.77 :!:. 0.10 0.83 :!:. 0.07 

Extensor Digitorum Longus 

Free limb 0.51 :!:. 0.03 0.37 .:!:. 0.02 

Casted limb 0.49 :!:. 0.01 0.36 :!:. 0.01 
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Table 46. Amino acid metabolism in muscles from rats suspended with one 

hindlimb immobilized in plantar flexion 

Values are means ~ SEM for 9-10 rats. 

Free limb 

Casted limb 

Free limb 

Casted limb 

Alanine 

2.39 ~ 0.32 

2. 16 ~ 0.35 

Glutamine 

nmoll mg muscle • 2 h 

Soleus 

1.32 ~ 0.38 

1.53 ~ 0.90 

Extensor Digitorum Longus 

0.88 ~ 0.27 

0.76 ~ 0.31 

1.39~0.52 

1.60 ~ 0.75 

Glutamate 

-0.37 ~ 0.22 

-0.79 ~ 0.28 

O. 19 ~ 0.08 

-0. 10 ~ 0.15 
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of ATP while the immobilized extensor digitorum longus muscle had a 

lower concentration of phosphocreatine and ADP than the contralateral 

free muscle following incubation (Table 47). These results indicated 

that immobilization in plantar flexion did little to accentuate the 

metabolic responses of the posterior muscles to disuse that is observed 

in tail-cast suspension. 

Discussion 

The additional stress of limb casting noted earlier (Chapter 8) 

was found to be relatively independent of the position in which the limb 

was immobilized. As with immobilization in dorsiflexion, casting the 

limb in plantar flexion caused an inhibition of animal growth during the 

first two days following casting and suspension (Figure 14). These 

results confirmed that limb casting induces greater stress on the animal 

than tail-cast suspension alone. 

The failure of chronic shortening of the soleus to accentuate 

the atrophy observed in suspension was somewhat unexpected. Apparently 

suspension of the hindlimbs produced responses (lack of muscle tension) 

similar to that of plantar flexion alone, at least for the soleus 

muscle. Shortening of the plantaris and gastrocnemius muscles lead to 

atrophy, in addition to growth inhibition, which was not observed in the 

contralateral free limb. The difference in response by muscles of 

similar function suggests that the fiber type may be important in deter

mining the magnitude of the catabolic response to muscle disuse. The 

soleus, which contains primarily slow oxidative fibers, atrophied at a 

near maximal rate simply by placing the animal in suspension, while the 
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Table 47. High energy phosphate compounds in incubated soleus and 

extensor digitorum longus muscles 

Values are means ~ SEM for 14 animals. a b P<0.05, P<0.001 when compared 

to the contralateral muscle by paired Students' t test. 

Phosphocreatine 

Free limb 5.35 ~ 0.32 

Casted limb 4.99 ~ 0.24 

Free limb 4.93 ~ 0.40 

ATP ADP 

nmoll mg muscle 

Soleus 

3.56 ~ 0.18 0.43 ~ 0.02 

b 2.91 ~ 0.17 0.38 ~ 0.03 

Extensor Digitorum Longus 

2.84 1:. 0.12 0.47 1:. 0.03 

AMP 

0.072 ~ 0.006 

0.091 ~ 0.007 

0.077 1:. 0.004 

Casted limb 4.30 1:. 0.30 a 2.62 1:. 0.20 0.41 1:. 0.02a 0.084 1:. 0.006 
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plantaris and gastrocnemius muscles required chronic shortening before 

atrophy occurred. This observation suggests that in muscles having 

Type II or of mixed fiber types, periodic stretching or flexing of the 

muscle in the absence of workload, as occurs in the free limb of sus

pended animals, is sufficient activity to maintain muscle mass. 

However, the absence of muscle stretch or activity in immobilized limbs 

in planter flexion, results in both a lack of muscle growth and atrophy. 

As suggested in previous studies using electrical stimulation, muscles 

of the slow oxidative fiber type require chronic stimulation to maintain 

normal mass and functional capabilities (Salmons and Sreter 1976). 

Chronic stretching of the tibialis anterior and extensor digito

rum longus prevented the atrophy that was observed when immobilized in 

the shortened position (Chapter 8). However, hypertrophy did not occur, 

as was observed with chronic stretching of the soleus. Apparently the 

stretching of muscles containing predominantly Type II fibers, such as 

the plantaris and gastrocnemius w~en immobilized in dorsifl~xion or the 

tibialis anterior and extensor digitorum longus when immobilized in 

plantar flexion, while preventing atrophy, does not cause increased 

growth to occur. Muscles containing Type II fibers appear more resis

tant to changes in muscle mass than those containing Type I fibers. 

The stimulation of both protein synthesis and protein degrada

tion in the immobilized soleus muscle may initially appear to be futile. 

However it is not known whether this difference represents selective 

synthesis or degradation of muscle proteins or the actual rate of these 

processes in vivo. Only in the myofibrillar protein fraction of these 

muscles was there a trend toward faster protein synthesis. These 
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findings appear somewhat analogous to the changes in protein turnover 

observed in dystrophy where increases in both protein synthesis and 

degradation of muscle proteins occur while the net result is the loss of 

muscle mass (Li 1980). 

The lack of appreciable differences in amino acid and adenine 

nucleotide metabolism between the soleus and extensor digitorum longus 

muscles from immobilized and free limbs follows qualitatively the 

failure of plantar flexion to affect the mass and protein concentration 

of these muscles. In the absence of significant differences in muscle 

activity while under identical hormonal influence, one might predict (on 

the basis of the results from Chapter 4) that few differences in amino 

acid and purine nucleotide metabolism of these muscles would be 

observed. Indirectly, these findings support the relationship between 

muscle activity and amino acid metabolism discussed earlier (Chapter 4). 

In summary, the results presented here suggest that studies 

utilizing suspended animals (non-limb casted) yield responses similar to 

those observed in limb immobilization without the potential complication 

of additional stress induced by limb casting. 



CHAPTER 10 

SUMMARY: MUSCLE METABOLISM IN HYPOKINESIA/HYPODYNAMIA 

Rats were subjected to tail-cast suspension for six days. This 

treatment resulted in atrophy of the soleus muscle and an inhibition of 

growth of the triceps surae group (soleus, plantaris, gastrocnemius) 

while the mass of the anterior muscles of the hindlimb (extensor digi

torum longus, tibialis ante~ior) was unaffected. Along with the atrophy 

which is observed following suspension, a large number of alterations in 

the metabolism of muscle were also evident (Table 48). 

The differences observed in muscle weights when compared to 

weight bearing controls were paralleled by differences in protein con

tent. An exception to this was found in the plantaris muscle of 

suspended rats where the difference in muscle mass was partially due to 

a loss in tissue water. The differences observed in muscle weight were 

not only associated with a loss of muscle protein. The soleus muscle of 

suspended rats also showed a redistribution in the relative concentra

tion of sarcoplasmic and myofibrillar protein fractions. This 

difference resulted in a greater apparent concentration of sarcoplasmic 

proteins in the atrophied soleus muscle. The changes in muscle mass and 

protein content were accomplished by slower protein synthesis, especial

ly in the sarcoplasmic fraction, and by faster protein degradation. 

Stretching of the triceps surae group muscles by immobilization 

of the hindlimb in dorsiflexion, prevented the loss in muscle weight and 

protein content previously observed with muscle inactivity (Chapter 2) 
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Table 48. Effects of muscle inactivity on metabolism 

aWhen compared to weight bearing (active) muscles. bResponse potent i-

ated by glucocorticoids. (+) increased, (-) decreased, (0) no change 

Parametera 

Protein Metabolism 

Protein (Total) 
Sarcoplasmic 
Myofibrillar 

RNA 

Concentration 
in 

Tissue 

0 
+ 

-,0 

0,-

Carbohydrate Metabolism 

Glycogen + 
Glucose 
Pyruvate 0 
Lactate 0 
Malate 
Fumarate 0 

Purine Nucleotide Metabolism in vitro 

ATP + 
ADP 0 
AMP 0 
IMP+inosine+ 
hypoxanthine 

Amino Acid Metabolism 

Leucine, Isoleucine 
Valine 

Alanine 0 
Aspartate 
Asparagine 
Glutamate + 
Glutamine 
Tyrosine + 

Synthesis, 
Production 
or Release 

b -
0 

0,+ 

0 
0 

+ 

+ 

Degradation, 
Utilization 
or Oxidation 

+ 

0,-
+7 

+b 
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and even resulted in hypertrophy of the soleus (Chapter 8). Immobiliza

tion of the hindlimb in dorsal flexion also resulted in an inhibition of 

growth of the chronically shortened anterior muscles. These changes in 

muscle protein content were due primarily to changes in protein synthe

sis. However protein degradation was also slower in the stretched 

soleus when compared to the contralateral, nonweight bearing muscle. In 

contrast, chronic shortening of the posterior hindlimb muscles by the 

immobilization of one hindlimb of suspended rats in plantar flexion did 

not result in additional atrophy of the soleus when compared to the 

contralateral free limb. Only the plantaris and gastrocnemius showed 

greater atrophy from this treatment. 

Cryptorchidism, the retraction of the testes into the abdominal 

cavity, was observed in tail-cast suspension and resulted in testicular 

atrophy in male rats. This response may be important in the slower 

protein synthesis observed in the extensor digitorum longus muscle from 

male rats. The lower circulating levels of testosterone which is known 

to accompany cryptorchidism (Clegg 1960, Llaurado and Dominguez 1963) 

could permit expression of the full action of glucocorticoid hormones 

and result in slower protein synthesis. This potential involvement of 

glucocorticoids is an apparent sex linked response and is particularly 

important in light of recent findings of larger numbers of glucocorti

coid receptors in muscles from young or male rats than in muscles from 

older or female animals (DuBois and Almon 1984). 

The potential involvement of glucocorticoids in the response of 

muscle to hypokinesia was apparent when adrenalectomized animals were 

utilized. These studies indicated that the effects of muscle inactivity 
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on protein metabolism or the effect of passive stretch are manifested by 

changes in both protein synthesis and degradation. The effect of higher 

circulating levels of glucocorticoids, which may occur in many models 

for muscle disuse (Popovic, Popovic and Honeycutt 1982, Seider, 

Nicholson and Booth 1982) appears to be primarily manifested by slower 

protein synthesis. The effects of suspension (muscle disuse) and stress 

(glucocorticoids) also appear to be additive, however the contribution 

of glucocorticoids to the loss in muscle mass in intact, tail-casted 

suspended rats appears to be minimal. Adrenalectomy did not diminish or 

prevent the loss of muscle mass during hindlimb suspension (Chapter 1). 

To investigate the potential interaction between muscle activity 

and metabolic regulation, amino acid, purine nucleotide and carbohydrate 

metabolism were also investigated in vitro. These investigations have 

shown a close association between amino acid, purine nucleotide metabo

lism and muscle activity (Figure 15). The influence of muscle activity 

on amino acid metabolism appears to be dependent on the utilization of 

ATP during muscle work. As the rate of ATP utilization rises, the 

supply of free ammonia in the muscle also increases as a result of AMP 

deaminase action. When soleus muscle activity (use) is moderate to 

high, the deamination of adenine nucleotides provides ammonia for the 

synthesis of glutamine. However, in the absence of muscle activity (low 

ATP utilization) ammonia will be limiting and glutamine synthesis 

slowed. The alteration in glutamine synthesis also results in a shift 

in the metabolism of other amino acids as evidenced by slower glutamate 

utilization and faster alanine synthesis. Also, the slower degradation 

of adenine nucleotides, precludes the need for reamination of IMP to 



Figure 15. Effect of muscle inactivity on muscle metabolic 

pathways. 

ALA, alanine; ADP, adenosine 5'-diphosphate; AMP, adenosine 

5 ' - monophosphate; AS, adenylosuccinate; ASP, aspartate; ATP, 

adenosine 5' - triphosphate; BCAA, branched-chain amino acids; 

BCKA, branched chain keto acids; FUM, fumarate; G-6-P, glucose-6-

phosphate; GLU, glutamate; GLN, glutamine; IMP, inosine 

5 ' - monophosphate; a-KG, a-ketoglutarate; LAC, lactate; 

MAL, malate; PYR, pyruvate; Succ-CoA, succinyl-CoA. 

(-) designates metabolic pathway slowed by muscle inactivity; 

(+) designates metabolic pathway flux increased during muscle 

inactivity; 

(0) indicates pathway apparently not altered by muscle inactivity. 
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Figure 15. Effect of muscle inactivity on metabolic pathways. 
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form AMP. This results in slower utilization of aspartate and probably 

slower production of fumarate and hence malate. Muscle stretch when 

imposed by limb immobilization, prevents the changes in amino acid 

metabolism which are associated with suspension and disuse. Faster 

production of glutamine and utilization of aspartate and slower produc

tion of alanine were observed in the stretched soleus when compared to 

the contralateral, nonweight bearing muscle. 

Branched-chain amino acid degradation was higher in the muscles 

from suspended rats. While a portion of this difference was due to 

glucocorticoid action, apparently as a consequence of some additional 

stress in these animals, leucine degradation was still faster in the 

atrophied soleus muscle from adrenalectomized rats. The effect of 

insulin on branched-chain amino acid degradation was varied. In the 

soleus of suspended, adrenalectomized, cortisol-treated rats, insulin 

potentiated the stimulatory effect of cortisol on leucine degradation. 

However, this was not observed in the soleus of controls or the extensor 

digitorum longus of either group. Clearly, the regulation of branched

chain amino acid degradation is specific and complex but how disuse, 

cortisol, and insulin work in concert to stimulate this process is not 

known. 

Glucose and glycogen metabolism were altered in the soleus 

muscles during suspension. The glycogen concentration of the atrophied 

soleus muscle was much higher than that of the weight bearing control 

muscles. While the in vitro measurement of glucose oxidation showed 

somewhat conflicting results, it is unclear whether the faster oxidation 

of glucose is an artifact due to different rates of glycogenolysis or 
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whether it is indicative of the metabolism of glucose in muscle disuse. 

Future studies in this area should involve determining the rate of 

pyruvate oxidation which will essentially bypass the potential dilution 

of the intracellular glucose-6-phosphate pool from glycogen. In this 

system, pyruvate oxidation should give a better estimation of the oxida

tive flux through the citric acid cycle than does glucose oxidation. 

Hormone levels and the sensitivity of tissues to those hormones 

undoubtedly contribute to the metabolic response to hypokinesia/hypody

namia. This conclusion is based on the apparent increased circulating 

levels and muscle sensitivity to glucocorticoids in the suspended 

animals. The higher glutamine synthetase activity found in the muscles 

of intact-suspended animals was abolished upon adrenalectomy. In addi

tion, the administration of a given dose of cortisol to adrenalectomized 

animals resulted in a greater stimulation of glutamine synthetase in the 

soleus of suspended rats than in those of the controls. These data 

along with that of protein turnover measurements in intact and adrenal

ectomized animals suggest a high selectivity in the action of the 

glucocorticoids. These hormones also appear to be involved in the 

stimulation of branched chain amino acid degradation and in causing 

insulin resistance with respect to the stimulation of a-aminoisobutyric 

acid uptake. The glucocorticoid hormones and their interaction with 

that of insulin can potentially play an important role in muscle atrophy 

and the changes in muscle amino acid metabolism. Additional investiga

tions in this area as to the specific mode of action of these hormones 

would be invaluable in the understanding of how muscles adapt to work 

loads and nutritional states. 
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Clearly, in studies such as those presented here, it is essen

tial to minimize the contribution of stress to muscle atrophy so as not 

to interfere or obscure sometimes subtle metabolic changes caused by 

hypokinesia/hypodynamia. While many aspects of the regulation of muscle 

protein, amino acid, purine nucleotide and carbohydrate metabolism 

remain to be resolved, the evidence presented supports an important 

interaction between these processes and muscle activity. The model 

which was used, while being limited in some respects, remains as a 

valuable tool with which to continue investigations into the factors 

controlling muscle atrophy. 
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